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lostridial botulinum neurotoxins,

‘ serotypes A through G (BoNT A—

G), are considered the most potent

protein toxins known to humans and cause
neuroparalytic disease.'? BoNTs are synthe-
sized as single chain precursors and become
activated through post-translational pro-
teolysis forming a dimeric structure com-
prising both light (Lc ~ 50 kDa) and heavy
(Hc & 100 kDa) chains linked via a disulfide
bond."? Following in vivo exposure, BoNTs
are endocytosed into presynaptic nerve
cells where the disulfide bond is reduced
releasing BoNT Lc into the cytosol as an
active zinc-dependent endopeptidase. This
protein targets specific SNARE (soluble N-
ethylmaleimide-sensitive factor attachment
protein receptor) proteins leading to inhibi-
tion of acetylcholine release and producing
neuroparalysis.' > SNARE protein targets
for each of the BoNT-Lcs are serotype de-
pendent, with the BoNT A examined here
(referred to as LcA hereon), cleaving a spe-
cific region of synaptosomal-associated
protein 25 (SNAP-25)."4 Although they do
have some clinical and cosmetic utility,
BoNTs are still considered to be naturally
occurring food pathogens and a significant
biothreat due to their potential for use in
bioterrorism.>* Technologies providing rapid,
sensitive, and specific detection of BoNT
exposure remain essential for providing
timely diagnosis and effective treatments.>>®
The “gold-standard” mouse-lethality test

is currently the only widely accepted meth-
od of confirming BoNT exposure. The ma-
jority of the remaining BoNT detection
approaches involve either immunological-
based assays, endopeptidase activity assays,
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ABSTRACT Botulinum neurotoxins (BoNTs) are extremely potent bacterial toxins that contam-
inate food supplies along with having a high potential for exploitation as bioterrorism agents. There
is a continuing need to rapidly and sensitively detect exposure to these toxins and to verify their
active state, as the latter directly affects diagnosis and helps provide effective treatments. We
investigate the use of semiconductor quantum dot (QD)—peptide Forster resonance energy transfer
(FRET) assemblies to monitor the activity of the BoNT serotype A light chain protease (LcA). A
modular LcA peptide substrate was designed and optimized to contain a central LcA recognition/
cleavage region, a unique residue to allow labeling with a Cy3 acceptor dye, an extended linker-
spacer sequence, and a terminal oligohistidine that allows for final ratiometric peptide—QD-self-
assembly. A number of different QD materials displaying charged or PEGylated surface-coatings were
evaluated for their ability to self-assemble dye-labeled LcA peptide substrates by monitoring FRET
interactions. Proteolytic assays were performed utilizing either a direct peptide-on-QD format or
alternatively an indirect pre-exposure of peptide to LcA prior to QD assembly. Variable activities were
obtained depending on QD materials and formats used with the most sensitive pre-exposure assay
result demonstrating a 350 pM LcA limit of detection. Modeling the various QD—peptide sensor
constructs provided insight into how the resulting assembly architecture influenced LcA recognition
interactions and subsequent activity. These results also highlight the unique roles that both peptide
design and QD features, especially surface-capping agents, contribute to overall sensor activity.

KEYWORDS: Forster resonance energy transfer - FRET - quantum dot - peptide -
protease - metal affinity - botulinum neurotoxin A - biosensor - fluorescence - biothreat
agent - nanocrystal - semiconductor

or some combination of the two (reviewed
in refs 2 and 3). LcA is the most commonly
studied target, and various immunoassay
formats have been demonstrated for it in-
cluding those utilizing fluorescence, enzyme
linked immunosorbent assay (ELISA), surface
plasmon resonance (SPR), or electrochemi-
luminescence.**”  While immunoassays
have demonstrated low picogram limits of
detection (LOD), most formats require signi-
ficant sample preparation and incorporate
multiple reagent and assay steps prior to
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detection. Immunoassays also do not provide informa-
tion regarding the active state of the enzyme. Assays to
determine LcA activity typically incorporate peptide-
based substrates and fall into three functional groups
based on the format exploited: (1) monitoring mass
changes due to substrate cleavage via mass spectros-
copy, cantilever, ultraperformance liquid chromatog-
raphy, or SPR analysis; (2) monitoring changes in
Forster resonance energy transfer (FRET) upon peptide
cleavage; (3) antibodies targeting a cleaved portion of
the substrate.>*#'° Combined strategies where agar-
ose beads functionalized with antibodies were used to
capture LcA followed by the introduction of a fluoro-
genic peptide substrate have yielded attogram limits
of detection (LODs)."" The principle advantages of
FRET-based assays are that the signal is transduced
directly upon addition of the target and proteolysis (i.e.,
one-step) while simultaneously confirming enzyme
activity. Simplified FRET-based assays are also far more
amenable to integration into lab-on-a-chip (LOC)
devices for field deployment.”>”'* However, the
photophysical properties of the organic dyes com-
monly utilized in most FRET-based assays continue
to be problematic. These fluorophores can suffer
from pH-sensitivity, low quantum yields, photo-
bleaching, and chemical degradation which, along
with their broad-overlapping absorption spectra,
significantly complicate FRET formats and subse-
quent data analysis."”

The growing utility of semiconductor nanocrystals
or quantum dots (QDs) can help address many of these
issues. As FRET donors and acceptors, QDs are physio-
chemically robust and manifest unique photophysical
properties which are cumulatively unavailable to con-
ventional organic dyes in the same role."®”2° These
include the ability to utilize specific QD emissions to
optimize spectral overlap with a given acceptor, array
multiple acceptors around a central QD scaffold which
controllably increases energy transfer, excite the QD
donor at a wavelength that corresponds to an acceptor
absorbance minimum thus reducing direct acceptor
excitation, and access to multiplex FRET configura-
tions.'®”'® We, and several other groups, have utilized
QDs conjugated to designer peptide or protein sub-
strates to monitor the activity of many proteases
including trypsin, caspase 1, caspase 3, thrombin,
chymotrypsin, along with collagenase and several
matrix metalloproteinases.’%° Interestingly, most of
these proteases require rather limited sequences for
substrate cleavage. Trypsin, for example, proteolyzes
peptide chains on the carboxyl side of lysine or argi-
nine residues.?® The BoNT Lc's, in contrast, are among
the most selective proteases known.' LcA recognizes
an optimum substrate sequence comprising 16 resi-
dues found in the SNAP25 protein.?® The use of such
long, specific sequences in compact QD—peptide sen-
sors has not yet been verified.
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Here, we describe the use of QD—peptide assem-
blies for monitoring specific BONT LcA activity. The
design and sequence of a modular peptide was itera-
tively improved for assembly onto QDs and use as the
LcA substrate. Four different QD materials, including
two custom-synthesized and two commercially avail-
able QD preparations, with either charged or PEGy-
lated surface-coatings were initially tested via FRET for
their ability to self-assemble the dye-labeled LcA pep-
tide substrate. Proteolytic assays were then performed
utilizing either a direct “On-QD” format or alternatively
an indirect "Off-QD” format consisting of pre-exposure
of peptide to LcA followed by subsequent QD assem-
bly, see Figure 1. Various activities were obtained
which depended upon QD materials and assay formats
used. Modeling studies were also undertaken to better
understand the roles that peptide design and QD
characteristics, including surface-capping ligand, im-
part to sensor activity.

RESULTS AND DISCUSSION

A detailed description of the materials and proce-
dures used, including all data analysis, can be found in
the Materials and Methods section.

Peptide Structure and Self-Assembly to Quantum Dots. Pre-
testing of assay formats utilized a Cy3-acceptor labeled
version of the initial peptide sequence shown in
Figure 1B. This was based on a consensus of commer-
cial substrate sequences.?’ Self-assembly to both DHLA
and DHLA-PEG QDs verified efficient FRET between the
QD donors and the Cy3 (data not shown). However,
exposure of LcA to this peptide sequence, both when
QD assembled (On-QD) and when in solution alone
(Off-QD), did not result in any proteolysis even after
extended incubation times. We thus modified the
peptide substrate design and sequence in an effort
to facilitate proteolysis, see Figure 1B. The core LcA
recognized binding/substrate site was extended from
a minimal 13 residues to 16, which includes the full
SNAP-25 sequence from residues 187—202, and the
central glutamic acid (E) 194 was modified to a gluta-
mine (Q).2° This substitution was based upon the
extensive kinetic studies by Schmidt and Bostian,
who investigated various amino acid replacements
within designer LcA peptide substrates and their effect
on proteolytic activity.?® The E—Q substitution chosen
demonstrated a 2-fold increase in the relative rate of
LcA cleavage. The N-terminal cysteine was also moved
away from the LcA site by inclusion of an extra serine
residue in an effort to prevent dye-attachment from
interfering with protease binding. The initial peptide
had incorporated a (Pro); sequence as the helical
spacer. This is assumed to form a type Il helix with a
predicted linear extension of ~14 A.?® Some evidence,
however, suggests that these types of polyproline
structures may undergo frequent cis-to-trans isomer-
ization which could create a structure that bends back
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Figure 1. QD-FRET assay design components. (A) Schematic illustrating the two QD-FRET-based assay formats, On-QD
(one-step) and Off-QD (two-step), used to investigate LcA enzymatic activity. (B) Peptide sequences of the LcA substrate
used in this study. Aib is alpha-amino isobutyric acid, Ac is a N-terminal acetyl blocking group, and CONH, is a C-terminal
amide blocking group. Colors are used to highlight the different functional modules. (C) Chemical structures of the two

capping agents, DHLA and DHLA-PEG, used to render the in-house synthesized QDs hydrophilic.

upon itself.?® Given that the central portion of the LcA

substrate sequence already has a critical bend in its
structure, the insertion of a second bend into the
sequence could be detrimental, inducing the peptide
to wrap completely back upon itself and make the
substrate portion completely inaccessible to the LcA,
see modeling below. We thus replaced the (Pro);
sequence with the 7-alanine/artificial alpha-amino iso-
butyric acid (Aib) residue sequence. Aib when used in
combination with alanines induces rigid-helical struc-
tures. Although considered part of the spacer, glycines
were inserted after the helix to “break” this structural
motif.2' Several serine and leucine residues were also
inserted for length and flexibility. Overall, it was antici-
pated that the longer helix/spacer spacer would more
than double the distance between the QD surface and
the LcA binding site, and indeed this extended length
would prove crucial to the peptide's ability to function
as a substrate while assembled on the QD (vide infra).

The final LcA peptide substrate sequence (LcA-pep)
used is shown in Figure 1B. Similar to the other
proteolytic peptidyl substrates we have used with
QDs,2"#32930 it can best be described as consisting of
several functional modules arranged in a sequential
order. The C-terminus displays the (His)s metal-affinity
sequence, shown in green, which facilitates QD attach-
ment via two closely related interactions. We, along
with several other groups, have shown that oligo-
histidine sequences drive self-assembly of proteins,
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peptides, and appropriately modified DNA to QDs
made soluble with bifunctional thiolated ligands.' ~3’
This high-affinity binding interaction (equilibrium bind-
ing constant of Ky ~ 1 nM) occurs between the
imidazolium side chain groups on the oligohistidine-
sequences and the Zn*"-rich surface of CdSe/ZnS core/
shell QDs.?" For ITK QDs made soluble with amphiphilic
block-copolymer-type surface ligands that prevent
access to the Zn shell, a similar type of binding is
sometimes possible.®® In this case, it is surmised that
carboxylated derivatives of these ligands coordinate di-
valent cations in a manner analogous to that found on
nitrilotriacetic acid-chelate media which is commonly
used for protein and peptide purification.3%3¢394° |n-
deed, Rao's group has shown that adding Ni** to QDs
functionalized with these ligands can significantly in-
crease the amount of coordinated (His)s-protein.?
Despite the subtle differences between these two
related interactions, self-assembly in each case will
follow a Poisson-type process and control over the
ratio of peptide/QD can be exerted through the molar
ratios of each used.>**'*? Immediately adjacent to the
(His)g sequence is the helix/spacer module shown in
blue which is used to extend the rest of the peptide
sequence away from the QD surface. A tryptophan was
inserted into the peptide to provide UV absorption for
monitoring the native peptide. The next module
shown in pink contains the LcA substrate recognition
portion where the E—~Q substitution is highlighted in
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Figure 2. Spectral overlap profiles for FRET donor and acceptor species used in this study. (A) Normalized absorption

and emission profiles of the 550 nm QD DHLA (donor) and Cy3 (acceptor). The same QDs were also functionalized with
DHLA-PEG. (B) Normalized absorption and emission profiles of the commercial 525 nm ITK QD (donor) and Cy3 (acceptor).
(C) Normalized absorption and emission profiles of the commercial 545 nm ITK QD (donor) and Cy3 (acceptor).

red. The QR residues in blue show the site of LcA
cleavage within this sequence. Lastly, the peptides
N-terminal cysteine provides a unique thiol handle
for site-specific dye-modification of the peptide.
Quantum Dots and Spectral Overlap. We utilized four
different QD samples which can be grouped into two
categories based upon the surface functionalization
chemistry used to make them water-soluble. The first
type consists of QDs made hydrophilic with either
DHLA or PEG-appended DHLA, see Figure 1C. Although
structurally related, these DHLA-based ligands provide
a different set of benefits and liabilities for nanocrystal
solubilization. Both utilize the dithiol motif for strong
binding interactions with the QD surface. With a MW of
~206 and a predicted lateral extension of 10—12 A,**44
DHLA is among the smallest ligands available for
solubilizing nanoparticles.****® DHLA provides colloidal
stability to the QDs via the charge on its terminal
carboxyl group; however, this also limits dispersions
to the basic pH regime. In contrast, poly(ethylene
glycol) mediates the solubility of the DHLA-PEG coated
QDs in a relatively pH independent manner.*’
However, the number of these repeats (~14 to 15)
results in a significant increase in the overall mass and
size of this ligand relative to DHLA (MW =~ 926,
predicted extension of 30—38 A as attached to QD).**

SAPSFORD ET AL.

Regardless of these structural differences, it has been
repeatedly demonstrated that Hisg-appended pep-
tides and DNA can penetrate the coatings of QDs
prepared with either of these ligands and rapidly
attach to the QD ZnS surface.**° However, the bulk
size of Hisg-appended proteins combined with PEG
steric effects generally prevent self-assembly of these
larger, globular structures to the latter type of QD
preparation.! Recent studies suggest that DHLA-func-
tionalized QDs can display on average 50 + 10 (His)e-
peptides on their surfaces.** The second type of QD are
assumed to be surface-functionalized with a proprie-
tary carboxylated amphiphilic poly(acrylic acid) -based
block copolymer.®¢384° The large size of this coating
layer significantly increases the hydrodynamic radius
of these QD preparations to values approaching >7.5
nm in size according to manufacturers specifications
(www lifetechnologies.com).*® As mentioned above,
the Hisg-metal affinity sequence is not expected to
penetrate the polymer but rather to coordinate to the
surface carboxyl groups especially in the presence of
divalent cations. When appropriately arranged, carbox-
yl groups are known for their high affinity chelation of

divalent cations.®
Within these proteolytic sensors, changes in FRET E
form the basis of signal transduction and thus spectral
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Figure 3. QD-to-Cy3-peptide FRET efficiency for DHLA, DHLA-PEG QDs. (A) PL spectra resulting from assembling an
increasing number of Cy3-LcA-pep per 550 nm DHLA-QDs. (B) The QD donor PL intensity loss at 550 nm (pink, units of PL right
axis) is plotted as a function of the number of Cy3-LcA-pep/QD, along with the sensitized Cy3 acceptor emission (green) at
570 nm. The corresponding FRET E (red) and the corrected FRET E (blue) determined from panel A, using the integrated area under
the curve, are plotted as a function of the number of Cy3-LcA-pep/QD. (C) PL spectra resulting from assembling an increasing
number of Cy3-LcA-pep per 550 nm DHLA-PEG-QDs. (D) The QD donor PL intensity loss at 550 nm (pink, units of PL right axis) is
plotted as a function of the number of Cy3-LcA-pep/QD, along with the Cy3 acceptor emission (green) at 570 nm. The
corresponding FRET E (red) and the corrected FRET E (blue) determined from (C), using the integrated area under the curve, are
plotted as a function of the number of Cy3-LcA-pep/QD. Lines of best fit are added to the efficiency plots to guide the eye.

overlap is a critical parameter for optimized function.
Ideally, the donor—acceptor pairing in each QD-sensor
should manifest both efficient FRET and demonstrate
significant changes in E following proteolysis.? To focus
more closely on QD effects, the LcA-pep was labeled
solely with Cy3 which is utilized as a “universal” FRET
acceptor in these assays. Given the differences in DHLA
ligand structures, we opted to use the same 550 nm
emitting core—shell QDs for both DHLA-based sam-
ples. Figure 2A shows the normalized absorption and
emission of the 550 nm QD donor superimposed over
that of the Cy3 acceptor. A nominal QY of 20% was
determined for both QD samples by comparison to a
dye standard (Rhodamine 6G in methanol @ = 0.93)
and yields a predicted Forster distance (Ro) value of 56
A for this donor—acceptor pair. Since the ITK QDs have
the same surface chemistry, we opted here to vary
spectral overlap by using 2-different QD emissions. The
525 nm QDs as supplied have a reported QY of 84%,
yielding a predicted R, value of 48 A with the Cy3
acceptor. Improving overlap by switching to a QD
sample with an emission maxima centered at 545 nm
and a reported QY of 78%, significantly increases the R,
value with Cy3 by ~two-thirds to 73 A (see Figure 2B,C).

SAPSFORD ET AL.

The high QY of these QDs results in part from their
polymer overcoating which encapsulates the nano-
crystals preventing water from gaining access to the
surface and increasing QD passivation.*°

Characterizing FRET Efficiency. We began by monitoring
changes in QD—peptide FRET E as increasing ratios of
LcA-pep-Cy3 were self-assembled onto the various QD
preparations to verify formation of the complexes and
to understand the underlying photophysical processes.
Figure 3A presents deconvoluted, direct-acceptor ex-
citation corrected PL spectra for 550 nm DHLA QDs
self-assembled with the indicated ratios of Cy3-accep-
tor labeled peptide. All QD emissions are shown fitted
to a Gaussian profile. Data collected from equivalent
amounts of Cy3 acceptor alone illuminated at the same
wavelength were used for correcting the direct accep-
tor excitation component. Panel 3B plots the corre-
sponding loss of QD donor PL, normalized FRET E, FRET
E corrected for heterogeneity, and the Cy3 acceptor
sensitization as a function of acceptor valence. Analysis
of this data using eqs 2 and 3 (described in detail in the
Materials and Methods section) derives a QD-donor to
Cy3-acceptor center-to-center separation distance r of
69 A. Figure 3C shows spectra collected in the same
2011
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Figure 4. QD-to-Cy3-peptide FRET efficiency for ITK QDs. (A) PL spectra resulting from assembling an increasing number of
Cy3-LcA-pep per 525 nm ITK QDs. (B) The QD donor PL intensity loss at 525 nm (pink, units of PL right axis) is plotted as a
function of the number of Cy3-LcA-pep/QD, along with the Cy3 acceptor emission (green) at 570 nm. The corresponding
FRET E (red) and the corrected FRET E (blue) determined from panel A, using the integrated area under the curve, are plotted
as a function of the number of Cy3-LcA-pep/QD. (C) PL spectra resulting from assembling an increasing number of
Cy3-LcA-pep per 545 nm ITK QDs. (D) The QD donor PL intensity loss at 545 nm (pink, units of PL right axis) is plotted as a
function of the number of Cy3-LcA-pep/QD, along with the Cy3 acceptor emission (green) at 570 nm. The corresponding FRET
E (red) and corrected FRET E (blue) determined from panel C, using the integrated area under the curve, are plotted as a
function of the number of Cy3-LcA-pep/QD. Lines of best fit are added to the both efficiency plots.

manner from 550 nm DHLA-PEG QD donors self-
assembled with the same ratios of labeled peptide
while panel 3D plots the corresponding values versus
acceptor valence. A center-to-center separation dis-
tance r of 56 A is derived from analyzing this data.
Similar trends are noted for both QD samples including
relatively efficient FRET E approaching 80 and 100% at
ratios of 8 acceptors along with modest acceptor
sensitization corresponding to a maximum of 10, and
20% for the DHLA and DHLA-PEG QDs, respectively.
Surprisingly, a larger separation distance and lower
FRET Eis observed with the smaller DHLA ligands while a
closer separation distance is observed with the larger
PEGylated ligands. These results are counterintuitive as
the PEG layer is anticipated to sterically prevent a close
approach of the acceptor-dye. We attribute this unex-
pected result to the complex interplay between the
different types of QD surface ligands and the lateral dye-
labeled portion of the peptide. At the pH of 8 used, the
terminal LcA binding portion of the peptide is antici-
pated to have a charge of ~"2.5 (http://www.scripps.
edu/~cdputnam/protcalc.html) and this may act in a
repulsive manner to keep the dye further away from the
QD. We hypothesize that the PEG ligands constrain the
helix-linker portion of the peptide to extend laterally

SAPSFORD ET AL.

away from the QD surface and also minimize charge-
based repulsion. However, the bend in the peptide
probably forces the Cy3 at the opposite end of the
structure to physically interdigitate or penetrate with
the ends of the surrounding PEG layer (vide infra). The
PEG layer will display a far less dense arrangement at its
termini than when moving closer into the spherical QD
surface which may also contribute to this result.

Figure 4 shows FRET data collected from the car-
boxylated ITK QDs in a similar manner to that shown
above. Figure 4 panels A and C show the deconvoluted
and direct-acceptor excitation corrected PL spectra for
the 525 and 545 nm emitting QDs, respectively, while
panels B and D show the corresponding loss of QD
donor PL, normalized FRET E, FRET E corrected, and the
Cy3 acceptor sensitization as a function of acceptor
valence. Again similar trends are observed for both QD
samples when assembled with this dye acceptor pep-
tide. The 525 nm QDs are more than 80% quenched by
a ratio of 15 peptides/QD, whereas the 545 nm QDs
reach this quenching level at around only 5 peptides/
QD clearly reflecting the significantly better spectral
overlap. Cy3 acceptor sensitization is quite low in both
samples regardless of ratio or spectral overlap and
appears to plateau at approximately 10% in both cases.
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Figure 5. LcA protease activity assays. (A) LcA protease activity assays using 550 nm DHLA QDs modified with 4 LcA-pep-Cy3;
the increase in QD PL is plotted as S/S, (relative to LcA-pep-Cy3-QD construct not exposed to enzyme) versus enzyme
concentration using either the On-QD (red) or Off-QD (green) incubation for LcA [data replicates n = 2—4; LOD Off-QD, 0.308
nM] and an On-QD incubation for trypsin (blue) [n = 3; LOD, 0.625 nM]. (B) LcA protease activity assays using 550 nm DHLA-
PEG QDs modified with different ratios of LcA-pep-Cy3, the increase in QD PL is plotted as 5/S, (relative to LcA-pep-Cy3-QD
construct not exposed to enzyme) as a function of LcA concentration using a Off-QD incubation [n = 6; LODs, acceptor ratio of
2.3=0.1nM;4=0.5nM; 4.7 =0.1 nM; 6 = 0.3 nM; 8 =0.7 nM]. (C) LcA protease activity assays using commercial 525 nm ITK QDs
modified with different ratios of LcA-pep-Cy3, the increase in QD PL is plotted as 5/S, (relative to LcA-pep-Cy3-QD construct
not exposed to enzyme) as a function of LcA concentration using an On-QD incubation [n = 2—4; LODs, acceptor ratio of 5 =
2.3nM; 10=18.8 nM; 15 = 2.3 nM], data after 3 h incubation. (D) LcA protease activity assays using commercial 545 nm ITK QDs
modified with different ratios of LcA-pep-Cy3, the increase in QD PL is plotted as 5/S, (relative to LcA-pep-Cy3-QD construct
not exposed to enzyme) as a function of LcA concentration using an On-QD incubation [n = 2—4; LODs, acceptor ratio of
5=4.7 nM; 10 = 37.5 nM; 15 = 1.2 nM]. Data after 3 h incubation.

Interestingly, this low level of acceptor sensitization is indicative of solution-phase interactions (data not shown).
not uncommon when performing FRET studies with This confirms that (His)s-driven metal affinity assem-
similar commercially obtained QD materials and has bles the peptides on to the QD surface. Agarose gel
been frequently observed with 605 nm QDs when electrophoresis of select QD-conjugates also con-
paired with structurally similar Cy5 acceptor dyes in firmed peptide self-assembly (data not shown). Equa-
different formats; it is believed to arise from the tion 3 was only applied at ratios of n < 5, to probe for
low acceptor quantum yield when sensitized by a any deviance arising from heterogeneity during self-
donor>®*" Analyzing the FRET data with eqs 2 and 3 assembly, and this is shown as the blue points in
derives a QD-donor to Cy3-acceptor center-to-center Figures 3 and 4 panels B and D. The strong correspon-
separation distance r of 59 and 74 A for complexes dence between normalized FRET E and FRET E corrected

assembled with the 525 and 545 nm QDs, respectively. indicates that this is not an issue in these assemblies and
The larger separation distance for the 545 nm QDs can ~ would not alter the outcome.
be partially ascribed to their slightly larger radius. The Proteolytic Assays. We began testing the final LcA-

ITK QD—peptide complexes were assembled in buffer pep-Cy3 in combination with 550 nm DHLA-func-
supplemented with excess Ni*". Similar to Rao's tionalized QDs. A ratio of four peptides-per-QD was
finding,> assembling the same complexes in the utilized based upon the criteria of efficient FRET and
absence of Ni** resulted in far lower FRET E (data not the possibility of significant changes in FRET E follow-
shown). Mixing QD control solutions with equivalent ing proteolysis as iterated above. This valence corre-
amounts of free Cy3-acceptor dye resulted in a modest sponds to a FRET E of ~50% and reduction of this ratio
quenching that could be fit to a Stern—Volmer function by proteolysis accesses the more dynamic portion of
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the curve shown in Figure 3B. Exposing the preas-
sembled QD—peptide sensors to increasing LcA con-
centrations for 3 h incubations did not, however, result
in any visible FRET changes indicating the absence of
proteolysis (see Figure 5A, LcA direct-on QD data).
Similar results were also obtained with DHLA-PEG
QDs (data not shown). This was followed by 2 subse-
quent experiments which would serve to be diagnos-
tic of the underlying issues. In the first, the same DHLA-
QD—peptide assemblies were exposed to increasing
concentrations of trypsin for 2 h at room temperature.
This protease should cleave this peptide substrate at
four different sites (C-terminal to the K or R residues)
which are all located in the LcA binding site portion.
The resulting data shown in Figure 5A, where changes
in QD donor PL are converted to S/S, ratios (as
explained in the Materials and Methods section),
indicated that the peptide was quite effectively
cleaved by trypsin when attached to the QD. This is
analogous to previous results where QDs decorated
with a peptide of similar sequence were also exposed
to trypsin.®® Interestingly, the LOD (concentration
where signal is greater than the blank plus three times
its standard deviation) for trypsin was 0.625 nM en-
zyme which is a factor of 10 lower than the 6.2 nM
determined in that previous study. In the second
experiment, the equivalent of ~4 LcA-pep-Cy3 were
preincubated with LcA using the indirect Off-QD for-
mat for 2 h and then mixed with the QDs for 30 min
prior to fluorescent data collection. The dose response
increase collected from this data clearly indicate that
the LcA is quite active with solution-phase peptide
and allowed a LOD of 0.308 nM enzyme to be derived.
Combined, these two experiments strongly suggest
that the far larger LcA, as compared to trypsin (MW ~
50 vs 24 kD), is sterically precluded from productive
interactions with the peptide substrate once as-
sembled on the QD. However, performing the assay
in two parts (indirect and Off-QD) could still allow
viable assay data to be collected with the same
substrate materials.

On the basis of the above results, we next applied
the indirect Off-QD assay to 550 nm emitting QDs
capped with DHLA-PEG. Despite the potential for
steric-size related self-assembly issues, QDs functiona-
lized with these ligands are more amenable to assays
using buffers that span a wide pH range while DHLA
QDs are limited to only the basic pH range.**>? In these
assays, the final ratios of peptide relative to QD were
varied from 2.3 up to a valence of 8. Figure 5B shows
the various resulting S/S, responses plotted as a func-
tion of the LcA concentration. The LODs determined
from this data ranged from 0.14 to 0.69 nM LcA for the
2.3 and 8.0 ratios, respectively, with an overall average
value of 0.35 + 0.24 nM. These values are similar to the
0.08—1.4 nM LcA LODs determined in a previous study
using a commercial FRET-based protease substrate in
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combination with a custom-built miniaturized fluores-
cent detection platform.?”

Given the accumulating evidence for (His)s-coordi-
nation to the surface of carboxylated ITK QDs,**3%% we
also tested whether these materials could assemble
the LcA-pep-Cy3 and simultaneously allow direct-on
QD digestion by LcA. Figure 5C shows S/N responses
derived from 525 nm ITK QDs preassembled in Ni**-
supplemented buffer with the indicated ratios of 5, 10,
and 15 peptide substrates and exposed to increasing
concentrations of LcA for 3 h. The increase in 5/S¢
response from & 1.5 to 3 for the different peptide ratios
tested indicate that more peptide is productively
available for enzyme interactions when assembled on
these larger diameter nanoparticles. Figure 5D shows
data collected and processed in the same manner for
545 nm ITK QDs self-assembled with the same ratios of
LcA-pep-Cy3 and exposed to increasing concentra-
tions of protease. Maximum S/S, ratios appear to
plateau for all three ratios around 2.5. We note far
larger error bars for this second data set which we
partially ascribe to spectral overlap. The emissions of
the QD donor and the Cy3 acceptor share significant
spectral overlap (see Figures 2C and 4C) making de-
convolution of the data more complicated and error
prone. Clearly sensors assembled with ITK QDs facil-
itate direct On-QD assay formats, however, we found
that the LODs determined from the dose response
curves were less sensitive and ranged from 2.3 to 18.8
nM LcA for the 525 nm ITK QDs and 1.2—37.5 nM LcA
for the 545 nm ITK QDs. The LOD was found to be
dependent on ratio but not in any discernible pattern.
For both the 525 and 545 nm ITK QDs 1:10 QD/LcA-
pep-Cy3 was found to have the worst LOD of the three
ratios tested. In terms of estimating actual turnover
activity, converting the data shown in Figure 5 to units
of maximum apparent enzymatic velocity (Vmaxapp.)
derive values which fall in the range of 10—100 pM
peptide cleaved per min depending upon ratio and
format used.?"

Modeling Quantum Dot—Peptide Structures. We have
previously shown that modeling QD—protein/peptide
systems provides insight into the assembly nanoarch-
itecture and the influence this can subsequently exert
on function.?'***3% Models are compiled by consid-
ering the relevant information available on the QDs,
how the peptides interact with the QDs and what has
been previously determined about the peptide struc-
ture. Figure 6A shows the model derived for the LcA-
pep-Cy3 as self-assembled onto the DHLA/DHLA-PEG
functionalized QDs. The CdSe—ZnS core—shell struc-
ture is simulated by the central blue sphere of radius
~30 A which corresponds to the size appropriate for
550 nm emitting QDs. The DHLA ligand shell is shown
by the magenta sphere with an extension of 12 A
surrounding the QD. The DHLA-PEG ligand shell is also
shown in gray and extends away 38 A from the QD
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Figure 6. Models of QD—peptide structures. (A) Model of LcA-pep-Cy3 self-assembled onto DHLA/DHLA-PEG functionalized
550 nm emitting QDs. 550 nm emitting QD core—shell structure is simulated by the central blue sphere of ~30 A radius. The
DHLA ligand shell is shown as the magenta sphere extending 12 A around the QD. The DHLA-PEG ligand shell is shown in gray
and extends 38 A from the QD surface. The peptides C-terminal (His)s shown in green is in direct contact with the ZnS shell.
The helical spacer segment of the peptide is in yellow. The QRATKM portion of the peptide is constrained into a highly bent
conformation as found in the native SNAP-25 protein. The QR residues cleaved by the LcA protease are shown in cyan. The
N-terminal Cy3 fluorophore is shown in magenta with its center placed at ~56 A from the QD center as estimated from FRET
studies. This model highlights the strong probability that Cy3 will penetrate the DHLA-PEG shell in this position. The ~50 kD
LcA protein structure is shown in a ribbon and helix structure superimposed over the peptide in white. (B) Model derived for
LcA-pep-Cy3 self-assembled onto the commercial ITK QDs. A sphere with radius 75 A simulates the QD core—shell polymer
structure. The (His)g in green is attached to chelated Ni*" coordinated by surface carboxyl groups. The Cy3 fluorophore is
located with its center ~74 A from the QD center as estimated from the FRET data showing the possibility of some
interpenetration of the QD-polymer coating. The LcA protein is depicted superimposed over the peptide as a white ribbon
and helix structure.

surface. The peptides C-terminal (His)s metal-affinity
domain is shown in green in direct contact with the
ZnS shell 3! The helical spacer segment of the peptide
in yellow is displayed laterally extending away from the
QD surface. The QRATKM portion of the peptide is then
constrained into the same highly bent conformation as
found in the crystallographic structure of the SNAP-25
fragment bound by the LcA protein. The QR residues
cleaved by the LcA protease are shown in cyan. The
N-terminal Cy3 fluorophore is shown in magenta with its
center placed at ~56 A from the QD center. This distance
was estimated from the FRET studies and is meant to
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highlight the fact that there is a high probability it will
penetrate a portion of the DHLA-PEG shell at this position.
The ~50 kD LcA protein structure is shown in a ribbon
and helix structure superimposed over the peptide in
white. The protein conformation was adjusted to match
known interactions with the SNAP-25 fragment.

Figure 6B shows the same peptide as attached to an
ITK QD. In this case, as very little is known about the
proprietary QD coating, a sphere of 150 A diameter
(http://probes.invitrogen.com/media/pis/mp19000.pdf)
is used to simulate the QD core—shell covered by the
polymer. It is assumed that the (His)g portion of the
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peptide does not penetrate far into the polymer coat-
ing and is attached to chelated Ni*" coordinated by
several (surface) carboxyl groups. This is reflected by its
placement at the spheres periphery and is supported
by data from several recent studies.>>*%*° The terminal
Cy3 fluorophore is located with its center placed at
~74 A from the QD center as estimated from the FRET
data; this may lead to some penetration of the polymer.
The LcA protein is again depicted superimposed over the
peptide as a white ribbon and helix structure matched to
known interactions. Interestingly, besides altering the Cy3
into a longer, more linear conformation to match the FRET
data, nothing else in the peptide sequence is altered
structurally when attached to these nanoparticles as com-
pared to the above simulation. It is important to note that
in both models, the peptide has a wide freedom of rotation
relative to the QD and these static models represent only
one of several possible conformations. We do know the
point of peptide attachment to the QD, or QD surface for
the ITK materials, and the FRET data collected from each
structure only reports where the acceptor dye is probably
located. The location of the rest of the intervening peptide
has to be qualified as more speculative.

In examining the models, several salient points can
be drawn about the effects of architecture on overall
sensor function. First, exact length and sequence of the
SNAP-25 substrate used is critically important for re-
cognition and cleavage by LcA. Testing with the mini-
mal initial peptide substrate sequence confirmed that
a slightly extended recognition sequence where the
central glutamic acid had also been switched to gluta-
mine is necessary for activity (see Figure 1B). Second,
the recognition and cleavage sequence in the sub-
strate should be presented to the LcA in the native
“bent” conformation similar to that found in the SNAP-
25/LcA interaction. Third, this critical sequence/struc-
ture must be sufficiently extended away, via a long
helical linker in this case, from the QD surface and
ligand coating to allow the LcA binding site access to
the peptide without being hindered by interactions
with the QD surface coating. Assays with the DHLA/
DHLA-PEG QDs where exposure of preassembled
QD—peptide sensors to ~50 kD LcA did not result in
any proteolysis strongly suggest that the large LcA
structure with its relatively deep active-site pocket is
sterically precluded from productive interactions with
the peptide substrate even when assembled to QDs
displaying the smaller DHLA capping ligand. In con-
trast, exposing the same composite structures to 24 kD
trypsin resulted in cleavage as did pre-exposing the
peptide to LcA prior to QD assembly. Assay results also
strongly support the idea that the LcA-pep-Cy3 is
coordinated at or near the surface of the ITK QDs;
had the peptide coordinated deep in the polymer
coating the LcA would not have had unhindered
binding access and would have been able to cleave
to the substrate. A model of the initial peptide sequence
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coordinated to DHLA QDs and assembled using the same
approach also suggests that lateral extension away from
the QD is important (see Supporting Information, Figure
1). Lastly, the location of the acceptor fluorophore relative
to the peptide is not critical as long as it does not hinder
overall function by blocking self-assembly to the QDs or
preventing LcA binding to the peptide substrate. Overall,
assay results and modeling highlight how both peptide
sequences and final sensor architecture can be critical to
function and that iterative testing and redesign of sub-
strates may be necessary.

CONCLUSIONS

Interest in utilizing QDs within active sensing plat-
forms exploiting FRET or other sensing modalities
continues to drive their evolution and the transition
from in vitro to in vivo formats.'” Myriad analytes and
active processes have been successfully targeted with
such assembilies including nutrients, explosives, drugs,
proteins, peptides, nucleic acids, cofactors, second
messenger ions, proteases, kinases, and pH.'7>>7%’
As more types of QD materials become widely avail-
able, these opportunities will only expand. However, it
is clear that concomitant with this will be a need for
careful design and a full understanding of their struc-
ture—function relationship. As reported here, QD—peptide
FRET-based proteolytic sensing can be extended to
assemblies incorporating lengthy recognition/substrate
sequences. Indeed, the currently utilized 16-residue
SNAP-25 fragment is 4 times longer than the minimal
DEVD sequence used to target caspase 3 previously.?%*°
We also find that differences in QD physiochemical
properties, especially the nature of their surface li-
gands, have significant repercussions on sensor function.
The ability of ITK-carboxyl QDs to self-assemble LcA-pep-
Cy3 on or very near their surface presumably allows the
LcA enzyme unfettered access to the substrate sequence
while still providing for efficient FRET. This key property
allows the assemblies to be directly incorporated as
active sensors into the assay. In contrast, the nature of
the DHLA ligands precludes this type of assay and results
in these types of functionalized QDs being used in a
slightly different role. Within the indirect Off-QD format,
the QDs are essentially utilized as a development or
visualization reagent which is added following pro-
teolysis. Although requiring some extra steps, the
benefit of this format is the ca. 10-fold gain in
sensitivity. This difference also suggests that there
may be subtle steric inhibition contributions still
present in the QD—ITK sensor assembly.

Utilizing QDs as an integral part of FRET-based
sensors targeting LcA, or other serotype-specific
BoNTs, provides unique access to properties unavail-
able to conventional peptide substrates which typi-
cally display a single-donor/single-acceptor dye
configuration. QD photophysical and chemical stability
may also allow similar assays to be easily transitioned
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into LOC devices for field deployment.”®?* The LcA
LOD of 0.35 nM (17.5 ng/mL) achieved in just this initial
evaluation is comparable to many of the immuno- and
activity-based assays described in the literature.??

MATERIALS AND METHODS

Materials. All chemicals were reagent grade and used as
received from the manufacturer. N-(2-Hydroxyethyl)piperazine-
N'-(2-ethanesulfonic acid) (HEPES), phosphate buffered saline
(137 mM NacCl, 10 mM phosphate, 2.7 mM KCl, pH 7.4, PBS),
imidazole, HPLC grade acetonitrile, Tween-20, and Corning 96-
well white polystyrene nonbinding surface (NBS) plates were
obtained from Sigma-Aldrich (St. Louis, MO). Nickel-nitrilotriace-
tic acid (Ni-NTA) agarose media was purchased from Qiagen
(Valencia, CA). Oligonucleotide purification cartridges (OPC) and
triethylamine acetate buffer (TEAA) were obtained from Applied
Biosystems (Foster City, CA). Cy3-maleimide monoreactive dye
was purchased from Amersham Biosciences (Piscataway, NJ).
The active recombinant light chain of Botulinum Neurotoxin A
(LcA, MW = 49.98 kD) was obtained from List Biological Labora-
tories (Campbell, CA). Trypsin from bovine pancreas (MW ~ 24
kDa, 10000 BAEE units/mg) was obtained from Sigma-Aldrich.
Doubly distilled water (ddH,0) was obtained from a Nanopure
Diamond water purification system (Barnstead, Dubuque, IA).

Semiconductor Quantum Dots. CdSe—ZnS core—shell QDs with
emission maxima centered at 550 nm were synthesized using a
stepwise reaction of organometallic precursors in hot coordi-
nating solvent mixtures following the procedures described in
refs 58 and 59. Nanocrystals were made hydrophilic by ex-
changing the native capping shell of trioctyl phosphine and
trioctyl phosphine oxide (TOP/TOPO) with either dihydrolipoic
acid (DHLA) or poly(ethylene glycol)-appended DHLA ligands
terminating in a methoxyl group (DHLA-PEG-OMe, PEG MW =
750) as described in ref 48 and 52 (see Figure 1 for chemical
structures). CdSe—ZnS core—shell Qdot 525 and 545 Innovators
Tool Kit (ITK) carboxylated QDs were purchased from Life
Technologies (Eugene, OR). QD absorption and emission spec-
tra are shown in Figure 2.

Peptide Synthesis and Labeling. The LcA peptide substrate
sequences (LcA-pep) were synthesized using standard in situ
neutralization cycles for Boc-solid-phase-peptide synthesis
(Boc-SPPS) as described®®®’ and are shown in Figure 1. A
discussion of peptide structure and function is provided in the
Results and Discussion. Peptide labeling and purification pro-
cedures are described extensively in ref 23. Briefly, 1 mg peptide
was dissolved in 1 mL of 10x PBS and combined with excess
Cy3-maleimide monoreactive dye overnight at 4 °C. Unreacted
Cy3 dye was removed by loading the reaction onto three
consecutive 0.5 mL columns of Ni-NTA-agarose. Columns were
washed with 10 mL of PBS before the labeled peptide was
eluted with 300 mM imidazole in PBS. Cy3-labeled peptide (LcA-
pep-Cy3) was desalted and imidazole was removed using a
reverse-phase OPC. The cartridge was primed by washing first
with 3 mL of acetonitrile followed by 3 mL of 2 M TEAA before
loading LcA-pep-Cy3. The column was then washed with 50 mL
of 0.02 M TEAA, and the LcA-pep-Cy3 was eluted, using 1 mL of
70% acetonitrile in ddH,0. If needed, further rounds of sample
purification were performed after the OPC was regenerated by
washing again with 3 mL of acetonitrile followed by 3 mL of 2 M
TEAA. The desalted Cy3-LcA-pep was characterized by UV—
visible spectroscopy (Cy3 absorbance 150000 M~ cm™' at
550 nm) before being aliquoted, dried down, and stored in a
desiccator at —20 °C until required.

Quantum Dot —Peptide FRET and LcA Proteolytic Assays. Fluorescent
data from FRET titrations and enzyme assays were collected
using either a Tecan Safire or a Tecan Infinite M1000 Dual
Monochromator Multifunction Plate Reader (Tecan, Research
Triangle Park, NC) from samples aliquoted into 96 well micro-
titer plates. Different QD preparations with different emissions
were investigated during this study including 550 nm emitting
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More importantly, all the sensors described here in
their different formats were constructed using the
most facile chemical-approach available, namely self-
assembly.

QDs solubilized with either DHLA or DHLA-PEG, as described
above, along with commercial 525 and 545 ITK carboxyl QDs.
FRET interactions between the various QDs and the Cy3-accep-
tor labeled peptide were first evaluated by self-assembling an
increasing molar ratio of dye-labeled peptide per QD sample.
LcA-pep-Cy3 was resuspended by dissolving in DMSO (~5% of
the final volume) followed by ddH,O such that the final con-
centration was 100 M. Between 15 and 30 pmoles of the 550
nm emitting DHLA/DHLA-PEG QD samples were mixed with
LcA-pep-Cy3 at molar ratios of peptide-to-QD ranging from 0 to
10 in 20 mM HEPES + 0.1% Tween-20 pH 8.0 (HEPES buffer).
Alternatively, 1.75 pmoles of the ITK carboxyl QDs were mixed
with LcA-pep-Cy3 at molar ratios of peptide-to-QD ranging from
0 to 30 in the same HEPES buffer supplemented with 0.25 mM
NiCl,. Control experiments demonstrated minimal to no Ni**
quenching of the QDs at this concentration (data not shown)
similar to previous testing with the same ITK carboxyl QDs
(Supporting Figure 5 in ref 36). Solutions were incubated at
room temperature (RT) for 30 min before analysis. Control
samples consisting of equivalent amounts of free Cy3 dye alone
and QDs with free Cy3 were also monitored to account for the
direct excitation component to the acceptor dye and to inves-
tigate solution-based FRET interactions.

For the LcA enzymatic assays, two formats were utilized as
summarized in the assay scheme depicted in Figure 1A. In the
On-QD (1-step) assay, QDs were first assembled with a fixed
ratio of LcA-pep-Cy3 in HEPES buffer (and Ni?* for ITK QDs) for
~30 min at RT. The QD:LcA-pep-Cy3 constructs were mixed with
the indicated concentrations of LcA enzyme, or no enzyme
control, and loaded into 96-well plates for fluorescent measure-
ment after incubation at 37 °C for 2 to 3 h. No significant
differences in results were observed when using either 2 or 3 h.
For the Off-QD (two-step) assay, the LcA-pep-Cy3 is first incu-
bated with the indicated concentrations of LcA enzyme, or no
enzyme control, for the same 2—3 h at 37 °C, and then the
appropriate QD solution is added such that a specific QD:LcA-
pep-Cy3 ratio is obtained in the final solution. Here, the
QD—peptide samples are allowed to incubate for ~30 min
before being loaded into a 96-well plate for fluorescent mea-
surement. All assay points were performed in duplicate to
triplicate and standard deviations are shown where appropriate.

Data Analysis. Experimentally, FRET efficiency E, (where n is
the ratio or valence of dye-acceptors per QD) was determined
using

(Fo — Fon)

E, = TR (1)

where Fp and Fpa designate the integrated fluorescence in-
tensities of donor alone and donor in the presence of acceptor-
(s), respev:'(ively.62 Note: peak heights may also be used and
yield similar values. Data from FRET efficiency were then
analyzed within the Forster formalism to determine values for
center-to-center (QD-to-dye) separation distance r using eq 2
which assumes a centro-symmetric distribution of dye-accep-
tors around a central QD:'®'®

1—EN '/
r= (%) Ro (2)

Ro designates the Forster distance corresponding to a FRET
efficiency E of 50% for a single QD-donor donor/single dye-
acceptor ratio.®? Because of the occurrence of high FRET
efficiencies measured for sample sets at relatively low ratios,
heterogeneity in conjugate self-assembly valence was also
accounted for where applicable. We use a Poisson distribution
function, p(k,n), to describe the heterogeneity in conjugate
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valence where FRET E in eq 2 is further written as*'

n —npk
E(n) = ; plk,n) E() with p(k,n) = & k!” @3)

where n is the average acceptor-to-QD ratio used during reagent
mixing and k is the exact number of peptide-dye conjugated to
the QD. This allows us to estimate any deviation in the observed
FRET E and was only applied for ratios of n < 5 where this issue is
expected to manifest. For analyses of enzymatic data, changes in
FRET E were converted to a signal-overbackground or S/S, ratio
response by dividing the QD donor PL from the enzyme exposed
QD:LcA-pep-Cy3 construct (S) by the QD donor PL of the zero
enzyme control (i.e,, QD:LcA-pep-Cy3 construct not exposed to
LcA-S).

Structural Modeling. Hybrid QD—peptide models were created
with UCSF Chimera version 1.4.1 using a process similar to that
previously described.?"***3>* Energy minimization was also
carried out in Chimera using ANTECHAMBER (Version 1.27) and
the AM1-BCC method of calculating charges. The LcA crystal-
lographic structure selected was Protein Data Bank (www.rcsb.org/
pdb) entry 3DDA which has a fragment of the SNAP25 protein
substrate cocrystallized in the binding site. This entry was also used
to identify the critical residues important for LcA—peptide sub-
strate interactions. The SNAP25 fragment conformation was
further used as a guide to adjust torsion angles in the GIn-Arg-
Ala-Thr-Lys(-Met) subsequence of the peptide substrate(s) into the
appropriate “bent” conformation. Peptide structures were then
docked to the surface of the QD via the terminal (His)s metal-
affinity sequence. The conformation of the peptide on the QD was
then adjusted by moving the helical spacer portion to reflect QD
donor/Cy3 acceptor center-to-center distances in agreement with
those experimentally determined from FRET data. Lastly, the LcA
3-D structure was superimposed over the bent peptide with its
binding site matched to the appropriate substrate residues and
final images were rendered in Adobe Photoshop.
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