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Abstract

Fluorescence based assays for hydrolases that cleave within the substrate (endopeptidases) are
common, while developing substrates for proteases that selectively cleave from peptide termini
(exopeptidases) is more challenging, since the termini are specifically recognized by the enzyme
and cannot be modified to facilitate a Forster resonance energy transfer (FRET)-based approach.
The development of a robust system that enables the quenching of fluorescent particles by simple
amino acid side chains would find broad utility for peptide sensors, and would be advantageous for
exopeptidases. Here we describe a quantum dot (QD) based electron transfer (ET) sensor that is
able to allow direct, quantitative monitoring of both exopeptidase and endopeptidase activity. The
incorporation of 3,4-dihydroxyphenylalanine (DOPA) into the sequence of a peptide allows for the
quenching of QD photoluminescence through an ET mechanism. DOPA is a non-proteinogenic
amino acid that can replace a phenylalanine or tyrosine residue in a peptide sequence without
severely altering structural properties, allowing for its introduction at multiple positions within a
biologically active peptide substrate. Consequently, the quenching system presented here is ideally
suited for incorporation into diverse peptide substrates for enzyme recognition, digestion and
activity sensing. Our findings suggest a broad utility of a small ET-capable amino acid side chain
in detecting enzyme activity through ET mediated QD luminescence quenching.
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Enzyme activity is responsible for regulating chemical reactions in living organisms, and the
alteration of specific enzyme activity can result in disease.! Understanding enzyme-substrate
interactions is critical to comprehending their biological roles and to discovering new
therapeutic targets and biomarkers.2 Among enzymes, proteases account for approximately
2% of all proteins in humans and have been shown to play important roles in various
physiological processes,? including coagulation, inflammation and myelination.4>:6
Exopeptidases are a subtype of the protease superfamily that selectively cleave substrates
from termini. These enzymes are implicated in many relevant processes including pathogen
activity,” lysosomal storage diseases and regulation of peptide hormones. Aminopeptidases
are typically detected by the hydrolysis of peptide-aminocoumarin linkages, releasing a
fluorescent aminocoumarin product. This approach has proven to be useful for fingerprinting
of S1 substrate specificities® and in the development of diagnostic assays.? However, the
positioning of the fluorophore is incompatible with amino acid sequences extending to the
prime side of the cleavage site, that have been shown to be important elements of protease
binding and catalysis.19 The inherent limitations of activatable organic fluorophores such as
aminocoumarin and the requirement for them to be incorporated at the scissile bond led us to
consider other fluorescent molecules. Internally quenched Férster resonance energy transfer
(FRET)-based peptide substrates have wide utilityl! but these substrates require
modification of the termini in a manner incompatible with exopeptidases. Singly labeled
peptide probes have also been developed, representing the advantage of using the peptide
substrate as quencher, but the limitations of organic fluorophores as reporters and their
susceptibility for aggregation inclined us to search for improved reporting systems.12:13 we
sought to develop an optical probe compatible with a variety of complex peptide substrates
in a format that would be easy to assemble, have straightforward access to multiple colors,
and be capable of dynamic signal change upon enzymatic processing. Previously, we
developed a dopamine-based, quantum dot (QD) sensor for the monitoring of cellular pH4
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that fulfilled much of our design criteria but is not sensitive to proteases. Since the redox
active moiety of dopamine is also present in the amino acid 3,4-dihydroxyphenylalanine
(DOPA), we reasoned that this amino acid could be utilized to quench photoluminescent
QDs in a variety of peptide substrates including aminopeptidases.

Photoluminescent QDs represent a powerful platform for biological applications due to their
narrow, tunable emission, high quantum yield, and pronounced photo and chemical
stability.15:16:17.18.19 For 3 fluorophore-quencher system, both the initial brightness of the
fluorophore and quenching efficiency are critical for successful probe development.2 QDs
have demonstrated utility in bioanalytics as optical labels, facilitating a variety of QD-based
biosensors,21 and their efficiency for detecting protease activity has been confirmed.22
Among other characteristics, their capacity to conjugate with multiple acceptor molecules
and color tunability make them unique and powerful tools for bioimaging purposes.23-24 The
unique combination of QD photoluminescence quenching and complementary peptide
substrates provides an ideal system to measure peptidase activity, because peptide substrates
for proteases can be controllably self-assembled to QDs.25 The most common approach for
generating QD based protease sensors is through FRET. QD-FRET based nanosensors have
been designed?6:27 and used as probes for proteases?8 for single and multiplexed tracking of
enzyme activity,2® for DNA and RNA detection30:31:32 and for the development of
biophotonic devices.33:34

The current format of a QD-quencher system is successful but limited. It generally requires a
quenching dye that is covalently attached to the N- or C-terminus of the substrate. The
substrate is then anchored to the QD, quenching its photoluminescence through proximity,
leaving the fluorophore and quencher groups on either end of the enzyme’s substrate. The
quenchers used in energy transfer mechanisms are usually large organic molecules,2: 3% and
short distances between the donor molecule and the acceptor is frequently required, limiting
the approach to short peptide sequences. A significant limitation to the FRET approach is
that the chosen quencher may modify the structure and recognition of the peptide substrate
due to its relatively large size. This fact is frequently overlooked and requires proper
calibration in the sensors. In addition, this reporting method is poorly compatible with
exopeptidases due to the terminal capping of the substrate36:37:38 and therefore there is a
need to develop an activity-sensing methodology with minimal perturbation of the substrate.

The incorporation of an amino acid analog within a peptide sequence that could act both as
substrate and reporter of enzymatic activity would be an alternative option that eliminates an
external element of the enzyme-substrate system. Ideally, such a method would allow
unprotected peptides to act as both substrate and quencher, without requiring an additional
quencher in the system. Accordingly, this approach would be of great benefit to measure
exopeptidase or exoprotease activity (Figure 1).

Dopamine is a neurotransmitter that exhibits interesting redox properties3® and can function
as an electron acceptor in its quinone form. The effect of dopamine on QD luminescence or
other fluorophores has been studied,*041 leading to the development of probes to measure
intracellular pH,* tumor cell imaging,*2 and the detection of dopamine.*3 Dopamine
exhibits a redox-active catechol ring that undergoes an increase in oxidation to quinone
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proportional to pH increase. This quinone behaves as an electron acceptor of QDs when
located near their surface, and quenches QDs photoluminescence. The ET based quenching
of QD by dopamine, shared by the amino acid DOPA, opens alternative sensing possibilities
that take advantage of a compact quencher. This amino acid that can be incorporated into
substrates of proteases such as thrombin,** has been used in protein cross-linking,*° and is a
component of natural peptides such as mussel adhesives.#® Although DOPA is an unnatural
amino acid, the additional hydroxyl group is a small perturbation from Tyr/Phe and a
growing body of work suggests that considerable structure variations in amino acid side
chains can be readily accommodated by diverse proteases.4’ For example, aminopeptidases
can exhibit a broad substrate tolerance including unnatural amino acids.”:8 The ET strategy
presented here is mechanistically distinct from FRET based strategies, facilitating the use of
small donors or acceptors that better mimic amino acid side chains. Other ET strategies have
utilized bulky external quenchers such as Cgo*® but the DOPA system allows for a much
broader application in enzyme substrates.

Here we present a method using QD/DOPA peptide bioconjugates for peptidase activity
sensing, utilizing the ability of DOPA to be positioned in the recognition site of a peptide
(Figure 2). This strategy takes advantage of the QD quenching properties of DOPA to detect
the hydrolytic activity of an exopeptidase, leucine amino peptidase (LAP, EC 3.4.11.1), and
an endopeptidase, chymotrypsin, where the DOPA residue is an integral component of the
peptide substrate. The approach is compatible with QDs coated with both neutral PEGylated
and compact zwitterionic ligands. The gain in photoluminescence was robust and facilitated
the kinetic characterization of LAP, which belongs to a class of enzymes that have been
incompatible with previous luminescent nanoparticle systems.

RESULTS AND DISCUSSION

Design of DOPA-peptide substrates for self-assembly onto QDs

The peptides were designed in a modular manner encompassing a DOPA containing
protease substrate, a polyproline (Prog) linker to ensure that the peptides are separated from
the surface of the nanoparticle and accessible to the hydrolytic enzymes and a His-tag (Hisg)
sequence to facilitate self-assembly on the QD surface.4® DOPA mediated quenching of QD
photoluminescence has been shown to be distance dependent, yet still efficient using
dihydrolipoic acid-PEG (DHLA-PEG) surface ligands of similar length to the Prog linker
used here.59 Protease substrates contained a C-terminal Lys(aminooxy) (Lys(Aoa)) residue
that enabled a convergent synthesis through an oxime ligation to the linker 4-formylbenzoyl-
AhxProgTrpGlyHisg (Figure 3).51 DOPA containing peptides were chain assembled by the
Fmoc-protection strategy of solid phase peptide synthesis (SPPS) following procedures
previously described.>2 The unnatural amino acid was presented primarily at the N-terminus
of the sequence, however, as a non cleavable control, peptide 8 was synthesized with the
DOPA residue at the C-terminus. To show the general utility of the DOPA quenching
approach an alternate alpha helical sequence spacer for peptide 7 that was synthesized as a
single peptide by Fmoc SPPS incorporating the substrate, the His-tag and the linker.
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Quenching effect of DOPA-containing peptides and its variation with pH

Proteolytic enzymes are active over a range of pH values. To test for compatibility of the
method and confirm the ET quenching mechanism, QD photoluminescence quenching by
DOPA-containing peptides was studied at different pH values. The DOPA-containing
peptides were self-assembled onto the QDs by mixing peptide 3 with DHLA-PEG coated
QDs at ratios of 0, 15, 30, 45 and 60 peptides per QD for 30 minutes at room temperature.
Previous results indicated a maximum of ~50-60 peptides could be stably assembled on to
the surface to prepare QD-peptide conjugates.>® Following conjugation, photoluminescence
spectra scans were taken from 480 to 560 nm, exciting at 350 nm. The experiments were
performed in 0.1xPBS at 5.5, 7.0 and 9.5 pH values. Figure 4 shows the photoluminescence
quenching of the increasing DOPA peptide loading at pH 5.5, 7.0 and 9.5.

At each specific pH, the luminescence quenching (ratio lg/l) is linearly dependent on peptide
load, yielding lower luminescence with increasing peptide:QD ratios (Figure 4). For a given
peptide:QD ratio, the degree of quenching significantly increases with basic pH due to the
shifted equilibrium to the quinone quencher at higher pH values.>* Figure 4D shows a Stern-
Volmer plot comparing both peptide load and pH. Similar quenching trends were observed
using 2 mM Nay,B,407 buffer (Figure S1). This data suggests that the amino acid DOPA
incorporated into a peptide substrate through a ProgWGHisg linker quenches QD
photoluminescence through an ET mechanism, and is in agreement with previous studies of
dopamine quenching of QDs.%0 Substrate quenched QDs (SQQDs) were assembled with all
peptides described in Figure 3, using neutral DHLA-PEG-QDs and DHLA-CL4-QDs®° that
provides a compact zwitterionic net negatively charged QDs surface.

Analysis of peptide substrates cleavage in solution by LC-MS

Non-QD conjugated DOPA containing-peptides were incubated with chymotrypsin
(endopeptidase) and LAP (exopeptidase), to confirm that these enzymes recognize the non-
proteinogenic amino acid as a substrate. Since chymotrypsin recognizes the aromatic DOPA
in the primary P1 recognition pocket, it represents a stringent test for the utility of DOPA in
protease substrates. Peptide substrate RAXARK (90 uM) was dissolved in 2 mM Na,B,07
buffer at pH 8.5 and chymotrypsin was added to afford a final enzyme concentration of 0.4
UM. The mixture was incubated at 37 °C for 5 minutes and then analyzed by reversed-phase
HPLC-MS to identify the cleavage products (Figure S2). RAX was the only fragment
identified, consistent with recognition of DOPA by chymotrypsin in the P1 position.%8 This
demonstrated that DOPA can be recognized and cleaved as an enzyme substrate, and is
consistent with the known preference of chymotrypsin for hydrophobic amino acids.>’

Similar experiments were performed using non-QD conjugated peptides 1-7 and LAP.
Peptide 1 was dissolved in 2 mM NayB407 buffer at pH 8.5 at 110 uM, and LAP was added
to afford a final enzyme concentration of 1.5 uM. The mixture was incubated at 37 °C for 5
minutes and then analyzed by reversed-phase HPLC-MS to identify the cleavage products.
One sole fragment was identified, corresponding to a C-terminal fragment of peptide 1
lacking the entire substrate sequence RPXAR (Figure S3). This indicates that the substrate
module of peptide 1 was digested from the N-terminus down to the oxime linker (Figure 3).
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The entire peptide substrate, including the DOPA residue, was not observed, consistent with
the sequential hydrolytic mechanism of LAP.58

At a lower LAP concentration of 0.05 uM, the incubation with peptide 1 yielded two
products after enzyme digestion, corresponding to the fully intact peptide 1 and the digested
C-terminal fragment observed previously. Similarly, peptides 2-6 yielded a sole C-terminal
fragment corresponding to the linker without the DOPA when incubated with a lower LAP
concentration (0.03-0.12uM). These findings suggest that LAP acts processively on the
studied peptides 1-6, which is consistent with LAP proccessive cleavage mechanism.59
Interestingly, in the case of peptide 7 (same substrate sequence as 3), when using a 0.036 uM
of LAP, different C-terminus peptidic fragments were found, corresponding to the peptide
individual single amino acid cleavage steps from the N-terminus (Figure S4). We interpret
this data as resulting from a lack of processivity due to the intrinsic secondary structure
induced by the unnatural amino acid aminoisobutyric acid (Aib)8 in the proximal linker,
which has been shown to avoid degradation in proteases.51.62

Altogether, the data collected from peptide digestions in solution suggest that the unnatural
amino acid DOPA is being recognized by the hydrolytic enzymes chymotrypsin and LAP.
For chymotrypsin, the DOPA residue was cleaved exclusively in position P1, and for LAP it
was found that DOPA was recognized at the P1 and P1’, P2’ and P3’positions. These results
suggest that DOPA can be widely utilized in peptidase substrates.

Chymotrypsin digestion of SQQDs

Peptides 1 and 3 were self assembled to DHLA-CL4-QDs. Following self-assembly of
SQQDs in 2 mM NayB407 at pH 8.5, the QD bound peptides 1 and 3 were fully
enzymatically hydrolyzed by adding chymotrypsin (1.6 uM) at 37 °C for 1 h. QD emission
was recorded before and after enzyme digestion. Comparison of the emission spectra before
and after enzyme treatment showed an increase in photoluminescent emission of the
conjugated QDs after enzyme treatment (Figure 5). As expected for full hydrolysis of the
quenching DOPA group, the recovery of photoluminescence was independent of the
peptide:QD ratio, reaching emission values of the unconjugated control. Similar results were
encountered using DHLA-PEG coated QDs with peptide 1 and DHLA-CL4 QDs with
peptide 6 (Figure S5). Together, these findings confirm that DOPA peptides can be
assembled on the surface of QDs and be recognized as substrates by hydrolytic enzymes and
regain their photoluminescence.

Aminopeptidase digestion of SQQDs

Following self-assembly, DHLA-PEG-coated QDs bound peptides 1 and 8 were mixed with
LAP (0.5 uM) at 37 °C for 1h. SQQDs with a cleavable substrate (1) showed an increase of
photoluminescence after enzyme treatment, while with the non-cleavable substrate (8) they
remained quenched after enzyme incubation, indicating that the DOPA-containing peptides
remained bound to the surface of the QDs (Figure 6). The photoluminescence of the QD is
recovered only after LAP cleavage of DOPA from the N-terminus. Similar results were
obtained with other DOPA peptide substrates 2, 3 and 7 (Figure S6). LAP recognized all
peptide constructs and the SQQDs gained a level of luminescence comparable to the control
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without DOPA peptides. These findings reinforce the versatility of substrate and linker
design in this system, and confirm that the method presented here is applicable to the
detection of aminopeptidase activity.

Kinetic evaluation of SQQDs cleaved by LAP

The luminescence intensity of QDs is extremely high, and the expected K, value of LAP is
expected to be in the middle micromolar range. As a result, it is not possible to perform
typical Michaelis-Menten Kinetics with a true excess of substrate. Instead, the fixed substrate
format was used to calculate the catalytic efficiency (Agat/ Km) of LAP using SQQDS,
following the method used previously for QD-FRET proteolytic assays.53 DHLA-PEG-
coated QDs were self-assembled with peptide 2 at a ratio of 1:15 and at a concentration of
0.25 puM for 30 minutes in Na,B407 at pH 8.5. Following self-assembly, the SQQDs were
incubated with LAP (0 nM; 1.62nM; 3.25 nM; 16.25 nM; 32.5 nM) and photoluminescence
was monitored at 520 nm at 30 s intervals for 5220 s (87 min) using an excitation
wavelength of 350 nm. Analysis similar to that in our previous work allowed for a kinetic
analysis of LAP with SQQDs.53:64 A calibration curve, consisting of an increasing ratio of
QD/DOPA peptide 1:30, 1:8, 1:3 and 1:0, was built to allow the transformation of the
progress curves (Figure 7) into cleavage of peptides on the surface of the nanoparticles.
From the collected data, a catalytic efficiency was calculated for peptide 2 (Aeq/ Km=50 = 15
mM~1 s71) based on the assumption that the system could be properly fit by a Michaelis-
Menten mechanism, obtaining a value consistent with literature.% It is important to note that
standard excess substrate formats can be used in QD systems when the K, value of the
enzyme/substrate in question is significantly lower, as described in our previous work.56 An
extended presentation of the kinetic methodology can be found in the SI.

CONCLUSION

We show that DOPA residues in peptides can simultaneously act as part of the peptide
substrate while serving as QD quenchers. This methodology represents a flexible approach
for the development of photoluminescent enzyme substrates that utilizes a simple quenching
system that closely mimics the natural amino acid tyrosine, and is thus amenable to
incorporation into a broad range of peptide substrates. The unnatural amino acid DOPA,
when inserted into a peptide sequence has the ability to quench QDs through an ET
mechanism, and its efficiency is dependent on both the number of peptides loaded on the
nanoparticles and on the pH of the solution. The designed substrates quench QD
luminescence at various pH values ranging from 5.5 to 9.5, thus covering the optimal pH of
diverse proteases. The side chain of DOPA can be recognized in the primary P1 position of
chymotrypsin. Importantly, since the N-terminus of the peptide can remain unmodified,
DOPA peptides can be fully processed by exopeptidases such as LAP with high kinetic
efficiency. The versatility and recognition shown in this study suggests that this method
could be broadly applied to both endo- and exopeptidases with little alteration to the peptide
sequence, in contrast to the bulky chromophores used for FRET based substrates. Together,
these results show that QD/DOPA peptide bioconjugates constitute a robust and versatile
method for reporting peptidase activity.
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METHODS

Materials and Methods

All chemicals and solvents were purchased from commercial sources and used without
further purification: DMF (Dimethylformamide, HPLC grade), CH3CN and CH,Cl, from
Fisher, TFA (trifluoroacetic acid), DIEA (N,N-diisopropylethylamine) and 4-formyl-benzoic
acid (4FB) from Sigma-Aldrich. Water was purified using a Millipore Milli-Q water
purification system. HCTU (o-(1-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate) and HOBt (1-hydroxybenzotriazole) from Peptides International,
HATU (o-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate) from
Anaspec. Fmoc-L-DOPA(acetonide)-OH and Fmoc-6-aminohexanoic acid (Ahx) were
purchased from Novabiochem and the rest of amino acids from Bachem. MBHA resin (4-
methylbenzhydrylamine, 0.65 mmol/g) was purchased from Peptides International and Rink
amide (0.68 mmol/g) from Novabiochem. Chymotrypsin and LAP were purchased from
Sigma-Aldrich. TIS (Triisopropylsilane) was purchased from Oakwood Chemical.
Analytical reverse phase HPLC was carried out in a Varian ProStar Model 210 equipped
with a Dynamax Absorbance Rainin Detector. Analytical injections were monitored at 214
nm. Separations were performed using different columns and gradients detailed at every
product. Preparative HPLC was performed in a Waters Delta Prep 4000 equipped with a
Waters UV detector model 486 and a Phenomenex Jupiter Proteo column (10 pM, 90 A, 250
x 21.20 mm) at a flow rate of 15 mL/min employing a gradient specified for each peptide.
Preparative injections were monitored at 220 nm.

Peptides were characterized using electrospray ionization MS on a LC/MS API 2000 Plus
triple quadrupole mass spectrometer (Sciex). Peptide masses were calculated from the
experimental mass to charge (m/z) ratios from all observed protonation states by using the
Analyst software (Sciex). UV measurements were undertaken in a Genesys 6 UV/vis
spectrometer (Thermo Electron Corporation). Fluorescence recording for single samples was
performed with an AVIV automated titrating differential/ratio spectrofluorometer Model
ATF 105. Fluorescence recording for kinetic measurements was performed with a Tecan
Infinite 200 Pro Fluorescence plate reader.

Peptide Synthesis

Polyproline peptides were chain assembled manually using /n situ neutralization cycles for
Boc-solid-phase-peptide synthesis (Boc-SPPS) following procedures described in the
literature.87 Peptides were synthesized on 0.2 mmol MBHA resin (4-
Methylbenzhydrylamine, 0.65 mmol/g). Boc-amino acid (1.5mmol) was dissolved in 2.66
mL of 0.5 M HCTU in DMF (1.33mmol), and DIEA (2.66 mmol, 464 uL) was added. After
30 s, the solution was added to the resin. Coupling times were 20 min. For proline residues,
the resin was neutralized with 10% DIEA in DMF (2 washes of 1.5 min each) after every
TFA deprotection. Boc-proline (2.0 mmol, 430 mg) was dissolved in 4 mL of 0.5 M HCTU
in DMF (2.0 mmol), and DIEA (2.0 mmol, 348 uL) was added. After 30 s, the solution was
added to the resin. Double couplings were performed for 1 h. Following chain assembly,
peptides were cleaved from the resin with HF and 10% of anisole for 1 h at 0 °C. After that
time HF was evaporated and cold ether was added to precipitate the crude peptides. The
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resin was filtered, and the crude was dissolved in 30% Buffer B (0.05% TFA, 90% CH3CN,
10% H,0) in Buffer A (0.05% TFA in H,0) and lyophilized.

DOPA-containing peptides were chain assembled by manual Fmoc-SPPS, using 0.1 mmol
Rink amide resin. Fmoc-amino acid (0.5 mmol) was dissolved in 1.25 mL of 0.4 M HCTU
in DMF (0.5 mmol), and DIEA (0.75 mmol, 130 pL) was added. After 30 s, the solution was
added to the resin. Coupling times were 25 min. Fmoc-Lys(ivDde)-OH (0.2 mmol, 115 g)
was dissolved in 1 mL of 0.4 M HATU in DMF (0.2 mmol) and DIEA (0.3 mmol, 52 pL)
was added. After 30 s, the solution was added to the resin. Coupling time was 40 min.
Fmoc-L-DOPA(acetonide)-OH (0.15 mmol, 68 mg) was dissolved in 375 pL of 0.4 M
HATU in DMF (0.15 mmol) and DIEA (0.225 mmol, 39 pL) was added. After 30 s, the
solution was added to the resin. Coupling time was 1 h. Following chain assembly, the
terminal Fmoc group was removed and Boc-anhydride (0.5 mmol, 109 mg) was dissolved in
0.5 mL of DMF and DIEA (0.5 mmol, 87 pL) was added. After 30 s, the solution was added
to the resin. Coupling time was 30 min, and coupling efficiency was checked with a Kaiser
test. Protecting group ivDde was removed with 4 washes of 4% hydrazine hydrate in DMF
for 5 min. After deprotection of the lysine side chain the resin (0.05 mmol) was treated to
incorporate the Aminooxy (Aoa) group. Boc-Aoa-OH (0.25 mmol, 47.8 mg) was dissolved
in 0.5 mL of 0.5 M HOBT in DMF (0.25 mmol) and DIC (0.25 mmol, 38.6 uL) was added.
After 30 s, the solution was added to the resin. Coupling time was 30 min, and coupling
efficiency was checked with a Kaiser test. Peptides were cleaved from the resin using a
cleavage cocktail that contained TFA (95%), TIS (2.5%) and H,0O (2.5%). Resins were
treated with the cleavage cocktail for 120 min. After that time the resin was filtered and TFA
was evaporated using a gentle stream of N, over the mixture. The crude peptides were
precipitated with cold ether, and dissolved in 30% Buffer B (0.05% TFA, 90% CH3CN, 10%
H,0) in Buffer A (0.05% TFA in H,0) and lyophilized.

Synthesis of 4FB-Ahx-ProgTrpGlyHisg

4-Formylbenzoyl (4FB) was coupled to Ahx-ProgTrpGly,Hisg (5.3 mg, 2.6.10~3 mmol) in
25 mM NaH,PO,4 buffer at pH 7.0 (2.7 mL) using succinimidyl-4-formylbenzoate (1.3 mg,
5.5.1073 mmol, 2 eq.) for 3 h. The reaction mixture was purified by preparative HPLC using
a gradient from 15 to 35% Buffer B (0.05% TFA, 90% CH3CN, 10% H,0) in Buffer A
(0.05% TFA in H,0) in 45 min. 4.2 mg of white solid (74%) were recovered after
lyophilization.

General procedure for synthesis of peptides 1-6 and 8

1 eq. of 4FB-Ahx-ProgTrpGlyHisg was mixed with 2 eq. of DOPA-containing peptide in 50
mM NH,4CoH305 buffer at pH 4.5 (keeping peptide concentrations at 0.5 mg/ml) for 1 h.
The mixtures were then purified to afford the final peptides. A gradient from 5 to 30%
Buffer B (0.05% TFA, 90% CH3CN, 10% H,0) in Buffer A (0.05% TFA in H,0) during 45
min was used for purification. HPLC fractions with pure peptide were collected and
lyophilized. After HPLC purification and lyophilization the peptides were obtained as white
solids with the following recovered yields: 1 95%; 2 84%; 3 93%; 4 64%; 5 97%; 6 97%; 8
97%.
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QD Synthesis

523 nm emitting CdSe/ZnS core—shell QDs were synthesized according procedures
previously reported with some modifications.68:69 Following the synthesis, the original
hydrophobic ligands were exchanged with DHLA-PEG75/% or DHLA-CL4.55

SQQDs assembly and fluorescent analysis at different pH values

DHLA-PEG-QDs (~0.5 uM) were incubated with peptide 3 (0.5-25 uM) at ratios of 0, 15,
30, 45 and 60 peptides per QD for 30 min at room temperature in 0.1xPBS buffer (250 uL
total volume) at the pH value specified. The samples were excited at 350 nm, and
fluorescence spectra were collected from 480 to 560 nm in an AVIV 105 fluorometer.

Peptide enzymatic assays

PBS and borate buffers were tested for enzyme incubations, where borate buffer was found
to be the preferred choice for these studies. Chymotrypsin digestion. Peptide RAXARK in 2
mM NayB407 pH 8.5 buffer (6 pL, 112 pM) was incubated with chymotrypsin (1.5 pL,
2uM) (final concentrations of 89.6 uM of RAXARK and 0.4 uM chymotrypsin) at 37 °C
during 5 min. After that time the mixture was analyzed by HPLC-MS. Fragment mass
found: 425.1 [m+I]*.LAP digestion. To afford complete enzymatic hydrolysis peptide 1 (65
pL, 269 uM) in 2 mM Nay,B407 buffer at pH 8.5 was incubated with LAP (15 pL, 6.5 pM)
(final concentrations of 218.5 pM of 1 and 1.2 uM LAP) at 37 °C during 5 min. To partially
hydrolyze the substrate, peptides 1 and 7 in 2mM NayB407 buffer at pH 8.5 (17 L, 269
uM) and (25 pL, 18.6 uM) were incubated with LAP (1.5 pL, 0.65 uM) (final concentrations
of 247.2 pM of 1 and 0.052 uM LAP; 17.54 uM of 7 and 0.036 pM LAP) at 37 °C during 5
min. Fragment mass found for 1: 801.9 [(m+3)/3]*, 1202.3 [(m+2)/2]*. Fragment mass
found for 7: 738.9 [(m+3)/3]*, 1107.7 [(m+2)/2]*; 715.0 [(m+3)/3]*, 1072.3 [(m+2)/2]*;
655.6 [(m+3)/3]*, 982.8 [(m+2)/2]*; 631.8 [(m+3)/3]*, 947.3 [(m+2)/2]*; 869.2 [(m+2)/2]* ;
769.5 [(m+2)/2]*.

SQQDs enzymatic assays

Chymotrypsin digestion—Peptides 1 and 3 were mixed with DHLA-CL4 QDs at ratios
of 0, 10, 18 and 36 peptide load per QD. QD concentration was ~0.05 uM. Following self-
assembly, an emission scan was recorded from 480 to 560 nm for each sample, exciting at
350 nm. The QD bound peptides were fully enzymatically hydrolyzed by adding
chymotrypsin (1.6 uM) at 37 °C for 1 h and the QD emission was recorded again. LAP
digestion. Peptides 1 and 8 were self-assembled to DHLA-PEG coated QDs for 30 min at
room temperature in a 2 mM NayB407 buffer at pH 8.5 at ratios of 0, 10, 20 and 40 peptides
per QD. During self-assembly, QD concentration was ~0.3 pM. LAP (0.5 uM) was added
and the mixture was maintained at 37 °C for 1h, and the QD emission was recorded again.

Kinetic assays

DHLA-PEG-coated QDs (0.25 uM) were mixed with peptide 2 for 30 minutes at a ratio of
1:15 and at a concentration of 0.25 pM in a 2 mM Na,B,407 buffer at pH 8.5. After that time
the conjugates were incubated with different amounts of LAP (0 nM; 1.62nM; 3.25 nM;
16.25 nM; 32.5 nM). Photoluminescence measurements were collected at 30 s intervals and
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finished at 5220 s (87 min) using an excitation wavelength of 350 nm and an emission
wavelength of 520 nm. Alongside this assay, a calibration curve was built containing
SQQDs at QD:peptide ratios of 1:30, 1:8, 1:3 and 1:0, using QDs at 0.25 uM. The
experiment was performed in duplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
FRET-based reporting is incompatible with exopeptidase monitoring (A). Strategy for

exopeptidase activity sensing with QD/DOPA peptide bioconjugates (B).
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Figure 2.
Strategy for exopeptidase activity sensing with QD/DOPA peptide bioconjugates.
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Figure 3.
Modular synthesis of DOPA-containing peptide substrates (A). Constructs synthesized (B)

and expected enzyme digestion products of constructs (C). X=L-DOPA, Ahx=6-
Aminohexanoic acid, Aib=2-Aminoisobutyric acid, all C-terminal amides.
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Figure 4.
QD photoluminescence is quenched by self-assembled DOPA containing peptides.

Photoluminescence spectra collected from 523-nm-emitting DHLA-PEG-QDs self-
assembled with an increasing ratio of peptide 3 added to PBS buffer at pH 5.5 (A), pH 7.0
(B) and 9.5 (C). Spectra were collected on an AVIV spectrofluorometer with 350 nm
excitation. (D) Stern-Volmer plots of an increasing ratio of DOPA peptide per QD versus lg/l
performed at pH 5.5, 7.0 and 9.5 (data from A, B and C). Values in parenthesis are slopes
derived for each data set reflecting the higher Ig/I for increasing pH values.

ACS Nano. Author manuscript; available in PMC 2017 June 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Palomo et al.

PL.(a.u)

(@)

P.L.(au.)

Before chymotrypsin treatment

Page 20

After chymotrypsin treatment

Peptide:QD B Peptide:QD
1.2+ ratio 1.2 ratio
— — 0
0.94 e 0.94 10
- 18 - —_— 18
3
0.6 -— 36 < 061 - %
-
o
0.34 0.34
c'l'
0.0 T T T - 0.0 T T T T
480 500 520 540 560 480 500 520 540 560
Wavelength (nm) Wavelength (nm)
Peptide:QD Peptide:QD
ratio D ratio
1.2+ 1.2+
-0 -_0
10 10
0.9 0.9+
- 18 - - 18
— 36 = — 38
0.64 ~ 0.6+
-
o
0.34 0.34
0.0 0.0

500 520 540 560
Wavelength (nm)

Figure 5.
Photoluminescence restored after chymotrypsin treatment. Normalized photoluminescence

spectra of SQQDs at different peptide/DHLA-CL4 QD ratio before (A), (C) and after (B),
(D) peptidase treatment, with peptides 1 (A), (B) and 3 (C), (D).
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Specificity of aminopeptidase activity reporting by SQQDs. (A), (B) Restoration of
photoluminescence after exopeptidase treatment. Normalized photoluminescence spectra of
DHLA-PEG-QD/DOPA bioconjugates with peptide 1 at 0, 10, 20 and 40 peptide/DHLA-
PEG-QD ratio before (A) and after (B) aminopeptidase treatment. (C), (D) Lack of
photoluminescence gain using a non cleavable substrate upon aminopeptidase treatment.
Normalized photoluminescence spectra of DHLA-PEG-QD/DOPA bioconjugates with
peptide 8 at 0, 10, 20 and 40 peptide/DHLA-PEG-QD ratio before (C) and after (D)

aminopeptidase treatment.
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Kinetic measurement of aminopeptidase QD-based enzyme sensor. A) Progress curves of
QD emission. QD/DOPA peptide bioconjugates with peptide 2 at 15 peptide/DHLA-PEG-
QD ratio, curves are varying enzyme concentration. Curves have been corrected for
experimental drift observed in the plate reader.56 B) Progress curve in enzyme time of
aminopeptidase. The red curve corresponds to the integrated Michaelis-Menten fit to the

data.

ACS Nano. Author manuscript; available in PMC 2017 June 28.



	Abstract
	Graphical Abstract
	RESULTS AND DISCUSSION
	Design of DOPA-peptide substrates for self-assembly onto QDs
	Quenching effect of DOPA-containing peptides and its variation with pH
	Analysis of peptide substrates cleavage in solution by LC-MS
	Chymotrypsin digestion of SQQDs
	Aminopeptidase digestion of SQQDs
	Kinetic evaluation of SQQDs cleaved by LAP

	CONCLUSION
	METHODS
	Materials and Methods
	Peptide Synthesis
	Synthesis of 4FB-Ahx-Pro9TrpGlyHis6
	General procedure for synthesis of peptides 1–6 and 8
	QD Synthesis
	SQQDs assembly and fluorescent analysis at different pH values
	Peptide enzymatic assays
	SQQDs enzymatic assays
	Chymotrypsin digestion

	Kinetic assays

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

