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he use of nanoparticle (NP) biocom-
T posite materials continues to grow

in myriad applications ranging from
in vivo imaging to molecular electronics.' 3
Chemistries which controllably interface
biologicals including proteins, peptides,
and DNA with the NP materials are a key
part of developing this technology. Ideally,
such chemistries would allow attachment of
the biological with control over final ratio
or valence per NP, separation distance from
the NP, orientation on the NP, and affinity
for the NP.*> Several different attachment
strategies are commonly used; however, al-
most all provide only limited access to these
desirable properties. The most common ap-
proach targets groups commonly found on
the biological for linkage to those present
or that can be easily introduced onto the NP
surface. For example, carbodiimide (EDC)
chemistry forms an amide bond between
carboxyls and amines; these groups are
both ubiquitous to proteins and easily intro-
duced onto NP surfaces.® Another fre-
quently used attachment exploits the high
binding affinity of biotin—avidin, with the
requisite groups introduced onto either
component.%” Less common, although
highly promising, are the families of bio-
orthogonal chemistries which introduce
unique functional groups onto both the NP
and biological to facilitate specific reactions
while not altering native groups already
present. These are typified by the super-
family of “click” and chemoselective liga-
tion chemistries.®~° Regardless of the
chemical approach used, understanding
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ABSTRACT The unique properties provided by hybrid semiconductor quantum dot (QD) bioconjugates continue
to stimulate interest for many applications ranging from biosensing to energy harvesting. Understanding both
the structure and function of these composite materials is an important component in their development. Here,
we compare the architecture that results from using two common self-assembly chemistries to attach DNA to QDs.
DNA modified to display either a terminal biotin or an oligohistidine peptidyl sequence was assembled to
streptavidin/amphiphilic polymer- or PEG-functionalized QDs, respectively. A series of complementary acceptor
dye-labeled DNA were hybridized to different positions on the DNA in each QD configuration and the separation
distances between the QD donor and each dye-acceptor probed with Férster resonance energy transfer (FRET). The
polyhistidine self-assembly yielded QD—DNA bioconjugates where predicted and experimental separation
distances matched reasonably well. Although displaying efficient FRET, data from QD —DNA bioconjugates
assembled using biotin—streptavidin chemistry did not match any predicted separation distances. Modeling
based upon known QD and DNA structures along with the linkage chemistry and FRET-derived distances was used
to simulate each QD—DNA structure and provide insight into the underlying architecture. Although displaying
some rotational freedom, the DNA modified with the polyhistidine assembles to the QD with its structure extended
out from the QD —PEG surface as predicted. In contrast, the random orientation of streptavidin on the QD surface
resulted in DNA with a wide variety of possible orientations relative to the QD which cannot be controlled during
assembly. These results suggest that if a particular QD biocomposite structure is desired, for example, random

versus oriented, the type of bioconjugation chemistry utilized will be a key influencing factor.

KEYWORDS: semiconductor nanocrystal - quantum dot - self-assembly - biotin -
streptavidin - DNA - FRET - Forster resonance energy transfer - dye - fluorophore -
modeling - structure

the structures that arise when assembling
NP bioconjugates and the effects this has
on subsequent function is integral to their
development.

Our work has focused on developing lu-
minescent semiconductor nanocrystal or
quantum dot (QD) bioconjugates for a vari-
ety of biosensing and molecular imaging
applications. Their unique quantum-
confined optical properties have made
QDs particularly useful as both fluorophores
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and Forster resonance energy transfer (FRET) donors or
acceptors.'’ "6 Bioconjugates made with QD materials
can be considered prototypical examples of the chem-
istry issues facing most NP composites as a variety of
different attachment strategies are currently utilized in
their assembly. For these purposes, we focus specifically
on chemistries for joining DNA to QDs as a model sys-
tem. This attachment is most commonly accomplished
using four different approaches: (1) EDC coupling
chemistry to join amine or carboxyl-functionalized DNA
to the cognate groups present on the QD surface.””°
(2) Direct attachment of DNA to QDs by thiol bonding.
To accomplish this, DNA is obtained with a terminal
thiol modification, reduced, and allowed to coordinate
to the QD shell via dative thiol interactions similar to the
chemistry used for cap exchange with bifunctional
charged or polyethylene glycol (PEG)/thiolated solubi-
lizing ligands."” "' (3) Polyhistidine peptide—DNA as-
sembly to QD surfaces. We, and others, have shown that
terminally modifying DNA with a polyhistidine (His,,) se-
quence can allow its rapid self-assembly to the QDs
via metal-affinity coordination in a manner analogous
to that used for protein and peptide purification with
nitrilotriacetic acid-chelated divalent cations.?°~2
(4) Biotinylated DNA attachment to streptavidin-coated
QDs. For this, DNA is obtained with a terminal biotin
modification and allowed to interact directly with
streptavidin QDs, which are most often obtained
commercially.”” 1

In this report, we compare the composite struc-
tures that arise when DNA is attached to QDs using
the latter two chemistries. DNA modified with either a
terminal biotin or a His, sequence were assembled to
streptavidin or PEG-functionalized QDs, respectively.
Complementary dye-labeled DNAs were hybridized to
different positions on the DNA in each QD configura-
tion and QD—dye donor—acceptor separation dis-
tances were probed with FRET. The resulting distances
were compared to theoretical predictions based upon
implicit assumptions about how the DNA assembles to
the QDs.

RESULTS AND DISCUSSION

DNA Sequences, Acceptor Dye Placement, and Spectral
Overlap. The goal of this work was to utilize FRET to in-
vestigate how attachment chemistry can affect subse-
quent QD—DNA conjugate architecture. To accomplish
this, three different constructs were assembled: con-
struct 1, a dye-only DNA control assembly; construct 2,
peptide-modified DNA self-assembled to PEGylated
QDs; construct 3, biotin-modified DNA linked to
streptavidin-coated QDs. To maintain consistency, each
construct utilized the same DNA sequences, acceptor
dye placements, and overall configuration (see Figure
1A). The 40 base pair (bp) backbone DNA sequence is
designed to be hybridized with a series of four sequen-
tial complementary single-stranded (ss) sequences, de-

noted A—D. These can be either unlabeled spacer (sp)
segments or prelabeled with dyes at their 5" ends as in-
dicated. This allows acceptor dyes to be placed at a se-
ries of increasing 10 bp increments from a terminally lo-
cated donor dye or from the QD when the DNA is
attached. Backbone DNA was obtained with either a 3’
amine or a 3’ biotin insertion (Figure 1A). The final ds-
DNA sequence used here originates from Ouchi and sat-
isfies structural criteria such as:>* the duplex DNA struc-
ture is rigid and not influenced by intramolecular
H-bonding; the chromophore labeling sites are located
every 10 residues (~33 A), placing them all on the same
side of the DNA duplex and separating them by one he-
lical turn; and A—T pairs are placed near the chro-
mophores to avoid guanine-induced quenching.?* In
agreement with the work of Protozanova and structural
modeling (see Supporting Information Figure S-1), the
nicks in the DNA arising from the use of the multiple
complementary hybridized sequences have a minimal
effect on the rigidity of the overall dsDNA structure.®

QD—DNA constructs are formed following the hy-
bridization of individual segments to 40-mer backbone
DNAs. To form the peptide-linked QD construct, we uti-
lize self-assembly facilitated by the metal-affinity coor-
dination of polyhistidine (His), sequences. This interac-
tion occurs between the imidazolium side chain groups
on oligohistidine sequences and the Zn-rich surface of
CdSe/ZnS core/shell QDs.2® We, and others, have dem-
onstrated that a variety of QDs can be self-assembled
with proteins and peptides expressing clearly available
(His), sequences in a rapid manner (<30 min) due to
the high-affinity equilibrium binding constants of this
solution interaction (K4 ~ 1 nM).2%2126-2% Importantly,
control can be exercised over the ratio or valence of
molecules assembled per QD through the molar
equivalents utilized. We have previously shown that
DNA sequences terminally modified with (His),-peptidyl
sequences can also self-assemble to QDs in the same
manner.?'%° Here, we exploit aniline-catalyzed hydra-
zone ligation chemistry to join the modified backbone
DNA to a (His)s-peptidyl sequence (Figure 1B). The Daw-
son lab has shown that this coupling reaction is charac-
terized by enhanced bioconjugation rates of 10'—103
M~"s7"in mild, aqueous conditions (slightly acidic to
neutral pH) and can reach equilibrium (Keq = 2.3 X 10°
M) in under 30 min using 100 mM aniline catalyst with
10 wM of reactants.?*3! The single primary amine on
the backbone DNA was first derivatized to a benzalde-
hyde and then chemoselectively ligated to the HYNIC-
modified (His)s-peptide sequence in the presence of
aniline, as detailed in the Materials and Methods sec-
tion (Figure 1B). The biotin/streptavidin-linked QD con-
struct was formed through self-assembly of biotin-
terminated backbone DNA to the as-purchased
streptavidin QDs.

Figure 1C shows the absorption and emission spec-
tra of the various QDs and dyes used in this study. Table
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Figure 1. DNA sequences, chemoselective ligation, and spectral overlap. (A) Sequences of the DNA backbone with a 3’ amino
or biotin functionalization and the complementary DNA segments (A—D) showing donor/acceptor labeling sites at the 5’
end of each. (B) Aniline-catalyzed hydrazone ligation between the aldehyde (blue) of the 4FB group and the peptidyl HYNIC
group (red) used to link DNA to the (His)¢-peptide. (C) Plot showing the spectral overlap of the fluorophore donor—acceptor
species used; Cy3—Cy5, 530 nm QD—Cy3, and 605 nm QD—Cy5.

1 presents the relevant photophysical properties includ-
ing the Forster distances or Ry values along with the
spectral overlap function J(\). These were derived by
treating the QD or each dye as a single donor interact-
ing individually with each dye acceptor.3? Depending
on the degree of spectral overlap and the acceptor ex-
tinction coefficient, the Ry values range from 53 A for
the Cy3—Cy5 donor—acceptor pair to ~75 A for the
605 nm QD—Cys5 pair. The large value of the latter arises

from a combination of the QDs high quantum yield of
~70% and the large Cy5 acceptor molar extinction co-
efficient of 250 000 M~' cm ™' (Table 1). The repeated
~33 A periodicity of dye attachment points across the
final 132 A dsDNA structure (Figure 1) in conjunction
with the calculated R, values suggests that decreasing
FRET efficiencies should be expected when increasing the
donor—acceptor separation distances between terminal
donors and dyes located at sequential positions A—D.

TABLE 1. Photophysical Properties of the QDs and Fluorophores Used.

fluorophores quantum yield extinction coefficient (M~" cm~")
530 nm QD 0.20 640000 (at 350 nm)

605 nm QD 0.70 580000 (at 532 nm)

Gy3 0.14 150000

Gy5 0.27° 250000

Amax absorption

550 nm
649 nm

Aumax @Mission Ryin A with Cy3 JI\) Ryin A with Cy5 J(\)

530 nm 54 (6.67 X 107 )P

605 nm 75(137 X 1071%)
570 nm 53 (851X 107 ")
670 nm

“Determined from dye-labeled DNA segments. *Spectral overlap function in units of cm® M~

www.acsnano.org

L] L] el - - \\\\ f/:\
VOL. 4 = NO.12 = 7253-7266 = 2010 ACSNJANIC)

7255



7256

A.

Donor

Positions: A

£,

Acceptors
A

r

B . 60000

—
— 0.1
50000 1 Cy3 Position A: Cy3 — (.2
Position B: Cy5 — (.3
40000 Position C: -- e 0.4
Position D: -- — (.5
=) 0.7
< 30000 — 0.8
o y
1.0
20000 - T — 11
10000 -
0 T T T T T T T
540 560 580 600 620 640 660 680 700
Wavelength (nm)
50000 - g 1
Cy3 [, Position A: Cy3 — 0.2
. Position B: -- — 0.3
40000 1 Position C: Cy5 e 0.4
Position D: -- — 0.5
S 30000 { 0.7
< — 0.8
: Cy5 — (.9
20000 - 1.0
T — 1.1
10000 -
0 T T T T T T T
540 560 580 600 620 640 660 680 700

Wavelength (nm)

B

C D

DNA backbone
D . 50000
— 0
. — (.1
40000 Cy3 (i« Pos!t!on A: Cy3 e (0,2
Position B: -- — (.3
PositionC: -- — 0.4
Positi : —
30000 ition D: Cy5 0.5
=) 0.7
< \ — 0.8
- (o3 — 0.9
2 20000 - yS 1.0
T — 1 1
10000
A N \
0 =4 ; . . , —— ;
540 560 580 600 620 640 660 680 700
E Wavelength (nm)
" 05
Cy5 acceptor in:
0.4 1 @® PositionB
@ PositionC

FRET efficiency E

@ Position D

0.3

0.2 A

0.1

0.0

0.4 0.6 0.8 1.2

n, Cy5 acceptors / Cy3 donor

0.0 0.2

Figure 2. Construct 1: dye-based DNA assembly. (A) Schematic of the nanoconstruct composed of a Cy3 donor at position A with a
Cy5 acceptor placed at position B, C, or D. When a position is not used, the equivalent unlabeled spacer is hybridized in that loca-
tion. (B—D) PL spectra of Cy3 donor in position A with increasing molar ratios of Cy5-labeled acceptor DNA placed in positions B, C,
or D. (E) FRET efficiency E for each acceptor position versus acceptor valence. Lines of best fit added.

atically increased while the Cy3 donor in position A

Construct 1: Dye-Only DNA Control Assembly. We began by
examining the FRET interactions of dyes attached at in-
creasing separation distances within just the DNA struc-
ture itself (see Figure 2A). Here, a Cy3-labeled donor
DNA is hybridized in position A while Cy5-labeled ac-
ceptor DNA is sequentially alternated between posi-
tions B, C, and D with the remaining positions filled with
unlabeled sp strands. Figure 2B—D shows representa-
tive composite spectra collected from each configura-
tion as the discrete ratio of Cy5 acceptor dye is system-

remains fixed at ~1 per construct. For each position to
be interrogated, Cy5-labeled and unlabeled sp strands
were precombined in different molar ratios to increase
the fractional amount of Cy5 acceptor per Cy3 donor
from 0 to ~1 incrementally. The mixing of labeled and
unlabeled DNA to achieve a constant ratio relative to

ASNAN() voL. 4 = NO.12 = BOENEMAN ET AL

the backbone keeps the structure rigid, while varying
the discrete acceptor number alters the
donor—acceptor ratio pairing. FRET efficiency E for
each configuration as calculated from Cy3 donor PL
loss is plotted in Figure 2E. See Supporting Informa-
tion Figure S-3 for plots comparing the FRET E and Cy5
acceptor sensitization in these configurations. In com-
paring the data, several processes become readily ap-
parent. First, the rate of FRET increases concomitant to
increases in the ratio of dye acceptor per donor espe-
cially at the closest putative separation distances of Cy3
in position A and Cy5 in B. In Figure 2B, the Cy3 donor
PL drops ~50% at a donor/acceptor ratio of 1, while Cy5
sensitization increases and appears to plateau at ~15%.
As Cy3 donor/Cy5 acceptor separation distance in-
creases, the rate of FRET drops substantially, as again
verified by Cy3 donor PL loss and Cy5 sensitization. For

www.acsnano.org



TABLE 2. Donor—Acceptor Separation Distances

donor acceptor  acceptor position  predicted’r(A)  measured® r (R)
Qy3¢ Q5 B 30220 49
C 66 = 20 62
D 93£20 887
530 nm QD Q3 A 68 =10 67
(Hisg metal affinity) B 99+ 10 72¢
C 129 =10 86°
D 153 £10 114f
605 nm QD Q5 A 146 £ 10 99
(streptavidin— biotin) B 173 10 112
C 208 =10 103
D 236 =10 103

“Derived as described in the Materials and Methods section; value accounts for the
rotational freedom provided by the dye attachment linkers. For the Cy3 —Cy5 sys-
tem, the —20 A value accounts for rotation of both dye linkers. °Estimated using eqs
2—4.Cy3 donor in position A. Value of r is derived from three highest acceptor ra-
tio efficiencies. *Derived from where FRET £ plateaus. Derived from four highest ac-
ceptor efficiencies. 530 nm QD radius = 28 A, 605 nm QD radius = 75 A (excludes
streptavidin).

example, in Figure 2C, placing the Cy5 an additional
10 bp further away at position C decreases the maxi-
mum E to ~20% while Cy5 sensitization concomitantly
drops to =5%. Lastly, moving the acceptor to position
D decreases E to a maximum of =10% with Cy5 sensiti-
zation becoming almost negligible. Adding more DNA
acceptors above a ratio of 1 to each configuration
slightly increased the FRET E (data not shown). How-
ever, this subsequent increase could be fitted with a lin-
ear Stern—Volmer function indicative of solution-phase
diffusional quenching interactions.3 This was expected
because the QD—DNA constructs were fully hybridized.
Table 2 lists the separation distances r derived from
analyzing this data set along with predicted separation
values. The latter were estimated using the dsDNA
length and incorporate the dye’s freedom of rotation.
Both donor and acceptor dyes are attached to the DNA
via a 3-carbon linker and phosphate bond. This linker,
combined with the relative size of these somewhat lin-
ear dyes (structures in Supporting Information Figure
S-2), provides for quite a large freedom of rotational
movement. As such, we assign an estimated error of
+20 A to each predicted separation distance to account
for conformations where both dyes (+10 A per dye)
are either oriented close to each other or, alternatively,
as far as possible from each other. This, in essence, esti-
mates the separation minima and maxima. This is
slightly less than twice the theoretical maximal 14.6 A
(29.2 A) extension possible for this structure and repre-
sents a more conservative, energetically favorable
range. For these purposes, we recognize that it is highly
unlikely that the dye linker will assume and maintain a
fully extended end-to-end conformation. Without any
rotational freedom, the dye separation distances should
closely track the 10 bp periodicity of ~33 A. Measured
distances deviate somewhat from the predicted values,

www.acsnano.org

although these still increase sequentially and fall within
ranges that include the predicted rotational freedom.
The largest deviation is seen at the closest positioning
(A to B) with 49 A measured versus the predicted 30 +
20 A. Measured values for the other two separation dis-
tances demonstrate better agreement with predicted
values (62 vs 66 A and 88 vs 93 A for Ato Cand Ato D
placements, respectively) and show <10% deviation.
We speculate that at the closest A to B positioning,
some donor—acceptor dye pairs within the overall en-
semble may prefer orientations that place them as far as
possible from each other (steric repulsion), as reflected
by the large separation distance. Alternatively, given
the linearity of cyanine dye structure, their extended
lengths can also place them at distances shorter than
30 A, where the point dipole approximation may break
down. More importantly, these results confirm that the
dsDNA construct is relatively rigid and that sequentially
increasing relative donor—acceptor separation alters
energy transfer efficiency in a manner consistent with
Forster predictions. This can be observed with data
originating from the largest separation distance (posi-
tions A—D). Comparing the Cy3—Cy5 R, of 53 A with
the estimated separation distance approaching 100 A
(~2 X Ro) predicts an efficiency of =10% which is in-
deed observed.

Construct 2: Peptide-Modified DNA Self-Assembled to
PEGylated QDs. Confident in the DNA's structural rigidity,
we proceeded to attach the dsDNA to the QDs (see Fig-
ure 3A). In this context, the QD acts as a central donor/
nanoscaffold that is self-assembled with increasing ra-
tios of surrounding dye-labeled dsDNA. The Cy3 dye
acceptor position was then systematically varied from
position A to D within the DNA with each configuration
assessed by FRET. Figure 3B—E shows representative
composite spectra collected from each configuration
as the ratio of dye-labeled DNA self-assembled per QD
was increased. Figure 3F plots the corresponding FRET E
for each acceptor position as calculated from QD do-
nor PL loss. When the FRET data is examined, several
processes again become apparent. FRET E increases in
a manner that follows the valence of acceptor dyes ar-
rayed around the QD. This is most apparent at the clos-
est putative separation of QD with Cy3 in position A.
As shown in Figure 3B, the QD PL drops more than 80%
while Cy3 sensitization increases dramatically as the ra-
tio of acceptor is increased from 0 to 8. Further, as QD
donor/Cy3 acceptor separation distance increases with
sequential placement, the rate of FRET drops dramati-
cally. In the closest configuration (Cy3 in position A),
FRET E appears to plateau at around 80% for a nomi-
nal ratio of 8 dye-labeled DNA per QD while the corre-
sponding Cy3-sensitized emission approaches nearly
40% (Supporting Information Figure S-4B). Observed
FRET E then systematically decreases in a manner that
tracks position relative to the QD donor. The largest pre-
dicted separation distance should be achieved when

Nea
VOL. 4 = NO.12 = 7253-7266 = 2010 ACSNJANIC)



7258

Acceptor positions:
A

B Cc D*
SNSINININSINSININSNINSRIN

(Peptide-DNA),, / QD

B. %1 530 mmap —0

Cy3 acceptor: A
30000 -

20000 -

PL (AU)

10000 -

450 500 550 600 650 700
Wavelength (nm)

C. 59%°{ 530nmap

l

— 0
e (0,5

— 1

40000 - Cy3 acceptor: B

— 2

30000 -

PL (AU)

20000 -

10000 -

450 500 550 600 650 700
Wavelength (nm)

D 60000 {

530 nm QD -0
— (0.6
— 1
40000 — 2
—3
Cy3 acceptor: C | 4
S 30000 3
< — 8
- — 10
& 20000
Cy3
10000 - T
0 : "
450 500 560 600 650 700
Wavelength (nm)
E' 530 nm QD —0
50000 - — 0.5
—
40000 1 Cy3acceptor: D |= ;
— 4
=) | 6
< 30000 DY
| QR
g 10
20000
10000 -
0 T r 7
450 500 550 600 650 700

Wavelength (nm)

F 1.0
. Cy3 acceptor in:

® Position A
081 @ PositionB ° °

w ® PositionC
2 ® Position D
2
b=
e 041 oo ° rs
w [ ]
E [)
[ [ ]
0.2 - ®
. ° |

] 10

4 6 8
n, Cy3 acceptors / QD donor

Figure 3. Construct 2: (His)s-peptide—DNA QD assembly. (A) Schematic of the nanoconstruct composed of a 530 nm QD
donor self-assembled with (His)s-labeled peptide DNA and Cy3 acceptors placed at positions A—D. When a position is not
used, the equivalent unlabeled spacer is hybridized in that location. (B—E) PL spectra of QD donors self-assembled with in-
creasing molar ratios of Cy3-labeled DNA in positions A—D, respectively. (F) Plot of FRET efficiency E for each acceptor posi-

tion versus acceptor valence. Lines of best fit added.

Cy3 acceptor is placed at terminal position D, and in-
deed, observed FRET E is insignificant for <5 acceptors
per QD; this only increases to ~10% when the acceptor
number is brought up to a valence of 10 with no corre-
sponding Cy3 sensitization observed. We note an inter-
esting FRET response when Cy3 acceptor is placed in
positions B and C. Rather than increase in proportion
to acceptor ratio (as when in position A and D), FRET E
increases to a discrete value at ratios of ~2 and then re-
mains relatively constant. For these data, distances
were estimated from the first few points until the pla-
teau is reached. Despite this, the overall maximum FRET
E is quite distinct for each acceptor position (~0.4 and
~0.2 for positions B and C, respectively) and falls where
expected between the data collected for acceptor in
positions A and D. We partially ascribe this behavior to
the dsDNA structure’s freedom of movement relative to
the QD surface, discussed below (see Modeling and Fig-
ure 5A).

NANK . .
AN AN voL.4 = NO.12 = BOENEMAN ET AL,

QD donor to Cy3 acceptor center-to-center separa-
tion distances derived from analyzing the data in each
configuration along with predicted separation values
are given in Table 2. In each case, the predicted separa-
tion distances assume the DNA extending out perpen-
dicular from the QD and accounts for the QD core/shell
radius of ~28 A (assuming 4—5 monolayers of ZnS),*?
the (His)s portion of the peptide directly attached to the
QD along with a further portion laterally extending
away from the QD surface (~20 A), the HYNIC group
amino C6 linker portion (~15 A, see Figure 1), and the
DNA extension to each acceptor position. The dye ac-
ceptor’s rotational freedom is again represented by an
estimate of +10 A. Comparing predicted versus derived
distances shows a good match for the smallest separa-
tion distance (68 vs 67 A for QD to Cy3 in position A);
these are essentially the same value. Importantly, the
measured separation distances do increase systemati-
cally when Cy3 is moved sequentially from positions A

www.acsnano.org
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Figure 4. Construct 3: biotin—DNA streptavidin QD assembly. (A) Schematic of the nanoconstruct composed of a
streptavidin-functionalized 605 nm QD bound to the biotin-labeled 5’ end of the DNA backbone hybridized with Cy5 accep-
tor DNA at positions A—D. When a position is not used, unlabeled spacer DNA is hybridized in that location. (B—E) PL spec-
tra of 605 nm QD donors conjugated to increasing molar ratios of Cy5-labeled DNA in positions A—D, respectively. (F) Plot of
FRET efficiency E for each acceptor position versus acceptor valence. Lines of best fit added.

to D, although the measured values for acceptor posi-
tions C and D are smaller than those predicted. The larg-
est distance measured of 114 A approaches 75% of
the predicted 153 A span for the end-to-end DNA sepa-
ration length. The other discrepancies between ob-
served and predicted distances range from 27 A for po-
sition B to 43 A for position C. We again ascribe these
differences to the dsDNA structure’s freedom of move-
ment relative to the QD surface, discussed below (see
Modeling and Figure 5A).

Construct 3: Biotin-Modified DNA Linked to Streptavidin-
Coated QDs. The last construct investigated utilized the
same DNA sequences; however, Cy5 dye was substi-
tuted as the acceptor here for spectral overlap with the
605 nm streptavidin QD donor emission. These QDs
were utilized as they are perhaps the most common
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type of streptavidin-functionalized nanocrystal used in
FRET studies. In this case, the DNA backbone was ob-
tained with a 3’ biotin modification on a tetraethylene
glycol (TEG) linker for attachment to the QDs (see Fig-
ure 4A). The TEG facilitates biotin binding to streptavi-
din’s relatively deep binding pocket. Cy5-labeled accep-
tor DNAs were hybridized onto the biotinylated
backbone DNA in positions A—D, and the final dsDNA
construct was allowed to attach to the QD via
biotin—streptavidin interactions as described. Figure
4B—E shows representative composite spectra col-
lected from each construct as the ratio of dye-labeled
DNA assembled per QD was increased. The valence of
acceptor DNA per QD was increased to a maximum of
25 or 40 to allow for saturation given the predicted av-
erage ratio of 5—10 streptavidin/QD from the manufac-
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turer’s specifications and assuming 2—3 sterically avail-
able binding sites per protein. Figure 4F plots the
corresponding FRET E for each construct/acceptor posi-
tion as calculated from QD donor PL loss. Several differ-
ences between this data set and the previous two are
immediately apparent. QD donor PL loss is again quite
dramatic and directly tracks the corresponding increase
in acceptor valence in each construct. Loss plateaus at
around a valence of 20—30/QD with a FRET E that ap-
proaches 80%. Compared to the DNA-only assemblies
in construct 1, negligible Cy5 acceptor sensitization is
noted for each construct here; however, this was not
unexpected. Although an excellent FRET quencher,
minimal Cy5 acceptor sensitization from a variety of
QD donors has been noted previously.3%343> More im-
portantly, QD donor PL loss and the corresponding
FRET E appear to be identical regardless of which posi-
tion the acceptor dye is hybridized to on the DNA se-
quence relative to the QD (see Figure 4F).

Comparing the 605 nm QD donor to Cy5 acceptor
center-to-center separation distances versus those pre-
dicted for these assemblies in Table 2 shows how stark
these differences are. The predicted values again as-
sume the DNA extending out perpendicular from the
QD surface and account for the increased QD core/
shell/polymer size along with that of the streptavidin
and its rotation around the Cy5 attachment linker (=10
R). Although predicted separation values increase from
146 to 236 A, measured values are actually centered on
an 18 A range around 97—115 A (average 104.5 + 7.6
A). Control experiments where equivalent amounts of
Cy5 dye alone, DNA assemblies lacking the biotin func-
tion, biotin or biotinylated unlabeled DNA were ex-
posed to the same QDs resulted in negligible FRET at al-
most all ratios along with no visible changes to the QD
PL (data not shown). The 605 nm QD donors used here
are also known to have a slightly elongated shape; how-
ever, the aspect ratio is not significant enough to ac-
count for the different efficiencies observed between
materials.

Modeling. We utilized modeling (described in Materi-
als and Methods) to simulate the QD—DNA structures
and to provide insight into the somewhat disparate
FRET-based distances we observe in these two QD
nanoassemblies. Figure 5A shows a structural model of
construct 2, the (His)s-peptide-modified DNA as self-
assembled to 530 nm PEGylated QDs. The core/shell QD
is represented by the blue sphere of radius ~27—28 A,
and the PEG solubilizing layer is simulated by the sur-
rounding crimson crown of ~30 A3 The latter are as-
sumed to be in an energy-minimized state rather than
fully extended. The (His)s are shown interacting directly
with the QD surface as previously determined.? A yel-
low ribbon is used to represent the a-helical portion of
the peptide and to delineate the (His)s from the HYNIC
linker portion. Individual DNA strands within the dsDNA
structure are highlighted in orange and yellow, and
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the estimated maximal rotational extension for each
dye molecule as attached to each DNA segment is simu-
lated by the magenta spheres. Two orientations of the
DNA relative to the QDs are highlighted in the figure. In
conformation i, the DNA is placed extending directly
outward from the QD surface and the dye locations cor-
respond to the maximal separation values predicted in
Table 2. In conformation ii, the DNA is adjusted to ac-
count for each of the measured r values derived from
FRET with an emphasis on the data from positions A
and D. The dashed lines represent expected or mea-
sured distances within each configuration. The tilting
of the structure relative to the QD surface in the latter
conformation may represent the combined influence of
peptide structure, the peptide—DNA linkage, and
peptide—DNA—PEG interactions. The PEG layer serves
to keep the peptide portion relatively rigid and extend-
ing away from the QD surface, and the DNA is also rela-
tively rigid due to its double-stranded structure. We sur-
mise that there is rotational freedom or flexibility
around the point where the DNA is attached to the pep-
tide; this most likely corresponds to the C6-alkane por-
tion of the amino linker at the DNA’s terminus which lies
near the outer boundary of the PEG layer. This allows
the rigid DNA the ability to rotate around its axis clos-
est to the QD and assume many different conforma-
tions relative to the QD surface. In more simplistic
terms, the rigid DNA rotates around the peptide—DNA
linkage which functions as a pivot point. This is also lo-
cated near the outer edge of the surrounding PEG layer.
As we utilize FRET to interrogate this system, the clos-
est dye approaches to the QD donor dominate the mea-
sured efficiencies although they also help define the
closest approach of the DNA structure relative to the
QD which is the structure depicted here. The surround-
ing PEG layer probably prevents any closer approach
of the rigid dsDNA to the QD surface. We speculate that
this complex interaction may be responsible for the pla-
teau of FRET E observed for the dyes in positions B

and C. However, when Cy3 acceptor is placed in posi-
tion D, it is now so distant from the QD that FRET is not
seen until much higher ratios are used.

The structures shown in Figure 5B simulate con-
struct 3, the biotinylated DNA as bound to the 605 nm
streptavidin QDs. In this case, a ~75 A radius sphere is
used to simulate the combined QD core/shell and poly-
mer coating. The streptavidin protein is shown in or-
ange with DNA attached at all four binding sites. Again,
maximal rotational extension for each dye molecule
when present on each individual DNA segment is simu-
lated by the magenta spheres. A key assumption made
in assembling this structure is that the streptavidin is
randomly attached to the QD surface. This linkage is
most likely accomplished with EDC or similar active es-
ter coupling chemistry as stipulated by the manufac-
turer and should result in 2—3 available binding sites
per protein, although all four are occupied in the model.
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Figure 5. Modeling of QD—DNA structures. (A) (His)s-peptide—DNA bound to 530 nm QDs. The QD is shown as the
central blue sphere with a radius of 27—28 A.3* The DHLA-PEG ligand is indicated by the crimson halo with an esti-
mated extension of 30 A utilized here for modeling purposes. DHLA—PEG ligands in an energy-minimized conforma-
tion are shown within the crimson sphere. The (His)s portion of the peptide is shown with a yellow ribbon attached
to the HYNIC linker. Individual DNA strands within the dsDNA structure are shown in orange and yellow. The rota-
tional extension of the dye molecules are shown by the magenta spheres. Two possible orientations of the DNA rela-
tive to the QDs are shown. (i) DNA extending linearly outward from the QD surface and (ii) DNA adjusted for the mea-
sured r values. Dashed lines represent expected or measured distances for each configuration. (B) Biotinylated DNA
bound to the 605 nm streptavidin QDs. The QD core/shell/polymer is simulated by a blue sphere of ~75 A radius ac-
cording to manufacturer specifications. The streptavidin is shown in orange with DNAs (white) attached at all four
binding sites. Fluorescent extensions of the dye molecules are shown by the magenta spheres. Two possible orienta-
tions of the DNA relative to the QDs are shown and are derived by changing the orientation of the streptavidin rela-
tive to the QD surface. Note that regardless of orientation, several dyes at all possible acceptor sites (A—D) are always
in close proximity to the QD surface.
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Two possible orientations of the DNA relative to the
QDs are shown and are derived by simply rotating the
orientation of the streptavidin relative to the QD sur-
face. A third conformational would orient one of the
binding sites such that it is in contact with or oriented
toward the QD surface, thus reducing the maximum
number of binding sites to three (data not shown).
This simulated structure strongly suggests that,
given an ensemble of QDs displaying a heterogeneous
mixture of multiple streptavidin orientations and bind-
ing sites, the biotinylated DNA will also always be
bound to the QDs in many random orientations. More
importantly, we see that, within these conformations,
even when reorienting the dyes among all possible ac-
ceptor sites on the DNA (A—D), some dyes are always in
close proximity or tangential to the QD surface. Thus,
similar FRET efficiencies should be obtained regardless
of hybridized DNA acceptor positioning; this directly
matches experimentally obtained results. Despite the
large QD donor—dye acceptor separation distance in-
trinsic to using these polymer-coated QDs in conjunc-
tion with the dsDNA persistence length of ~100 A DNA,
relatively efficient FRET should also be observed at
higher acceptor ratios within the conjugates given this
close orientation and the large R, value of 75 A, and this
also matches experimental results. Indeed, FRET effi-
ciencies between 50 and 60% are consistently obtained
at acceptor valences of =15 per QD (Figure 4F). Given
streptavidin’s deep binding pocket, there may be less
freedom of DNA rotation once bound to the
QD—protein conjugate; however, this should not alter
the observed FRET significantly. We recognize that the
measured distances that are utilized in constructing this
model may be biased toward the low side as more effi-
cient FRET configurations dominate any collected sig-
nal. Although this might account for some of the differ-
ences between modeled and measured distances,
these fluctuations cannot account for the drastic differ-
ence between experimental and predicted distances
within this construct. The static model utilized here is
meant to provide a means to visualize the differences
in structure that we postulate and is not meant to be a
simulation that accounts for all possible orientations.

CONCLUSIONS

Due to its facile nature, there are many examples
where dye-labeled/biotinylated DNA has been attached
to streptavidin-coated QDs and utilized for single-
molecule, molecular beacon, aptamer, and other forms
of FRET-based sensing.34~* Some implicit assumptions
have been made when using QD constructs assembled
with this chemistry, and most significant among them
is that the dye acceptors on the DNA will be located at
a uniform set of centrosymmetric distances from the
central QD. Indeed, many of these same reports have
derived donor—acceptor separation distances for their
QD conjugates from the FRET data.3*3>38~41
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In this report, we utilize FRET to probe the separa-
tion distances within QD conjugates as we sequentially
move acceptor position along a dsDNA attached to
the central QD via two common assembly chemistries.
This approach is a derivative of a technique we previ-
ously utilized to determine the orientation of a protein
self-assembled on a QD.* There, multiple residues
within maltose binding protein were site-specifically la-
beled with an acceptor dye and the different FRET-
derived distances measured from the central QD to
each acceptor site on the attached protein, providing
a best-fit solution for protein—QD orientation. The ex-
perimental approach used here confirms that QD—DNA
conjugates assembled using His,, metal-affinity coordi-
nation have structures with the DNA extending out
somewhat radially from the QD surface within an area
that most probably is defined and limited by some free-
dom of lateral movement. We find evidence for a quasi-
uniform set of increasingly longer separation distances
between the central QD and the surrounding dye ac-
ceptor(s). Although there are some discrepancies, the
FRET efficiency is generally found to be dependent
upon the ratio of dye acceptors per QD donor and sepa-
ration distances. The steric repulsion resulting from
the surrounding layer of PEGylated QD surface ligands
probably contributes significantly to the DNA'’s orienta-
tion relative to the QD in the final structure. This is a
gratifying result as we frequently measure FRET-based
distances within QD—peptide or DNA structures as-
sembled with His, chemistry and in some cases have
also incorporated these data into models of the conju-
gates which were assembled to provide similar insight
into structure/function relationships.3%46

For assemblies constituted using
biotin—streptavidin interactions, we also find FRET to
be quite efficient and directly dependent upon the
number of acceptors attached to the QDs similar to
the above reports. This suggests that these constructs
should be valid for simple types of signal transduction
and biosensing, for example, monitoring the presence
or absence of protease activity or aptamer binding to
target. However, in contrast to the above results, within
this construct, we find that the FRET efficiency does
not depend upon the assumption of a discrete set of
donor—acceptor separation distances being present.
The data derived here in conjunction with structural
modeling strongly suggest that the derived distances
represent an average of all possible acceptor positions.
Additionally, given the multiple streptavidin binding
sites, there is no control over where individual biotin ac-
ceptors interact. Attempting to reduce the number of
binding sites by titrating in free biotin would still not
control where any acceptor DNA complex bound. As
FRET is directly dependent upon donor—acceptor sepa-
ration, the dye acceptors binding closest to the QD sur-
face will induce the highest energy transfer and always
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dominate the resulting ensemble signal. This would
preclude estimating intra-assembly QD donor/dye ac-
ceptor separation distances when using this attach-
ment chemistry. Analyzing data utilizing these conju-
gates for single-molecule FRET sensing or quantitative
analysis may also be significantly complicated by this
heterogeneity. We surmise that similar issues may be
applicable to QD dye acceptor structures assembled
with biotinylated peptides or other types of linking
moieties.”#8 |t should be noted that, due to its propri-
etary nature, we did not investigate the role, if any, that
the QDs’ polymer coating may exert upon the confor-
mation of attached surface DNA. We also did not con-
sider steric hindrance caused by placing the streptavi-
dins in close proximity to each other on the QDs
surface.

More sophisticated QD-FRET-based conjugates are
continually being developed for a variety of biosens-
ing applications, and it is predicted that these will also

MATERIALS AND METHODS

Quantum Dots. The 530 nm emitting CdSe/ZnS core/shell QDs
were synthesized using a standard high-temperature reaction
of organometallic precursors in hot coordinating solvents.33>3
These QDs were made soluble in aqueous media through ex-
change of the native capping shell with dihydrolipoic acid
(DHLA) appended with methoxy-terminated polyethylene gly-
col (DHLA-PEG-OMe) ligand; see Supporting Information Figure
S-1 for the structure. The 605 nm streptavidin-functionalized QDs
were obtained from Invitrogen (Carlsbad, CA). These CdSe/ZnS
QDs are assumed to be made soluble with a proprietary am-
phiphilic block copolymer coating and further chemically func-
tionalized with an average of between ~5 and 10 streptavi-
din/QD (www.Invitrogen.com).

DNA Sequences and Chemoselective Ligation to Modified Peptides. DNA
sequences were purchased from Operon Biotechnologies, Inc.
(Huntsville, AL) (see Figure 1A). Contiguous backbone DNA se-
quences were obtained with the 3’ end modified as either a free
amine or a biotin. Individual segments A—D were obtained dye-
labeled with either Cy3 or Cy5 at the 5" end. Identical unla-
beled spacer (sp) A—D sequences were also purchased. 3'-
Aminated backbone DNA was covalently linked to the
2-hydrazinonicotinoyl (HYNIC)-modified (His)s-peptide using
aniline-catalyzed chemoselective ligation as previously
described.??3' The peptide sequence is given in Figure 1B. For
this, aldehyde-modified DNA sequences were obtained by react-
ing ~0.45 mM amine-terminated DNA in 1X phosphate buff-
ered saline pH 7.4 (PBS, 137 mM NaCl, 10 mM phosphate, 2.7 mM
KCl) with 9.09 mM p-formylbenzoic acid-N-hydroxysuccinimide
ester (Sigma-Aldrich, St. Louis, MO, 100 mM stock solution in di-
methyl sulfoxide) at room temperature for 16—18 h. Aldehyde-
modified DNA was purified using PD-10 desalting columns (GE
Healthcare) and concentrated in a speed vacuum. Concentra-
tions were determined using the DNA absorbance &;60nm Of
379051 M~ cm™" on an Agilent Technologies 8453 UV—visible
spectrophotometer (Santa Clara, CA). The final peptido-DNA
ligate was produced in the next step by reacting HYNIC-modified
(His)e-peptide (1 mM in 10% DMSO/0.1 M ammonium acetate,
NH4OAc, pH 5.5) with aldehyde-modified DNA (2 mM) in the
presence of 100 mM aniline at room temperature overnight. The
peptide—DNA conjugate was purified using Ni-NTA media
(Qiagen, Valencia CA), desalted on an oligonucleotide purifica-
tion cartridge (Applied Biosystems, Foster City, CA), quantitated
using both the DNA and conjugated hydrazone bond absorption
(8354 = 29000 M~ cm™"), dried in a speed vacuum, and stored
at —20 °C until needed as described in detail in ref 54.
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soon start to transition to live cell and in vivo
utility.'2%4%50 Control over intraconjugate architecture
will be key to the function of these composite materi-
als and will directly depend upon the assembly chemis-
tries utilized. Clearly, known and controlled orientation
of biomolecules in the QD conjugates will be the pre-
ferred approach in most cases. The results presented
here strongly suggest that this may not be feasible
when using common attachment chemistries such as
biotin—streptavidin. It is probable that similar structural
heterogeneity issues are applicable to a variety of other
bioconjugates assembled from different types of NP
materials and biologicals.”*"*? Expanding the available
“toolbox” of NP bioconjugation chemistries with a focus
on those that provide controlled assemblies* along
with developing sophisticated techniques for analyz-
ing their structure—function relationship can help ad-
dress these issues and improve the future design of
such composite materials.

DNA Hybridization and Assembly to Quantum Dots. For each of the
constructs assembled, aliquots of the biotin-labeled backbone,
(His)s-peptide-labeled backbone, or the amine-modified back-
bone DNA were combined in prescribed molar ratios with ali-
quots of the dye-labeled or unlabeled segments so that one of
each of the five parts—the unique backbone along with comple-
mentary segments A, B, C, and D (either dye-labeled or as unla-
beled sp)—were all present in equimolar concentrations. Con-
struct 1 consists of DNA with no QDs present and utilized Cy3-
and Cy5-labeled DNA as donor and acceptor, respectively; 100
pmol of Cy3-labeled donor DNA was assembled on the back-
bone DNA with varying amounts of 0, 10, 20, 30, 40, 50, 60, 70,
80, 90, 100, and 110 pmol of Cy5-labeled DNA acceptor seg-
ments. For each position/ratio of dye acceptor-labeled DNA
tested, the total amount of each DNA segment (labeled plus sp)
relative to backbone was kept constant by adjustment with un-
labeled sp strands. Alternate versions moved the position of the
Cy5 label from position B to C and then D. Only one dye-labeled
strand/position per construct was interrogated per experiment,
but the DNA was always kept in a double-stranded conformation
with equimolar sp segments. The DNA was diluted in 1X PBS
to a total volume of 100 L in a 0.5 mL tube for hybridization.
Construct 2 (530 nm QD donors, peptide-labeled backbone, and
Cy3-labeled DNA acceptors) and construct 3 (605 nm streptavi-
din QD donors, biotin-labeled backbone, and Cy5-labeled DNA
acceptors) used equimolar concentrations of the DNA for the hy-
bridization but adjusted the final hybridized DNA to QD concen-
trations to alter the relative donor/acceptor ratios. Hybridiza-
tion was achieved by placing the tubes with DNA in a water bath
preheated to 100 °C which was subsequently allowed to cool to
25 °C ambiently (~45 min). For the constructs using QDs, attach-
ment was performed posthybridization in a separate reaction.
Twenty picomoles of 530 nm QD solution was mixed with 0, 10,
20, 40, 60, 80, 120, 160, and 200 pmol of the (His)s-peptide
double-stranded DNA (dsDNA) and 1X PBS to a final QD concen-
tration of 0.2 M in 100 pl total volume. The reaction was left
for 1 h at room temperature before measurement; 2.5 pmol of
605 nm streptavidin QD donor was mixed with 0, 2.5, 5, 10, 20,
30, 37.5,50, 57.5, 75, 82.5, and 100 pmol of the biotin-labeled ds-
DNA and 1X PBS to a final QD concentration of 0.025 .M in
100 pL total volume. The reaction was left overnight at 4 °C be-
fore measurement. The difference in concentrations between
530 and 605 nm streptavidin QD donor used in assays is attrib-
utable to the 3.5X higher quantum yield of the latter (0.2 vs 0.7,
respectively).

VOL. 4 = NO.12 = 7253-7266 = 2010 A@%

e

)

=4

7263



7264

Data Collection and Forster Resonance Energy Transfer Analysis. Steady-
state fluorescence spectra from solutions of dye-labeled DNA
and QD—DNA bioconjugates were collected on a Tecan Safire
Dual Monochromator Multifunction Microtiter Plate Reader
(Tecan, Research Triangle Park, NC) using 520 nm excitation for
Cy3 donors and 300 nm for QD donors. For analysis, the direct
excitation contribution to each of the acceptors was estimated
by assaying control samples prepared in the same manner with
either a spacer in place of the dye-labeled DNA donor or the QD
omitted from the assembly. These control spectra were utilized
to deconvolve the composite spectra into separate donor- and
acceptor-sensitized components where appropriate for subse-
quent analysis. For each QD— or dye—dye donor—acceptor pair,
the Forster distance R, corresponding to a donor—acceptor
separation resulting in 50% energy transfer efficiency was calcu-
lated using the expression®?

R, = 9.78 x 10°[k*A*QpJ(W]'"° M

where 1i is the refractive index of the medium, Qp is the PL quan-
tum yield (QY) of the donor, J() is the spectral overlap integral,
and k2 is the dipole orientation factor. We use a k? = 2/3 value
shown to be appropriate for the random dipole orientations
found within these heterogeneous self-assembled
configurations.'#%>> This equation is appropriate for units of Ry
in angstroms and J(\) in cm® M. Average energy transfer effi-
ciency E was extracted for each set of donor—acceptor conju-
gates using the expression

_ (Fo — Fon)
E= —F (2

where Fp and Fpa are, respectively, the fluorescence intensities
of the donor alone and donor in the presence of acceptor(s).
Where appropriate, we assume that each construct exhibits a
centrosymmetric distribution of acceptors characterized by con-
stant average center-to-center separation distances.**>> Energy
transfer efficiency data can then be fit to the expression®

nRS
E=—2"_ (3)

nRS + r°

where n is the average number of acceptors per donor. For QD
conjugates specifically demonstrating high FRET E with small
numbers of acceptors (40—50% at n < 2), the heterogeneity in
conjugate valence is accounted for by using a Poisson distribu-
tion function, p(N,n), during the fitting of the efficiency data:*®

—N
E= Y p(N,nEn) and p(N, n) = NS @)

n

where n designates the exact numbers of acceptors (valence)
for conjugates with a nominal average valence of N.

Structural Modeling. Computational simulations of the
QD—DNA architectures progressed in several phases: (1) con-
struction of a double-stranded DNA segment of 40 base pairs;
(2) appending a biotinylated linker or peptide HYNIC linker to the
DNA; (3) docking the biotinylated DNA to streptavidin; and (4)
placing the streptavidin on the surface of a QD or attaching the
(His)s portion of the peptide onto the QD surface. This was fol-
lowed by making the required measurements along with adjust-
ments to torsional angles and final rendering of images. Start-
ing with PDB entry 142D,*” which is a 13 base pair sequence of
DNA from the HIV-1 genome, a 41 base pair model was con-
structed by aligning residues at the end of the chain with an-
other copy of the same model until the desired chain length was
achieved. This sequence was utilized as crystallographic coordi-
nates of the actual sequences used in the experiments are not
available. The relative interchangeability of dsDNA structures
and the maintenance of persistence length allow us to use it as
a representative sequence and to estimate distances with some
fidelity for our purposes. The sequence of a single strand is 5'-
ACAGCTTATA-ATCGATCACG-TCAGCTTATC-ATCGATCACG-T-3'
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(plus complement for the double-stranded model). The biotiny-
lated linker (Figure 1A) was constructed using Chem-3D Ultra
11.0 and energy minimized using the MM2 module. The linkers
(biotin or peptide) were then attached to the 3’ end of the pre-
viously constructed DNA model. Owing to the nature of the
binding site in streptavidin (i.e., the site is buried deep within
the protein), an extended conformation was selected for the
linker in order to avoid unfavorable contacts between streptavi-
din, the linker, and the attached DNA models. The biotinylated
DNA was docked with the avidin structure from PDB entry
1AVD.*® The biotin in that complex acted as a guide allowing ad-
justment of torsion angles in the linker to minimize or eliminate
unfavorable contacts.

For constructing the QD—peptido—DNA structure shown in
Figure 5A, crystallographic data on Cy3 dye was not available,
thus a model for the three-dimensional conformation of Cy3-
maleimide that was previously constructed using Chem-3D UI-
tra 8.0 was utilized.* Low energy conformers were located us-
ing the MM2 molecular dynamics module within Chem-3D Ultra
for energy minimization. Energies of these conformers were
found to range from 17.9 to 23.0 kcal/mol. A conformer was se-
lected that had the maleimide oriented such that it could inter-
act with a cysteine side chain on a peptide to form a covalent
bond. The maximum distance from the expected linkage point
to the fluorescent dye center was determined to be ~14.6 A. This
distance was used as the radius of spheres located at four points
along the DNA to indicate the maximum range of possible loca-
tions of dye position given full freedom of rotation, although ac-
tual locations are expected to be closer to the DNA. The
peptide—DNA HYNIC covalent bond was also constructed in
Chem-3D Ultra 11.0 and energy minimized using the MM2 mod-
ule. The full peptide—DNA construct was then attached to the
QD surface and torsion angles adjusted.*® The extended length
of the DHLA-PEG-OMe ligand on the QD surface was estimated
by energy minimization.

For the QD-streptavidin—biotinylated-DNA structure shown
in Figure 5B, the radius of the QD with surface polymer coating
was conservatively estimated at 75 A based on manufacturer
specifications. The streptavidin molecule is directly coupled to
the QD surface polymer (also based on specifications) and was
docked to the biotinylated DNA using the biotin linker shown in
Figure 1A. Two extremes for the orientation of the biotin—DNA
complex relative to the QD surface were examined: the DNA
chain fully extended away from the QD surface and the DNA
chain tangential to the QD surface (see also Supporting Informa-
tion Figure S-6). These were obtained by simply rotating the
streptavidin conformation relative to the QD. Distance from the
QD center to bases 1, 11, 21, and 31 of the DNA (attachment
points for fluorescent dye) were measured within Chimera® and
were found to be 128, 156, 186, and 215 A for the extended ori-
entation and 98, 93, 90, and 105 A for the tangential orientation.
The actual location of the fluorophore can vary by a maximum
of +14.6 A from these distances after excluding conformations
that result in unfavorable contacts as described above. For pre-
dicting donor—acceptor separation distances, we utilize a more
conservative, energetically favorable estimate of 10 A for the
dye’s rotational freedom.
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