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Abstract: We have examined the adsorption of different DNA sequences to mercaptoethanol-capped CdS quantum
dots,~40 A diameter, as a minimalist model for nonspecific protddiNA interactions, and compared these results

to what we have previously found for €dsurface-rich dots of the same size (Mahtab, R.; Rogers, J. P.; Murphy,

C. J.J. Am. Chem. S0d995 117, 9099). We find that neutralization of the surface leads to no detectable binding,
based on our luminescence assay, for “straight” and A-tract oligonucleotides, while a crystallographically “kinked”
sequence does still bind, but by a factor of 4 less than that observed for a divalent metal ion-rich surface. The
binding constants for both surfaces are within the range of nonspecific pr@®&A interactions. The kinetics of
binding are also monitored and are compared to nonspecific preBNA interactions for large DNA fragments.

Issues of biopolymer static bending vs flexibility are also addressed with fluorescence resonance energy transfer
experiments.

Introduction to employ a model system which employs specific sequences

of DNA and readily modifiable protein-like surfaces, where the

anz;czg:g%g:y%gg;grg:eggigi?%t &EigoinDS'\éCeﬁzlncglsdeicﬁassurface can vary in size, charge, and hydrophobic or hydrophilic
been crystallographically charactériz’e&. Protein-induced groups. Because such drastic modification to real proteins might

DNA bending is correlated with requlatory functions in other alter their folding pattern and introduce complications into the
gisc . 9 "y analysis from the DNA perspective, we have chosen a novel
systems as well, including damage recognitiol. There are,

4 . approach: the study of DNA binding to small protein-sized
however, examples of DNA that in the absence of protein are : . . . ) ,
intrinsically bentdue to their sequencé&:15 The driving force particles that can be synthesized in various sizes and with

for these investigations is that bent sequences are implicated ag/arious surface groups.
The inner 10 base pairs of the self-complementary DNA

control points in gene expression and damage recogrifié#? -
It is postulated that bending opens up certain sites along theS€duence %GTCATGGCCATGACC% haye been shqwn
crystallographically, with multivalent counterions, to be kinked

double helix, making these regions more accessible, andb o th iral GGCC and sh | |
conversely closes up other sites, reducing their accessibility. y 25 across the centra . and show anomaous ge
mobility in the presence of divalent metal ions, indicating

The thermodynamic driving force for any preferential bindin . .
y g yp 9 curvaturelsl7 We have previously shown that this sequence

of these sequences to proteins is likely a combination of BNA . .
protein complementarity in shape, electrostatics, and hydropho-adsorbS preferentially to the curved,_?dtdlch sur_face of CdS
guantum dots compared to other oligonucleotide sequéfices,

bic interactions. In order to understand how sequence-directed '~ " . . .
d but it is known that divalent metal ions induce DNA bendifig.

DNA structure affects protein binding in general, it is crucial . . .

P gmg We now show that these divalent metal ions are not essential
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chromatographic resin (Vydac C18) was obtained from Aldrich. Scheme 1Synthesis of 2-Mercaptoethanol (RSH)-Capped
Oligonucleotides were synthesized by standard phosphoramidite chem-CdS Particlels

istry in the USC Institute for Biological Research and Technology’s 4
Oligonucleotide Synthesis Facility: ' -“&5GGTCCTCAGCTTGCC-3 %3 S,MO“
and complement as a “straight” duplex;GGTCCAAAAAATTGCC- HSCH,CH,OH  Na,S %

3 and complement as a “bent” duplex; and the self-complementary CA(NO3)z—=r=—> capped CdS nocnais (@ scuaton
5'-GGTCATGGCCATGACC-3as a “kinked” duplex. For the energy ’ m&m&“’ &Qz,%
transfer experiments,-8GGTGACTGTACCTAAGCCC-3and comple- ® %

ment was chosen as a “straight” control duplex ahtGAGGCCTA- a[Cd2t] = [S*] = [RSH] = 2.0 x 104 M in water. Particles were
GACTGGCCATC-3and complement was chosen as a “double-kinked”  characterized by ultraviolewvisible absorption spectroscopy, photo-
duplex; we thought that energy transfer between the ends of the double-uminescence spectroscopy, and transmission electron microscopy.
kinked duplex would be easier to observe than for a single-kinked

duplex. Melting temperature experiments under the appropriate condi- duplexes was accomplished by heating complementary strands to 90
tions (see below) confirmed that the duplexes were double-stranded.for 15 min, followed by slow cooling to room temperature. Fluores-
5' derivatization of the DNAs for the energy transfer experiments was cence spectra of labeled duplexesdd duplex in 5 mM tris/50 mM
achieved with Aminolink2 (Applied Biosystems). Fluorescein isothio- NaCl buffer at pH 7.3) were acquired from 510 to 700 nm at room
cyanate and rhodamine B isothiocyanate were purchased from Aldrich temperature.

and were used as received. All oligonucleotides were purified by high-

pressure liquid chromatography (HPLC) on a Beckman System Gold Results and Discussion

HPLC instrument with a reverse-phase column and a triethylammonium

acetate/acetonitrile gradient. Deionized and purified water (Continental h fin struct d functi®nand t ot |
Water Systems) was used in all experiments. cnromatin structure an unctionan ranscriptional regu-

. ) . . ion4-7 i i i
Instrumentation. Electronic absorption spectra were collected with lation: Our functional assay is to adsorb different DNA

a Perkin Elmer Lambda 14 UWisible spectrophotometer. Steady- Seguences, which may or may not have any inherent structure,
state luminescence spectra were acquired with an SLM-Aminco 8100 to protein-sized quantum dots of the semiconductor CdS
spectrofluorometer, with excitation at 350- and 4-nm resolution for (Scheme 1). Surface modification of the dots with 2-mercap-
particle titration experiments and excitation at 494- and 1-nm resolution toethanol yields~40 A (£6 A by transmission electron

for the energy transfer experiments. Transmission electron microscopy microscopy) CdS particles that have an alcoholic surféce.
(TEM) was performed on a Hitachi H-8000 electron microscope; These particles are in the size regime for quantum confinéfent
samples were prepared by placing a drop of the solution onto a gnq gre photoluminescent in the yellow-green. Compared to
nitrocellulose-copper grid and drying overnight at room temperature. “naked” 40 A CdS particles which emit in the red, the capping

Synthesis of 2-Mercaptoethanol-Capped CdSCdS particles were . . .
prepared according to the literatdfayith reagent weights based on a thiolate ligand passivates the surface to some extent and allows

final concentration of 2x 104 M. Cd(NGs). (0.0062 g) and for more band-gap-like emission to 0(_:66'2’5 a_n_d the photo-

2-mercaptoethanol (14L) were added to 100 mL of 4 degassed  lUminescence of these emiting states is sensitive to adsorbates.

with N, and the pH was adjusted to 10.3 with 0.1 M NaOH.,8la  Our previous results had indicated that “kinked” DNA bound

(0.0016 g) was then dissolved in 2 mL os® and added dropwise  better than “bent” and “straight” te-40 A CdS quantum dots

with vigorous stirring. Stirring was continued for 20 min, and the pH with a C*-rich surface!® However, since divalent metal ions

was adjusted to 10.5, yielding a colorless solution which glowed yellow- are known to induce curvature in DNA&, we have now

green under UV light. Particle sizing was done by TEM. We found examined a curved particle surface that is not charged.

that, when the TEM grids were prepared by placing a drop );\)f the | uminescent titrations of these mercaptoethanol-capped CdS

Theretore, e allowed e o avaporate overight a room tsmperature, JUANIUM dots with different sequences of DNA reveal that only

Calculation of particle size from the UWis absorption spectrum the kinked 5—GGCC-3-conta|n|ng.Sequence affects the lumi-

according to the method of Brélsagreed well with the results from nescence above background (F_lgure 1). To our knowledge,

“slow-vap” TEM (~40 + 6 A diameter). mercapto_ethanol alone dogs not mducg any seque_nce-dependent
Luminescence Titrations. In a typ|ca| prc)cedurel 54_ a"quots Changes n DNA Conformaﬂon. Assum|ng that fraCtlona| Change

of approximately millimolar (nucleotide) DNA solutions (5 mM Tris,  in luminescence is proportional to fractional surface cover-

5 mM NaCl buffer, pH 7.2) were added every 30 min to 2000f a agel®26 we have fit the data to the FriselSimha-Eirich

2 x 10~* M colloidal CdS solution. The luminescence intensity was adsorption isotherm for a long polymer adsorbing in short

integrated over the wavelength range 4800 nm and corrected for  segments onto a locally flat surface (Figure?2):

buffer effects. The photoluminescence of the CdS solution alone was

ggt fqund to change significantly over the time course of this [0 exp(XK,0))/(1 — 6) = (KC)l/" (1)
periment.

Kinetics of Binding by Luminescence. The amount of DNA . . .
needed to quench all of the CdS emission, as determined in the titrationWheree’ the fractional surface coverage, is equated to fractional

experiment above, was added to 2000f the colloidal CdS solution change in Iumlnescenéé,c IS thg DNA C,oncentratlort(l IS a
all at once. The emission intensity at 420 nm was recorded every 10 COnstant that is a function of the interaction of adsorbed polymer

s over a period of 300 s. Control experiments were run by adding the S€gments and is set equal to 0.5 heérk; is the equilibrium

appropriate volume of buffer without DNA. . . (22) Wolffe, A. P.; Drew, H. R.Chromatin Structure and Gene
Fluorescence Resonance Energy Transfer ExperimentsOligo- ExpressionElgin, S., Ed.; IRL Press: Oxford, U.K., 1995; Chapter 2.

nucleotides, previously'Slerivatized with a primary amine via a six- (23) Nosaka, Y.; Ohta, N.; Fukuyama, T.; Fuiji, 8l.Colloid Interface

carbon linker (Aminolink2), were labeled with fluorescein or rhodamine ~ Sci. 1993 155 23. )

isothiocyanate according to the protocol from Applied Biosystems _ (24) (@) Alivisatos, A. PSciencel996 271, 933. (b) Weller, HAngew.

(bulletin #49). Fluorescein-labeled DNA was purified extensively by Chem., Int. E,d' Engl1993 32, 41. (c) Weller, HAdy. Mater. 1993 5, 88.

. . ~2 (d) Wang, Y.; Herron, NJ. Phys. Chem1991, 95, 525.
three successive HPLC runs, and rhodamine-labeled DNA was purified ™ *25) Other workers have shown by NMR that CdSR groups are present
by preparative gel electrophoresis (20% acrylamide) followed by on thiolate-capped CdS particles and cover over 90% of the surface: (a)
reverse-phase column chromatography. Proper annealing of the labeledNoglik, H.; Pietro, W. JChem. Mater1994 6, 1593. (b) Murphy, C. 1J.
Cluster Sciencein press. See also ref 20b.

Sequence-dependent DNA structure has been implicated in

(20) (a) Spanhel, L.; Haase, M.; Weller, H.; Henglein,JAAm. Chem. (26) Murphy, C. J.; Lisensky, G. C.; Leung, L. K.; Kowach, G. R.; Ellis,
So0c.1987 109 5650. (b) Herron, N.; Wang, Y.; Eckert, H. Am. Chem. A. B. J. Am. Chem. S0d.99Q 112 8344.
So0c.199Q 112, 1322. (27) Simha, R.; Frisch, H. L.; Eirich, F. R.. Phys. Chem1953 57,

(21) Brus, L. E.J. Chem. Physl984 80, 4403. 584.
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Figure 1. Luminescence titrations of 2Q0.~1 M RHS-capped CdS  tjong?® and about a factor of 4 less that the binding of the same
particles,~40 A diameter, with buffer alone (top panel), a “straight duplex to the same size particles that have & @ith surface®

DNA in buffer (middle panel) and the *kinked” DNA in buffer (bottom |, tpis system, the lack of divalent metal ions at the surface
panel). In all cases the CdS photoluminescence is decreased. DNA

concentrations were 0.0, 4.3, 8.4, 12.3, 16.1, 23.1, 26.3, anGu@®.5 precludes the possibility of multivalent ion-induced DNA

duplex during the titrations. The buffer control, performed using the Curvature. _ _ )
same volumes as the DNA titrations, also takes dilution effects (volume ~ WWe are able to monitor changes in substrate photolumines-

change of 20% overall) into account. cence intensity upon addition of a “high” concentration of DNA
in real time (Figures 3 and 4). For the €erich CdS, the
1.2 : : - : L. substrate emission decreaseds40% from its initial measured
1 an value for the kinked DNA, while the emission intensities in the
6 / presence of the A-tract and straight DNAs were essentially
= 034 4 r constant on the time scale of a few minutes. This suggests that
>~ 0.64 / adsorption of the biopolymer to the curved surface might be
%_ % I kinetically controlled (see below). As shown in Figures 1 and
g 0.4 . ¢ I 3, only the kinked DNA produced any change in luminescence
@ 9.2/ 7 above the background for the mercaptoethanol-capped CdS. In
5 /r’"/ ( order to estimate association rate constants, we have fit the data

to von Hippel's formulation for proteinDNA binding kinetics

;\ T T T T
0 100 200 300 400 500 600 : 2
for very long DNAs?° The integrated rate equation is

[DNA], uM
Figure 2. Frisch—Simha-Eirich plot for kinked oligonucleotide 1 | O)I(R) — (RO]| _ ¢ 5
adsorption to 40 A 2-mercaptoethanol-capped CdS particles. The best (R) — (0) n (R[(O) — (ROJ] - ka (2)

fit was obtained foK; = 0.5 andv = 0.587.

constant for binding; and is the average number of segments \yhere R is the concentration of free particle) is the
attached to the surface, which has no physical meaning in our :
system (28) Spolar, R. S.; Record, M. T., Bciencel994 263 777.
. N . (29) Winter, R. B.; Berg, O. G.; von Hippel, P. Biochemistry1981
We find that the binding constant of the kinked duplex to 20 g961. At present. there is no good kinetic model for the interaction of
these neutral HOCYCH,S-capped CdS particles is 1.8 1¢° short DNAs with large “molecules”.
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b Table 1. FRET Data for Straight and' 85GCC-3-Containing
< 30 L I I
2 DNAs
* 254 . L
= . DNA
g 204 ,/,/ L DNA2 E° R(A) bend (deg)
% 154 // L ¢5-RH-GGGTGACTGTACCTAAGCCC-3'  0.24 60
= P 3-CCCACTGACATGGATTCGGG-FL-5'
g 104 o L
'3 . /..
3 5 Jee | e5'-RH-TGAGGCCTAGACTGGCCATC-3'  0.61 46 72
£ ) 3-ACTCCGGATCTGACCGGTAG-FL-5'
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Figure 5. Von Hippel plot for the kinked oligonucleotide binding to o ,
2-mercaptoethanol-capped CdS particles, according to eq 2. The vertical > FrlGRSSCCATS o 0.78 45 70
axis units are the entire left-hand side of eq 2, wh&es the
concentration of free particl® is the concentration of the free DNA, a Abbreviations: FL= fluorescein, RH= rhodamine, EG= eosin.

andROis the concentration of bound DNA (that is, the concentration Fluorescein is the energy transfer donor, rhodamine and eosin are energy

of the CdS-DNA complex). The forward rate constant for binding is ~ transfer acceptors. For the two 20-mers, a six-carbon linker was used
~1.3 x 10* 5%, with a correlation coefficient of 0.90 for the least-  [© attach the dyes to the DNA. For the two 9-mers witlf ®verhangs,

a two-carbon linker was used to attach the dyes to the BNA.
b Efficiency of energy transfer from donor dye to acceptor dye,
calculated from donor emission quantum yield accordingte 1 —
concentration of the free DNA, ariROis the concentration of (DPA/DPer), Where dPA,, is the relative quantum yield of donor
bound DNA (that is, the concentration of the CeSNA emission of the duplex labeled with donor and acceptor &Rgh, is

: P oy : the relative quantum yield of donor emission of the donor-labeled
complex). In this t_rez_itment, k_)lndlng is viewed .a_s a S_Implg duplex3® cDistance between donor and acceptor dyes calculated
second-order association reaction that has a negligible dissocianccording toE = 1/[1 + (R/Ro)¢], whereRo = 49 A for fluorescein
tion rate, which may not be the case in our system. This model and rhodamine covalently attached to DXAnd R, = 55 A for
does not fit our data that well (Figure 5), likely because its fluorescein and eosin covalently attached to DRAdThis is the

. s . . curvature calculated per GGCC trdgassuming the only parameter
assumptions of infinitely long DNA and tight binding constants that affects dye-to-dye distance is curvature in the GGCC-containing

are not appropriate for our system. We retained the assumptionHNA compared to the straight sequences. See text for the parameters

we made for fitting our luminescence data to the Frisch we are assuming are constant as a function of DNA sequérites

Simha-Eirich adsorption isotherm: namely, that all DNA is work. The data in this table are an average of at least seven different
. . o : measurements from at least two different batches of labeled DNAs.

gltherfreg or bound and that fractional chgnge in luminescence giandard deviation in th& values is+10%. ' Reference 38. Their

is proportional to the fraction of DNA that is bound. We have conditions: 36 nM duplex in 40 mM tris acetate, 20 mM sodium

also assumed in the von Hippel treatment that one bound duplexacetate, 1 mM NaEDTA, and 5 mM magnesium acetate (pH 7.9) at 5

is sufficient to quench the emission for a given particle, which
is reasor_1ab_le given that photophysical studies of CdS Nano-iready bent (or more likely to be berf). Thus, the kinked
clusters indicate that only one photogenerated eleethofe DNA might bind stronger and faster because its static curved
pair is likely to exist in a nanocluster at a tirffé. Given these  ghane matches more closely the curved surface, or the kinked
caveats, we estimate an association rate constant for particle pnA is really just more flexible and wraps the particle substrate
DNA binding of ka ~ 1 x 10* M~ s™* much slower than the  more often than the other DNAs upon collision in solution. To
on-rate for specific proteiRDNA interactions as measured by  address this question of whether the@5CC-3-containing
filter-binding assay®¥-3° but comparable td,’s recently mea-  sequence adsorbs preferentially because it is “prebent” in
sured for nonspecific and specific DNAestriction enzyme  solution or more flexible (or a combination of both), we have
complexes by optical waveguide mode spectroscopy{(3.8) performed preliminary fluorescence resonance energy transfer
x 10* M~1s 3 (FRET) studies on'sGGCC-3-containing sequences that have
What is the driving force for DNA adsorption to our artificial ~ organic dyes attached to theends of the duplex and compared
substrates? Clearly, for the &drich quantum dots we reported ~ them to straight sequences (Table*1)}’ In the absence of
earlier, a large portion of the driving force is electrostatic. any particle substrates, we find more efficient energy transfer
However, for the mercaptoethanol-capped CdS, we have Sup_between dyes att_ached to the ends of the kinked duplex
pressed the majority of the electrostatic component and the COMpared to a straight duplex (Table 1)_. _Our result of enhanced
remaining possibilities for these nonspecific interactions include €Nergy transfer through-&GCC-3-containing DNA sequences
(1) hydrogen bondin@ (2) van der Waals and hydrophobic has _been noted by others (Table3&_)1lth_oug_h their data were
interactiong333and (3) release of counterions and solvent from obtained before the crystallographlc kink ifGGCC-3 was
the DNA and/or the particle substr&fe.Presumably all these observed. For both their data and our data, we calculate®d
forces could operate, to varying degrees, for any oligonucleotide  (34) Erie, D. A,; Yang, G.; Schultz, H. C.; Bustamante SCiencel 994

e diceriminati ; ; 266, 1562.
sequgnce. How, then, is discrimination achieved for the kinked (35) Singleton, C. P.: Murphy, C. J. Manuscript in preparation.
DNA* (36) (a) Cardullo, R. A.; Agrawal, S.; Flores, C.; Zamecnik, P. C.; Wolf,

Recently. other workers hav ted that the energeti P. E.Proc. Natl. Acad. Sci. U.S.A988 85, 8790; (b) Clegg, R. MMethods
ecently, other workers have suggested that the energetic COSEnzymol.1992 211, 353 and references therein.

of bending DNA by proteins could be reduced if the DNAwere  ~(37) For an example of FRET used to probe protein-induced DNA
bending, see: Heyduk, T.; Lee, J. Biochemistryl992 31, 5165. FRET

squares fit line.

(30) Fried, M. G.; Crothers, D. MJ. Mol. Biol. 1984 172 263. has also been used to analyze the amount of DNA bending that occurs
(31) Ramsden, J. J.; Dreier, Biochemistry1996 35, 3746. when nucleotide bulges are introduced into a duplex, see: Gohlke, C.;
(32) Bigham, S.; Coffer, J. LJ. Phys. Chem1992 96, 10581. Murchie, A. I. H.; Lilley, D. M. J.; Clegg, R. MProc. Natl. Acad. Sci.

(33) Sharp, K. A.; Nicholls, A.; Fine, R. F.; Honig, Esciencel99], U.S.A.1994 91, 11660.

252, 106. (38) Cooper, J. P.; Hagerman, P Blochemistry199Q 29, 9261.
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bend per GGCC tract compared to our respective straight The lack of A-tract oligonucleotide binding to our neutral
sequences, much more curved than the crystal structure of acurved surface, as judged by the lack of change in luminescence
GGCC-containing oligonucleotidé. Our data suggest either  above the background, deserves some comment. Pokp@l#)

that 3-GGCC-3 is statically kinked~70° in solution on the (dT) is conformationally stiff3 Comparison of the free energy
lifetime scale of these dyes (nanoseconds) or that the kinkedof binding of different DNAs to the histone core, an octamer
duplex is so much more flexible that the dyes can swing in to of proteins approximately 7% 100 A that is the first substrate
yield a much shorter average dye-to-dye distance (60 A for a in chromatin condensation, reveals that “curved” DNAs (phased
straight duplex compared to 46 A for a double-kinked duplex). A-tracts in those author’s case) hat&G = +0.8—1.40 kcal/

The interpretation of more efficient energy transfer leading to mol compared to random DNA, while conformationally flexible
closer dye-to-dye distances is only valid if a number of other oligo[d(A-T)] sequences yieldAAG = —0.33+ 0.23 kcal/mol
parameters (such as relative orientations of the two dyes on DNA|n the context of a 142 bp strarifiinterestingly, “stiff” oligo-

and index of refraction of the medium) are independent of DNA (dA)-oligo(dT) sequences embedded in the 143 bp strand also
sequencé®3’ Current FRET experiments in viscous solution, have a slightly negative free energy of binding compared to
which might slow down a “flapping” oligonucleotide, are in  random DNA. From the work of these authors, it seems that,
progress. Clearly, though;-&GCC-3 must have some flex-  \while energetically there is not a lot of difference in various
|b|||ty if in the solid Stat.e it haS a 23k|nk, while in solution it DNAS Wrapping around the histone core, it costs energy to bind
appears to have-a70° kink. Itis possible that both sequence-  ¢cyrved DNAs to this nonspecific substrate. This agrees with
dependent DNA flexibility and static bends are responsible for o results for the A-tract DNA on mercaptoethanol-capped CdS.

ggagﬁfEtI\égzu;rsc;cZitsg; fﬁggngh:isu(ilr\;tﬂljzglawe contribu- ~Asymmetric neutralization of electrostatic phosphate repul-
Recent work from the polymercolloid Iiteratur'e also sug- sions has been shown to induce DNA curvafliret has been
gests that polymer flexibility plays a key role in polymer estimated that 1620% of the phosphates on a DNA duplex
are neutralized in binding to the histone core (the histones are

adsorption to a surfac®. These workers have found that, for positively-charged proteind§ but it also seems that electrostatic
poly(methyl methacrylate) (PMMA) adsorbing on oxidized neutralization can only explain part of the driving force for DNA

silicon surfaces (mainly mediated by hydrogen bonding), the wrapping around nonspecific proteins such as the histtnes.

polymer can continue to adsorb by adjusting its shape to fit - .
into the fewer and fewer surface sites available. Intuitively, Ourd_ata_suggest that DNA sequence affects binaing to a generic
protein-sized substrate even in the absence of favorable elec-

one would expect that short segments of double-stranded DNAt i d that directed struct o/
are much more rigid than a known flexible linear polymer like rostatics, and we propose that sequence-directed structure an
or flexibility plays a major role in such binding.

PMMA. However, proteir-DNA co-crystal structures do show
that even short segments of double-stranded DNA can be
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