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ABSTRACT: Combining biomolecules such as enzymes with nanoparticles
has much to offer for creating next generation synergistically functional
bionanomaterials. However, almost nothing is known about how these two
disparate components interact at this critical biomolecular-materials interface
to give rise to improved activity and emergent properties. Here we examine
how the nanoparticle surface can influence and increase localized enzyme
activity using a designer experimental system consisting of trypsin proteolysis
acting on peptide-substrates displayed around semiconductor quantum dots
(QDs). To minimize the complexity of analyzing this system, only the
chemical nature of the QD surface functionalizing ligands were modified.
This was accomplished by synthesizing a series of QD ligands that were
either positively or negatively charged, zwitterionic, neutral, and with
differing lengths. The QDs were then assembled with different ratios of dye-
labeled peptide substrates and exposed to trypsin giving rise to progress
curves that were monitored by Forster resonance energy transfer (FRET). The resulting trypsin activity profiles were
analyzed in the context of detailed molecular dynamics simulations of key interactions occurring at this interface. Overall,
we find that a combination of factors can give rise to a localized activity that was 35-fold higher than comparable freely
diffusing enzyme—substrate interactions. Contributing factors include the peptide substrate being prominently displayed
extending from the QD surface and not sterically hindered by the longer surface ligands in conjunction with the presence of
electrostatic and other productive attractive forces between the enzyme and the QD surface. An intimate understanding of
such critical interactions at this interface can produce a set of guidelines that will allow the rational design of next
generation high-activity bionanocomposites and theranostics.
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centered around nanoparticles (NPs).”” Along with common
attributes such as high surface-to-volume ratios and the ability to
act as a centralized nanoscaffold for chemical attachment, NPs
can contribute value-added functionalities to these composites
includin% photoluminescence (PL), magnetism, plasmonics, and
the like.” '* It is the combination of these properties when
married to biological functionalities such as binding specificity,
targeting, catalysis, sensing, structural organization, efc, that
provides the added value or synergy to these hybrids.” Various
applications are envisioned for these materials including stand-
alone biosensors, light harvesting and biocomputing devices,
along with theranostics, the latter of which provides perhaps one
of the more illustrative concepts reflecting the longer-term
possibilities. For example, within a putative oncological theranostic
device, the NP could provide MRI or other in vivo contrast while
simultaneously acting as a central scaffold to host biologicals such as
antibodies for tumor targeting, peptides for facilitated cellular uptake,
and poorly soluble chemotherapeutics for specified delivery.' "
Some types of biologically functionalized NPs, such as
antibody-decorated gold colloids, have now been in use for
several decades,” however, it is only recently that the promise and
the complexity of such hybrid materials have started to be fully
realized. The latter is exemplified by the many requirements
surrounding the optimal assembly of these composite materials
including: (i) NP synthesis, (i) surface functionalization, and
(iii) bioconjugation. Ideally, the NPs should be uniform both
chemically and structurally along with being almost mono-
disperse in size. Most (metallic) NPs have to be stabilized as
colloids to be functional within biological environments since
they do not possess any intrinsic solubility of their own.
This requires use of so-called NP “ligands” which bind to or
otherwise associate with the NP surface while providing colloidal
stability through charge or other chemical functionalities such as
poly(ethylene glycol) or PEG.”"® Available ligand classes are
quite diverse and range from small discrete thiolated acids to
large amphiphilic polymers. Along with the stabilizing ligands, for
optimal activity biomolecular-NP composites require that the
biological (e.g., protein, peptide, DNA, efc.), be displayed on the
NP with intimate control over orientation, ratio and separation
distance among other properties.””'® Significant investments
have and continue to be made in these three related areas and,
as the resulting biocomposite assemblies have rapidly matured,
it is here that previously unanticipated properties have been
unexpectedly revealed beyond those that were initially desired.
Such emergent properties are perhaps best epitomized by the
interfacing of NPs with enzymes which was originally undertaken
in pursuit of more-stable biosensors, biocatalytic nanomaterials
and replacement therapeutics as some illustrative examples.'*~ '
Here, it was found that in many, but not all cases, enzymatic
activity was enhanced at the NP interface regardless of whether it
was the enzyme or the substrate attached to the NP. Examples
of some of the enzymes that have demonstrated enhance-
ment when attached to NPs include glucose oxidase, amylase,
chymotrypsin, lipase, aldolase, and cholesterol oxidase, see
refs'*'® and therein for further examples. Since enzymatic
enhancement at a NP interface has only been recently observed,
the mechanism(s) that give rise to these phenomena are mostly
unknown and have been variously ascribed to conformational
changes, shielding, the NP microenvironment, confinement,
optimized substrate trajectories, and colocalization."*™"® Our
previous work with various enzyme-NP systems suggested that
different mechanisms contribute to enhancement within each of
the experimental systems. Attaching alkaline phosphatase to
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semiconductor quantum dots (QDs) in a controlled-oriented
manner increased activity 20—40% above enzyme alone in
contrast to a loss of activity when attached to the same type
of NPs in a heterogeneous manner.'” Similarly, attaching
phosphotriesterase to QDs increased its initial catalytic rate
~4-fold and its enzymatic efficiency (k /Ky ~ 2-fold. Here, the
higher activity when attached to QDs was correlated with
an acceleration in enzyme—product dissociation which is the
enzyme’s putative rate limiting step. Decorating the tetrameric,
diffusion-limited p-galactosidase enzyme with QDs also
increased its catalytic rate 3-fold and, in this case, enhancement
was suggested to occur due to substrate accumulation around the
QD-enzyme assembly.'® Lastly, in a converse configuration
where a dye-labeled peptide substrate was assembled around
QDs and exposed to trypsin, a “hopping” mechanism was
postulated to give rise to up to S-fold increases in enzyme
efficiency." In this modality, trypsin encountered a given labeled
QD and rapidly consumed all the peptide surrounding it before
diffusing away to the next interaction. Increased proteolytic
activity for such substrate display on NPs has now been con-
firmed with several other enzymes.”~** Critically, the nanoscale
confines and nature of the NP-enzyme interface where these
enhancements occur remains almost completely undefined. It is
believed to be characterized by boundary and phase separations,
ionic and pH gradients along with structuring of the surrounding
water among other localized properties.”””* Complicating this
even more is that there are almost no analytical techniques
available to directly probe this interfacial environment.

Although all components including the NP itself, the
biomolecule and the localized environment will all contribute
to the NP-biomolecular interfacial environment in a very
complex manner, it is perhaps the surface ligands that are
expected to be most defining here and indeed this has been
already shown to some extent with gold NPs.”>~*° Surface
ligands provide colloidal stability and typically bridge from the
NP surface to the bulk environment while also having simul-
taneous contact with any attached biomolecules. With an aim
toward understanding the critical role that NP surface ligands
can play in enhancing enzymatic activity, we appropriate the
aforementioned QD-peptide trypsin sensor and perform assays
where only one variable is changed, namely the chemistry of the
QD surface ligand, see Figure 1. Trypsin activity profiles were
collected from QD-peptide assemblies capped with different
ligand types and subsequently analyzed in conjunction with
molecular dynamics simulations of key interactions occurring at
this interface. Results suggest that a configuration where pep-
tide substrate is prominently displayed extending from the QD
surface in conjunction with strong attractive forces between
enzyme and the QD surface can increase localized trypsin activity
35-fold or even higher.

RESULTS AND DISCUSSION

Quantum Dots, Peptide Substrate, and Assay Format.
The assay that forms the basis of this study is nearly identical to
that previously described.'” As highlighted in the schematic
shown in Figure 1A, 520 nm emitting CdSe/ZnS QDs with a
diameter of ~5.3 nm, (representative TEM in the Supporting
Information, SI) were self-assembled with various discrete
ratios of Cy3-labeled trypsin substrate peptide, the QD-peptide
constructs exposed to trypsin in 1X phosphate buffered saline
(PBS) and the resulting proteolytic activity monitored by
the changes between the QD donor and Cy3 acceptor FRET.
Quantitative analysis of the resulting data provides information
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Figure 1. Schematic of the QD-dye-labeled peptide assemblies used for trypsin sensing (A) with the chemical structures of the 7 surface ligands
tested (B). The terminal Cy3-labeled peptide is self-assembled to the QD through a (His)s-tag driven metal affinity coordination giving rise to a
ratiometric FRET signal. In trypsin assays, multiple peptides are generally bound on average to a single QD species. In the presence of trypsin, the
peptide is cleaved and the Cy3 dye will diffuse away from the QD modifying the FRET efficiency. The putative core/shell/ligand radii of QDs
capped with the CL4 ligand and the PEGylated ligands are also shown. The 7 surface ligands are presented with the most positively charged at top
to the most negatively charged (determined by {-potential) at the bottom. The CL4 capped QD has a hydrodynamic diameter (Hp) of 8.5 nm as
compared to the PEGylated ligands which have larger Hy,’s (~11—13 nm) as measured by DLS (Table 1). The nominal number of ethylene oxide
repeats is shown for each PEGylated ligand along with the pK, of selected functional groups where available. The acetyl displaying ligand is part of
an acetamide group. Not to scale.

on how the enzyme performs when the QD is surface-func- by comparison to a calibration curve consisiting of an increasing
tionalized with different ligands presenting different chemical ratio of dye-labeled peptide per QD versus FRET E; in practice
functional groups at the site of trypsin-peptide interactions. this is more easily implemented using the Cy3 acceptor/QD
The peptide utilized here is identical to the previous donor PL ratio. The amount of trypsin substrate cleaved over
(N-*CSTRIDEANQAATSLP,SH;-COOH where Cy3 is time can then be used to derive the enzymatic velocity or
attached to the cysteine thiol*) and contains four “modules” proteolytic rate. Although the trends will remain the same, for
within its sequence which are meant to provide different utility: accurate, quantitative conversion using this approach, it is
the N-terminal cysteine-thiol provides a specific chemical site for important to account for the effects of any nonspecific inter-
maleimide-based acceptor dye labeling; the STRIDEANQAAT actions of the dyes with the QD by using a true mix of cleaved
portion contains a single arginine residue which trypsin and uncleaved peptides in the calibration curve as described
recognizes and cleaves on its C-terminal side, as noted before.'”*""** The combination of NP-displayed substrates and
previously—this portion of the sequence can assume a highly certain enzymes such as trypsin also require a specialized assay
bent or kinked structure;'” the SLP.S is meant to form a type I configuration to be implemented. The trypsin utilized here has a
polyprolyl helix that allows this sequence to function asa ~ 14 A Ky of ~400 uM," which would require NP-peptide substrates
spacer to direct the rest of the peptide away from the QD in mM concentration to meet excess substrate, initial velocity
surface;*® and the terminal (His)g motif attaches to the Zn$S conditions (>10X Kj) under standard Michaelis—Menten and
surface of the QDs. The latter bioconjugation is driven by high Briggs-Haldane assumptions.”” However, mM concentrations
affinity metal coordination (Ky ~1 nM) and is almost of NPs and especially QDs in buffer are not a physically
spontaneous when the peptide and QD are mixed together.’’ achievable reality. Rather, an alternate integrated version of the
Although such self-assembly to QDs is characterized by a Poisson Michaelis—Menten (MM) analysis is implemented where
based process, it still provides for control over the average substrate (QD-trypsin peptide) is held constant and trypsin
number of peptides assembled per QD which is critical to these concentration is varied; these give rise to so-called enzymatic
assays. It is also important to note that, as reflected in several “progress curves” that are collected over extended time periods.
recent studies, the nature of the Poisson assembly does not We note that this same format and analytical approach was

detrimentally affect proteolytic assays implemented with these utilized by Michaelis and Menten in their seminal work.*
materials nor the ability to convert the observed FRET changes Two important caveats come with the use of this assay format.
into enzymatic velocity.'”~*"** In the first, Selwyn’s test dictates that the progress curves
As outlined in the Experimental Section and described in from these formats should all superimpose when time is scaled
detail previously,"” self-assembly of the Cy3-labeled trypsin by enzyme concentration, [E], to yield a series of common
substrate to a green ~520 nm emitting QD will promote FRET trajectories in “enzyme time” ([trypsin] X time) only when
from the excited state QD donor to the Cy3 acceptor resulting the system is displaying Michaelis—Menten behavior.'”"’
in quenching and sensitization, respectively. Trypsin addition Most simplistically, enzyme time represents substrate con-
results in cleavage of the peptide which changes the rate of sumption as a function of the time the reaction has progressed
FRET in a manner proportional to the amount of enzyme multiplied by the enzyme concentration. Second, when the
activity. The resulting changes in FRET efficiency (E) within this substrate concentration at time zero, [S],, is not greater than
system can then be correlated to the amount of peptide cleaved 3x the enzyme’s Ky ([S]y > 3Kyy), then fitting the progress
5886 DOI: 10.1021/acsnano.7b01624
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curves with the integrated form of the MM equation (eq 3 in the
Methods) will only reflect the k,/Ky ratio. Nevertheless, this
ratio is an effective second-order rate constant that describes
enzyme efficiency and is sometimes referred to as the specificity
constant. It is this metric that is compared across materials in the
current study. We note that enzyme efficiency is particularly
suited to comparing formats where the enzyme is unchanged and
it is merely the substrate or its presentation that is modified in
assays. Higher k,./Ky values should correlate to more efficient
systems with improved kinetics.

Quantum Dot Surface Functionalizing Ligands. In
reduction to experiment, the QDs were self-assembled with
several distinct ratios of peptide substrate and then assayed
against increasing concentrations of trypsin, see Figure 1A.
The main variable between each of these assays is the presence of a
different surface functionalizing ligand on the QD. The different
ligands are meant to alter the substrate’s localized environment
and presentation and hence the nature of the trypsin’s interaction
with the QD-peptide composite. To minimize all other variables
while allowing us to isolate and probe the effect of just differences
in QD surface chemistry, the same core ligand chemistry was
utilized while varying either the functional groups displayed at the
ligands termini or their lengths. Along with being synthetically
teasible, this approach minimizes ligand density effects as well
as the complexity that would be subsequently introduced by
using ligands which are dramatically different from each other
structurally, for example large amphiphilic encapsulating polymers
versus discrete small thiolated acids.”****

Figure 1B shows the structures of the QD surface ligands
tested while Table 1 lists some pertinent characteristics of the
QDs and QD-peptide assemblies when functionalized with these
ligands. Where available in Figure 1B, the predicted pK, of
selected carboxyl and amine groups on the ligand’s termini are
also shown. Ligand synthesis and subsequent QD preparation
with them are described in the SI. All the ligands consist of a
dithiol binding motif which is provided by the dihydrolipoic acid
(DHLA) precursor. The bidentate thiols bind to the QD surface
strongly and helps contribute to QD dispersions that are stable in
aqueous solutions for long periods of time by alleviating many
of the issues associated with the dynamic off-rate that
monothiolated ligands typically experience."”***> The majority
of the ligands then display a poly(ethylene glycol) or PEG linker
of ~13 ethylene oxide repeats except for the methoxy ligand
which has ~16 repeats. PEG is the preferred molecule for
mediating colloidal stability in many established and developing
NP and nanomedicine applications due to it is generally accepted

hydrophilic, inert and nonfouling character.**™* The ligand
set then terminates in different functional groups including an
amine (NH,), acetyl (COCHj;), methoxy (OMe), hydroxy
(OH), carboxy (COOH), and zwitterionic group (CL4/PEG-
CLA4), see Figure 1 and Table 1. Theses names/designations are
used somewhat interchangeably throughout. The zwitterionic
ligands also came in two further length derivatives, a short
compact ligand 4 (CL4), which is essentially just the DHLA
attached to a zwitterionic end group, and a PEGylated version of
this Iigand.43 The amine, acetyl, hydroxy, and carboxy ligands all
have the exact same structure except for the end group while the
CL4 and PEG-CL4 have the same end groups and QD binding
domain with the latter having a PEG linker separating them.
As highlighted by the {-potential results in Table 1 from QDs
displaying these ligands, the CL4, PEG-CL4, and COOH QDs
have strong negative charges, the OH QDs are only slightly
negative, the OMe and COCHj are neutral and the NH, QDs
are positively charged. The OMe and COCH; ligands are also
considered somewhat hydrophobic.

Spectral Overlap, Peptide Extension and Quantum Dot
Hydrodynamic Diameter. Figure 2A shows the 520 nm
emitting QD donor and Cy3 acceptor absorbance and emission
profiles as normalized to quantum yield and this gives rise to the
spectral overlap shown in Figure S2, which, in turn, gives rise
to an estimated Forster distance or Ry of ~5.25 nm. The repre-
sentative plots shown in Figure 2B,C are collected from assembling
the indicated increasing ratio of Cy3 acceptor-labeled peptide
onto the QDs functionalized with either the small zwitterionic
CL4 ligand or its larger related PEGylated derivative, respec-
tively. The quenching of QD donor PL and sensitization of the
Cy3 acceptor occurs in a manner that directly tracks the Cy3/QD
ratio and is clearly visible in these FRET “titrations”. The inset in
each plots this ratio versus FRET E as directly estimated from
QD donor PL loss. Data collected in these plots serves two
purposes. First, it acts as the aforementioned calibration curve
that correlates changes in E with trypsin activity allowing us to
estimate enzymatic velocity for each QD construct within a
proteolytic assay. Second, using this data along with eq 1 in the
Methods, we can estimate average QD donor center to Cy3
acceptor center separation distances (rp,), these are also listed
in Table 1. Although not fully reflective of the final peptide
conformation, especially if there is some twisting or kinking
present within it, this measurement still provides information on
how far from the QD surface the Cy3 acceptor itself is located;
these estimates are also listed in Table 1. Interestingly, the CL4
ligand, which is the smallest of all the ligands tested here provides

Table 1. Selected Characteristics of the Quantum Dots Displaying the Different Surface Ligands

ligand” abbr. properties of interest (~MW) Hp [nm]” {-potential [mV]* QD-Cy3 rp, [nm]?
DHLA Compact Ligand 4 CL4 Short, zwitterionic (394.6) 85+04 -324+ 14 6.9 + 0.3 (4.2/2.65)
DHLA-PEGy-CL4 PEG-CL4 Long, zwitterionic (923.2) 12.8 + 2.8 —282+ 16 5.8+ 02 (3.1/—0.6)
DHLA-PEGy,-COOH COOH Long, negative charge (879.1) 11.5 +23 —24.7 £ 1.1 6.2 + 0.2 (3.5/0.45)
DHLA-PEG y-OH OH Long, neutral (781.0) 12+3 —7.3+09 5.9 + 02 (32/-0.1)
DHLA-PEG;;,-OMe OMe Long, hydrophobic (926.2) 113 +24 -29 +04 6.2 + 0.2 (3.5/0.55)
DHLA-PEGy-Acetyl Ac Long, hydrophobic (821.1) 124 +£32 04 +03 5.6 +0.3 (2.9/-0.6)
DHLA-PEGg,-NH, NH, Long, positive charge (779.1) 109 +2.2 213 +038 6.2 +0.2 (3.5/0.75)

“600/750 designates the approximate MW of the poly(ethylene glycol). *Hydrodynamic diameter of the QD surface functionalized with the
indicated ligand but without peptide present. “Zeta potential of the QD surface functionalized with the indicated ligand. Representative data plots for
Hyp, and {-potential can be found in the SI YERET derived distance from the QD center to the terminal Cy3 dye on the peptide substrate when the
QD is capped with the indicated ligand. QD diameter ~5.4 nm. Values in parentheses are estimated dye-to-QD surface distances/dye to ligand
surface (negative values signify they are found within the estimated diameter of the ligand surface).
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Figure 2. Spectral overlap and FRET-based titration of peptide substrates. (A) Extinction coefficient and fluorescence emission spectra of the 520 nm
QD donor and Cy3 acceptor. The emission spectra are normalized to quantum yields of 0.20 and 0.17 for the QD and Cy3 respectively. Plot of the
spectral profiles collected from the 520 nm QDs surface functionalized with the (B) CL4 and (C) PEG-CL4 ligands and assembled with the indicated
number of increasing Cy3-labeled peptide substrates. These plots were collected exciting the QD and then monitoring changes in QD PL and Cy3
acceptor sensitization. The insets show the plots of FRET efficiency (E) versus Cy3 peptide/QD ratio which are used to determine the QD-Cy3

donor—acceptor distance (rp,).

for the longest rp, (~6.9 nm) and this is significantly longer
than that of QDs functionalized with the PEGylated ligands
(5.6—6.2 nm) some of which appear to be within the PEG layer
itself. The central portion of this peptide substrate is known
to assume a highly bent structure and we have previously shown
how conjugation to PEGylated QDs can sometimes induce addi-
tional kinks in peptides containing polyproline repeats, which
would help explain some of the difference in rp, values.'”*°
The hydrodynamic diameters (Hp) of QDs capped with each of
the ligands but without any peptide attached to the surface were
also measured by dynamic light scattering (DLS) analysis.
As shown in Table 1, the presence of PEG prevails over any small
differences from the capping groups giving the PEGylated
QDs an average Hy, of ~11.8 + 0.7 nm (range of 10.9—12.8 nm).
In contrast and as expected, the far more compact CL4 molecule
provided QDs with a significantly smaller Hy, of ~8.5 & 0.4 nm.
Addition of peptide to the CL4 QDs increased the H, showing
that the peptide does indeed extend beyond the ligand sphere
in this sample and corroborates well with the estimated values
described above, see the SI.

Progress Curves and Kinetic Analyses. Figure 3 shows
experimental results from the QD-COOH ligand construct
assembled with an average ratio of 7.9 Cy3-labeled trypsin
substrate as a representative example of the data collected and its
transformation. Assays used the same batch of commercial
trypsin (type I bovine trypsin, Sigma-Aldrich) with the same
specific activity of ~12 705 N,-benzoyl-L-arginine ethyl ester
(BAEE) units/mg protein as previously to minimize variability
and allow us to include that data in the analysis.'* PL of the QD at
520 nm and sensitized Cy3 at 575 nm were followed over time
during assays for each of the indicated concentrations of trypsin
shown in Figure 3A,B. These data were then transformed into the
Cy3/QD emission ratio and corrected for instrumental drift as
shown in Figure 3C. Using the appropriate calibration curve, this
data was converted into remaining substrate per QD, Figure 3D,
where the much faster activity of the higher enzyme concen-
trations is clearly observed. In fact, for the three highest trypsin
concentrations, the reactions reach completion in only a few
minutes. Figure 3E shows a plot of the data as transformed into
enzyme time where the data from the wells with less than 168 nM
enzyme concentration provide the most information. The higher
concentrations provide a few data points in the most important
fitting region (from 0 to 400 uM s) but principally have
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0 remaining substrate values and, although used in the analyses,
are not presented here to allow for a more focused image on
the area of interest. For the determination with the peptide
only control, a dual-labeled peptide was utilized, with the
underlying concepts and analysis being similar to that described
previously.'***

Overall, we found the most reliable experimental data was
obtained when ~7—12 peptide/QD ratios were used as starting
points as these have a better signal-to-noise ratio and are within
the FRET limits that avoid any internal filter effects.”® Given this,
and the fact that there is some variability in the k./Ky; values
from QDs assembled with different average ratios of peptide,
we utilize k_,./ Ky values from a single average substrate ratio that
is close to the above range for the primary comparison. The
resulting values are plotted in Figure 3F and listed in Table 2
along with their standard deviations. Values for all other QDs/
ratios are in the Table S1, the OMe data is from ref 19. The first
observation from this comparison was that all the specificity
constants are significantly higher as compared to the freely
diffusing peptide (1.2 + 0.2 mM ™" s7"). In particular, the CL4
ligands impart the largest change with a ~35-fold increase (35 +
3mM ' s7') and this is followed by the PEG-CL4 materials with
a ~15-fold increase (18 + 2 mM™' s7!). All the other QD
constructs result in a 3—12 fold increase in efficiency as compared
to the peptide alone. The second observation is a decrease in
efficiency as the QD surface goes from negatively charged (CL4,
PEG-CL4, COOH, OH) to neutral (OMe, COCHj;) and then an
increase as the QD regains a charge, in this case the positive
charge of the NH,. We note that the k,./Ky, values for each ligand
averaged from all the different peptide ratios in Table S1 also
follow the same order of increasing activity and are not signifi-
cantly different from the representative values in Table 2.

Molecular Dynamics Simulations. To corroborate the
kinetic data and, more pertinently, gain further insight into the
underlying kinetic enhancement mechanism(s), we performed
atomistic molecular dynamics (MD) simulations of four
representative systems (CL4, PEG-CL4, OMe, and NH,) that
covered the breadth of observed trypsin activity along with NP
surface charge variability and ligand length. The NP models were
formed from a 5 nm diameter metallic core with 200 ligands
attached homogeneously to the core by the dithiol functionality.
The value of 200 was used as it is the midpoint in the previously
derived range of 150—250 ligands which was estimated from the
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Figure 3. Representative kinetic data collected from assaying trypsin activity with COOH-capped QDs assembled with the labeled peptide
substrate. Where included, the black arrows denote increasing enzyme concentration. (A) 520 nm QD donor and (B) Cy3 acceptor PL as a
function of time when exposed to the indicated increasing concentrations of trypsin. An average ratio of 7.9 Cy3-labeled peptides where
assembled on the QDs for these experiments. (C) Cy3/QD emission ratio as a function of time. The data has been corrected for the experimental
drift seen in panels A, B. (D) Remaining intact substrate per QD as a function of time. The data in part C is converted to these values based on the
corresponding calibration curves. (E) Data set shown in D transformed into enzyme time ([Trypsin] X time) progress curves. The red-dotted
line represents the fit to the data that allows for retrieval of the enzyme efficiency (k /Ky values. (F) Averaged k,./Ky values for the peptide
control with no QD present and with OMe functionalized QDs (from ref 19) as compared to QD-peptide assemblies displaying each of the

current surface ligands.

Table 2. Trypsin Enzymatic Efficiency of Selected
QD-Peptide Substrates Displaying Different Surface Ligands

surface ligand peptide/QD ratio kew/ Ky [mM™! s71]

Peptide only (no QD) - 1.2 +£027
CL4 7.0 35+3
PEG-CL4 8.1 18 +2
COOH 7.9 122 + 1.5
OH 8.0 116 + 1.4
OMe 7.0 3.6 +0.3“
Ac S 7.8 +09
NH, 82 117 + 14

“Value from ref 19. See Table S1 for other peptide/QD ratio values.

fitting maxima for DHLA ligands on a ZnS coated QD of
similar size (diameter ~5.8 nm).*" This range was arrived at by
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considering the 2 different conformations that DHLA may
assume on the surface of a QD with either a flat-folded or linearly
extended conformation.”® These simulations were geared toward
providing insight into 2 critical aspects of how trypsin interacted
with these QD-ligand—peptide assemblies, namely, (i) the behavior
of peptides as displayed around the nanocrystals functionalized
with different ligands, and (ii) the interaction of trypsin with the NP
surface. The systems were simulated in a 150 mM physiological
NaCl solution pH 7.4, see the Methods for more details.’

In the first study, four peptide molecules were attached to
the NP core through their terminal hexahistidine residue to
simulate their behavior since peptide exposure and cleavage site
availability/accessibility should correlate with increased proteol-
ysis. The representative image captures shown in Figure 4A
suggest that during the 80—90 ns simulations the peptides on the
OMe, NH, and PEG-CL4 QD materials are to a large extent
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Figure 4. Simulated display of the Cy3-labeled peptide substrate on the surface of the QDs. (A) Energy-minimized simulations highlighting
peptide configurations on the surface of the CL4, PEG-CL4, OMe and NH, ligand functionalized QDs. Orange designates the NH;* and COO~
groups in the CL4 and PEG-CL4 ligand simulations while yellow represents the OMe group on the OMe ligand and blue shows the NH;" in the
NH, system. The heavy atoms of the peptide are shown by a van der Waals representation. Scale bars are 1 nm. (B) Estimated solvent accessible
surface area (SASA in nm?) reflecting the water exposed surface area of the peptide when assembled on the indicated QDs.

intertwined in the ligand corona with only their termini extending
out from this field. In direct contrast to this observation, a sig-
nificantly greater portion of the peptide appears to be clearly
extended out from the QD functionalized with the smaller zwitter-
ionic CL4 ligand. To provide a somewhat more quantitative metric
to this behavior, we calculated the solvent accessible surface area
(SASA) of the whole peptide for each of the ligand simulations with
water as the solvent, see Figure 4B. To accomplish this, the average
peptide SASA for each configuration over the last 100 frames (1 ns)
of the simulation was collected. The peptides have the smallest
amount of exposure in the OMe ligand system and the largest
amount in the CL4 system with about 35% more relative SASA.
We note that the ascending order of peptide exposure is OMe
(~23.1 nm?) < PEG-CL4 (~25 nm?) < NH, (~27.7 nm?) < CL4
(~31 nm?*) and this correlates reasonably well with the ascending
order of increasing enzyme efficiency or k,/Ky, value observed
above: OMe < NH, < PEG-CL4 < CL4 (Table 2).

Clearly, there is some correlation between the SASA values
and the observed efficiencies. At a first pass, this may be primarily
explainable by the length of the ligand molecules in combination
with the chemical nature of the terminal functional groups.
The PEGylated OMe ligand is the largest of all the capping
moieties used here and has ~16 repeated ethylene oxide units in
its PEG module as compared to the ~13 found in the others.
Ligand size and chain length are all significantly reduced in the
minimal CL4 molecule. The exposure of the peptide in the NH,
system is also 11% higher than that of the PEG-CL4 and is
further 20% more than that of the larger OMe ligands. In this
case, electrostatic repulsion between the NH, ligand’s terminal
amine and the amines found on the peptide, including especially
the N-terminus and Arg residue, may contribute to more solvent
accessibility. However, as discussed below, the positive ligand
surface can also attract negative charges on the peptide making
this interpretation far more complex and nuanced than this
simple interpretation.

In the second study, we simulated QDs in the presence of
(four) different trypsin orientations as the trypsin interacted with
the surface without the conjugated peptides present. This was
undertaken so as to provide information on how trypsin would

5890

interact with a given NP surface as this could also significantly
influence peptide cleavage rate. Using a water dielectric constant
of 78.5, the electrostatic and van der Waals (vdW) coupling
strength of the enzymes to each surface were estimated from
the last 0.5 ns of the simulations. Figure SA shows enzyme
configurations on the NP surface which have the strongest
observed interactions as listed in Figure SB. The enzyme-NP
coupling strength visibly depends on the surface ligand type and
this appears to be clearly influenced by trypsin’s net positive
charge at pH = 7.4 which is predicted to be +5. For example, in
the OMe system, the surface is essentially neutral, giving almost
zero electrostatic enzyme-NP coupling, but yet retains quite
a large predicted vdW attraction of ~ —70.0 kcal/mol. For
the negatively charged PEG-CL4 and CL4 ligand systems,
the predicted Coulombic force is ~ —13.0 kcal/mol and
~ —28.0 kcal/mol, respectively. The large electrostatic coupling
of CL4 can potentially be explained by multiple (concerted)
interactions of short ligands.25 The longer PEG-CL4, however,
provides a vdW coupling of ~ —90.0 kcal/mol while the CL4
predicts a value of ~ —15.0 kcal/mol. For the positively charged
NH, system, the enzyme should be adsorbed on the surface, due
to a vdW coupling of ~ —30.0 kcal/mol, but this adsorption may
not be very stable due to potentially repulsive electrostatic
coupling with an estimated value of ~9.0 kcal/mol. Alternatively,
the positively charged NH, surface may also potentially attract
negative amino acid charges on the surface of the enzyme which
could constrain it in energetically favorable orientations, but
which may be sterically unfavorable for peptide-enzyme inter-
actions. Such coupling-favored orientations have been suggested
before for similarly functional proteases acting on QD-peptides
substrates and could certainly act to inhibit enhanced enzymatic
activity in this case.”” When the overall electrostatics are not
favorable, the NP-enzyme interaction will tend toward a short
lifetime due to weak attractive vdW interactions. Overall, the
obtained interaction profiles in Figure 4B (PEG-CL4 > OMe >
CL4 > NH,) do not corroborate with the observed experimental
data. This suggests that, although they may certainly contribute
to associating trypsin with the QD surface and increasing time
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Figure S. Adsorption of trypsin to the different QD surfaces. (A) Trypsin enzymes are shown in cartoon representation as ball and ribbon.
Configurations where the enzyme has the strongest interaction with NP surfaces are shown in cartoon representations. (B) Electrostatic (Elec),
van der Waals (vdW), and total coupling strength estimated between the trypsin and the QD surfaces.

spent localized on the QD, they are not, in and of themselves, the
sole source of enhancement.

Monitoring trypsin activity on QD-peptide substrates
functionalized with different surface ligands clearly reveals
significant increases in enzyme efliciency depending upon the
ligand chemistry present. In comparison to the S-fold improve-
ments over freely diffusing trypsin-peptide formats we noted
previously for the OMe QDs,"” use of CL4 ligands now provide
for ~35-fold improvements in efficiency. This is actually a con-
servative estimate as the highest efficiency we observed with that
ligand was ~60-fold and the average efficiency over all peptide
ratios with that QD material was 45 + 14 mM ™" s™}, see Table S1.
We utilize the lower value in Table 2 to be conservative and not
overly bias the results. Cumulatively, this data strongly supports
our initial conjecture that the NP surface ligands can have a
dominating influence over enzyme activity at the nanoscale
interface, at least for this configuration. Atomistic MD simula-
tions were utilized to help understand two key components/
interactions of this system: (i) peptide conformation when
assembled to QDs with four different representative ligands,
and (ii) trypsin interactions with the same ligands as displayed
around the QD. Analyzing the trypsin activity profiles for each
ligand configuration in combination with results from the
simulations and a current understanding of how trypsin interacts
with a substrate and catalyzes a proteolytic event helps provide
strong insight into the mechanisms that underpin how activity is
enhanced for this materials configuration.

The MD simulations confirmed that one important character-
istic to be considered when describing these type of NP displayed
peptide substrate-enzyme interactions is that of cleavage site
availability. The activity profiles suggest that there is almost a
bimodal distribution of enzyme efficiency that can be roughly
grouped as CL4 > the remaining ligands, see Table 2. Assemblies
based on the CL4 ligand are the most efficient (~35 mM ™" s™")
with the rest of the ligands displaying a range of efliciencies
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starting at around half this value (~18 mM™' s™' for PEG-CL4
ratio = 8.1) and then decreasing down to values associated with
the OMe ligand which is ca. 3—5x smaller (~4 mM™" s7').
Nanocrystals capped with CL4 also provide for the largest QD
donor-Cy3 acceptor rp, of almost 7 nm, have the most negative
E-potential (—32.4 mV), the smallest Hp, and the largest SASA
value (see Table 1, Figure 4). The effect of all this is more
definitively shown in Figure 4A where the peptide substrate has
the most extension away from the smaller ligand shell and, by
default, the most availability for enzyme binding/cleavage.
The fact that the PEG-CL4 QDs show the second highest
efficiency is also important as it suggests either a strong role for
the zwitterionic end group in the kinetic enhancement or the
contribution of strong attractive coupling or even both. We note
that the Hp, value for the NH, ligand is the second smallest after
the CL4 materials while its rp, is comparable to the other QDs.
The simulation and SASA results in Figure 4 also suggest some
peptide accessibility but this is not as profound as that seen for
the CL4. The only other major difference is the &-potential
which, at 21.3 mV, is strongly positively charged. The efficiency
of the NH, ligand is, however, comparable to that of the COOH
and OH systems which are more negatively charged.
Examining the second characteristic of interest, namely the
attraction between the enzyme and the surface ligands, shows
this to be more complex and not so definitive. Assuming the
trypsin to be slightly positively charged (ca. + S) and looking to
the &-potentials (Table 1) shows the most negative materials to
be the CL4, PEG-CL4 and COOH capped QDs where the first
2 also produce the highest efficiencies. However, Figure Sb
reveals that the vdW coupling strength is in fact far larger than the
electrostatics and does not correlate to the efficiency trends.
For example, the poorest performing OMe system has almost no
electrostatic component and a vdW of —70 kcal/mol; this is
much larger in comparison to the CL4 electrostatic and vdW
combined (—43 kcal/mol) but not as large as the PEG-CL4
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which is —100 kcal/mol. Looking just at these coupling strengths
would suggest the PEG-CL4 and OMe should have higher
efficiencies than CL4 which is not the case. Interestingly, the
OMe vdW component may, in part, explain the capability of
some of the neutral systems to show greater enzymatic efficiency
than the freely diffusing peptide as they may help increase
the enzymes residence time on the QD surface. Overall, what
becomes apparent is that both variables (exposure of the peptide
and the coupling of the enzyme on the NP surface) must work in
concert. For example, the OMe had the second highest attractive
nature for trypsin, in fact >2-fold that of the NH,, yet the NH,
has a greater k_/Ky; as the peptide availability here was 20%
higher. This concept is epitomized by comparing the CL4
(greater peptide availability) and PEG-CL4 (greater trypsin
attraction) results. This suggests why the latter has the second
highest efficiency after CL4 even while having significantly less
peptide availability. This trend is then reversed for PEG-CL4 in
comparison to the NH,, where the former has a greater efficiency
even with a lower SASA value. Here, we suggest that the greater
coupling strength is more dominant. Increased coupling strength
can help place the trypsin on the QD surface and increase
its residence time there. What we cannot infer from these
simulations is if the combined coupling or attractive force also
contributes to the trypsin having a “productive” orientation,
i.e, binding site available relative to the peptide substrate orien-
tation, as it interacts with the QD.

Beyond this, we suggest that there are other factors that may
also contribute to improvements or decreased efficiency for a
given ligand and these are more inferred from the simulation
data. They are associated with trypsin’s structure itself and how it
interacts with substrate and the nature of how it chemically
cleaves a peptide substrate. Trypsin’s catalytic site is located in a
relatively large-deep binding pocket or cleft and so this will
require a lot of the peptide substrate be available with unhindered
access for a productive interaction to occur. As shown in the
comparative schematics in Figure 6, here is where the small size of
the CL4 ligand makes a definitive difference. It allows trypsin easy
access to the region of the peptide substrate to be cleaved and this
is paired with an easy fitting of this region within the enzymes deep
binding cleft (Figure 6A). The enzyme radius is ~1.5 nm,>’
meaning that it “fits” relatively well between the CL4 surface
and the cleavage site (~2.6 nm, assuming a rigid CL4 ligand layer).

The bulkier PEG groups present on all the other ligands add
~2 nm of additional polymer surface. This could serve to
decrease productive interactions to some extent as they will be far
less frequent along with perhaps preventing the enzyme from
attaining the deep penetration of the peptide into the cleft that
is needed for proteolysis (Figure 6B). This effect is again
epitomized by comparing the results of the CL4 system versus
that of the PEG-CL4 system where the ligand’s end groups are
the same and the only difference is the presence of the latter’s
PEG group (Table 2, Figure S). As discussed above, based on
trypsin-ligand coupling strength alone the latter should be far
more efficient.

Trypsin contains a catalytic triad of amino acids which stabilize
the oxyanion hole through electrostatic charges therefore
increasing the nucleophilicity of the active site pocket.”* Shifts
in the charge of the enzyme and substrate nanoenvironment,
something that may be expected with changes in the QD ligand
choice, may therefore result in modified kinetics.”> The pK, of
trypsin’s active site is crucial to enzyme activity and it is further
believed that changes to the pK, of sites far from the catalytic site
may also play a contributing role.”>*® Research into trypsin
activation has also shown that modification of the availability and
structure of water molecules in the environment of trypsin or
substrate may also modify the kinetics.”**® Related to this, the
fact that both the positively charged and negatively charged QD
surface increased the k /Ky of the enzyme, which is positively
charged at the chosen pH, appeared surprising. Some mecha-
nistic evidence was provided by the MD simulation, but the level
of enhancement as compared to the Ac and OMe ligands was still
unforeseen. This effect might be understood by taking a closer
look at the energetics of trypsin catalysis. The reaction proceeds
through the formation of a negatively charged intermediate that
acts as a nucleophile on the peptide bond. As stated by Warshel
and Russell “the stabilization of the intermediate’s oxanion hole
by internal water molecules, contributing up to 40 kcal/mol, is
the most important catalytic factor”.>* Specifically the peptide-
H,O structure in the vicinity of Ser-195 is crucial. This correlates
clearly with the trend observed in the QD-ligand choice.
The inclusion of a PEG section not only sterically hinders
the approach of the enzymes active site, but it may also greatly
reduce the local prevalence of water in the peptide vicinity.”’
Even within the PEGylated ligand choices the more hydrophobic

A

DHLA-CL4

B DHLA-PEG-OMe

Figure 6. Models of trypsin binding to the peptide substrate when the QDs are functionalized with different surface ligands. Models of the (A)
CLA4-functionalized QDs and (B) OMe-functionalized QDs were simulated as in ref 19 with some modifications. The core/shell structure of the
QD is simulated by the aqua central sphere with a diameter of 5.6 nm which is slightly larger than the experimentally used QDs; the increased size
is used for visualization. The surrounding ligands are simulated by the dark blue sphere where the length was adjusted to match those seen in
Figure 4. The peptides are shown in a space-filling mode with all of the (His), interacting with the QD surface. The location of the peptide termini
were adjusted to match the QD donor-dye acceptor separation distances estimated by FRET analysis (Table 1). Trypsin is shown with the space-
filling atoms in translucent green surrounding the ribbon structure and is bound to the peptide with its arginine and surrounding residues
positioned in the cleavage site. These are only simulations and represent one of many peptide and enzyme conformations that are possible.
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(less charged) capping heads correlate somewhat with reduced
k.,./Kys. Supporting this notion, there is mounting evidence that
the interfacial environment found at the NP surface is
considerably different from that of bulk solution and that the
water present here may actually be structured.”>** Some of the
other physicochemical changes that are postulated to occur here
include charge and ionic gradients along with altered pK’s,
boundary layers and phase separation along with alterations to
density, solvation, viscosity and the like. However, there is still
not enough of an understanding of this environment to predict
such changes nor do any analytical techniques yet exist for
robustly probing them.”® Nevertheless, based on this we can still
postulate that modification(s) to the electrostatics and pK,’s of
trypsin’s amino acids originating from the different capping
ligand surfaces and nanoenvironment around the QDs may also
influence enzyme activity.

CONCLUSIONS

Overall, we find through both experiments and simulation that a
complex set of factors influence trypsin’s activity on QD-peptide
substrates and that the nature of the surface ligand is critical to
this. We find peptide substrate availability and enzyme binding
site accessibility to that peptide substrate as displayed on the QD
to be the most significant factor for enhanced activity although
attractive forces and coupling strength probably also contribute
to a large extent. The latter would help place the trypsin on the
QD surface and increase its residence time there. This exercise
also strongly suggests that applying a similar methodology to
other NP-enzyme systems can certainly help understand how
they function and provide valuable insight in order to improve
their design and activity. Coming full circle back to the potential
of bionanotechnology and specific application areas such as
theranostics, the cumulative knowledge gained from multiple
such studies can certainly help contribute to the next generation
of highly efficient bionano composite materials.

METHODS

Materials. CdSe/ZnS core/shell QD with an emission maxima
centered at ~520 nm (diameter 5.3 + 0.6 nm, see the SI for TEMs) were
synthesized as described.”> A complete description of the chemical
syntheses used to prepare the QD surface ligands in this study is
provided in the SI. QDs were cap exchanged with the selected ligands
and dispersed in aqueous medium as described.**** The trypsin peptide
substrate N-*CSTRIDEANQAATSLP,SH,—COOH was obtained
from Biosynthesis (Lewisville, TX) and labeled with a Cy3 maleimide
(GE healthcare, PA13131) on the cysteine thiol*, purified, desalted,
lyophilized and stored frozen until use as previously described.'”*”
Trypsin was purchased from Sigma-Aldrich (Type I bovine trypsin,
T100S) as a lyophilized powder and dissolved in buffer immediately
prior to use. Samples were assayed in 1X phosphate buffered saline
(PBS: 137 mM NaCl, 10 mM phosphate, 2.7 mM KCI, pH 7.4). 0.2 ym
poly(ether sulfone) membrane sterile syringe filters were from VWR.
pK, values for selected ligands were calculated using ACD/PhysChem
Suite version 12.01 by Advanced Chemistry Development, Inc., Toronto,
ON, Canada.

QD-Peptide Self Assembly. Stock solutions of QDs with the
selected surface ligands were diluted into 1X PBS buffer and the
Cy3-labeled peptide, also dissolved in PBS, was added to the QDs in
the desired substrate to QD ratio.'”*” Self-assembly of the peptides to
the QD surface was allowed to proceed for at least 30 min to 1 h prior to
being diluted for any subsequent measurements or analysis.

Characterization. Absorbance spectra were obtained on an Agilent
8453 UV—visible Chemstation with 1X PBS solution as a blank.
Fluorescence spectra utilized for the calibration curves were obtained on
a Tecan Infinite M1000 Dual Monochromator Multifunction Microtiter
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Plate Reader (Tecan, Research Triangle Park, USA) utilizing microtiter
96-well plates (100 L per well). Excitation was at 400 nm with 1 nm
emission steps from 450 to 700 nm with an integration time of 20 ys.
Details on fluorescence measurements in the kinetic assays are provided
below. Dynamic light scattering (DLS) analysis was measured
on a Nano-ZS Zetasizer Nanoseries (Malvern Instruments) as
described.***>*° Before measurements, QD peptide assemblies were
prefiltered through 0.2 um syringe filters to remove impurities in the
sample. Measurements were taken at 20 °C and each sample underwent
an average of three runs of 10 s each. {-potential was also measured on
the Nano-ZS Zetasizer Nanoseries. Solutions were filtered with 0.2 ym
filters and dilutions made with 0.1X PBS. Transmission electron
microscopy (TEM) was carried out on the QDs using a JEOL 2200-FX
analytical high-resolution transmission electron microscope at 200 kV
accelerating voltage on an ultrathin carbon/holey support film on a
300 mesh Au grid (Ted Pella, Inc.).

Trypsin Proteolytic Assays. For assembling the initial calibration
curves prior to each experiment, an increasing ratio of QD-(peptide-
Cy3),, conjugates (with m typically in the range of 0—1S5 using
increments of 2 or 3) were self-assembled by mixing QDs (20 pmol;
0.2 uM) with the Cy3-labeled peptide in PBS for 30 min to 1 h. Full
spectra along with Cy3 acceptor (~575 nm) and QD donor (~520 nm)
PL maxima values were then collected on a Tecan Infinite M1000
Fluorescent Microtiterwell Plate Reader. QD assemblies with varying
surface ligands were then prepared at the desired substrate to QD ratio
at a final QD concentration of 0.4 4M before the addition of the enzyme.
A series of trypsin dilutions (S0 uL at 0, 2.6, 5.25, 10.5, 21, 42, 84, 168,
336, 672, 1350 nM) were loaded in sequential wells of a Corning Costar
Flat Black 96 well microtiter plate in duplicate rows. Utilizing an
automated pipetter, S0 yL of the QD-sensor was quickly added to each
enzyme well and the kinetic measurement program on the Tecan
Infinite M1000 Plate Reader was started immediately after the final
addition. Using an excitation wavelength of 400 nm, Cy3 acceptor
(~575 nm) and QD donor (~520 nm) PL maxima were collected from
each well every 150 s while maintaining the plate temperature at 25 °C
for a minimum of 2 h. Assay plates underwent 3—5 s of orbital shaking
after each reading. Progress curves were derived from this raw data as
described.'”*"¢"!

Forster Resonance Energy Transfer Analysis. QD donor center
to Cy3 acceptor dye separation distances were estimated from the FRET
data as described."”®® A system consisting of a spherical centrosym-
metric single QD donor surrounded by multiple acceptor-dye labeled
peptides with a single Forster distance (Ry, 5.25 nm) and an average
QD donor-dye acceptor separation (rp,) was assumed for the sensor
assemblies. In these constructs, a single QD-donor will transfer energy
to one of the multiple Cy3 acceptors through FRET. The FRET
efficiency for a single donor-multiple acceptor system (E,) can be
calculated with®>%

(1)

where N is the number of acceptors per QD. It is generally accepted that,
with the spherical symmetry of the QD, the dyes are equivalent with rp,
representing the distance distribution of the N dye acceptors to the
center of the QD, though the different surface ligands will result in
varying rp, values. With proper calibration curves, changes to the
donor—acceptor ratiometric signal, which is a readout of the FRET
E during an assay, can be correlated to the amount of uncleaved pep-
tide remaining bound to the QD.*® It is important to note that the
different proteolysis models (Hopping and MM) still result in similar
FRET progress curves in ensemble measurements.” The Ry in eq 1 was
estimated with eq 2:

R’ = Cy’In™*Q,, (2)

where C, is a constant (8.8 X 1072% if R, is expressed in nm), k” is the
dipole—dipole orientation factor assumed to be 2/3,°*°* J is the
spectral overlap of the donor emission and the acceptor absorption
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(5.3 x 10" nm* M ! em™), n is the average refractive index (using the
value of water 1.33), and Qy, is the donor quantum yield in the absence
of the acceptor which was measured at 0.2.

Enzymate Kinetic Analysis. Raw emission-ratio progress curves
were transformed into peptide/QD ratios by utilizing calibration curves
to determine the peptide/QD ratios and the known quantities of
QD concentration as described.'”*"*® The curves were corrected for
instrumental drift by using a control data series with no enzyme added.
Corrected data was converted into a progress curve of remaining
substrate as a function of time. By multiplying the reaction time
(in seconds) by the enzyme concentration (in mM) for each measure-
ment the data is converted into the enzyme-time progress curves
(X-axis) while the Y-axis continues to be remaining substrate, for
example, see Figure 3. Data were analyzed using the time-integrated
version of the Michaelis—Menten (MM) equation:

kcatht=p+KMX1n( % ]
4 = p (3)
where k., is the catalytic rate, E is enzyme, t is time, p is the reaction
product concentration, Ky; is the Michaelis constant which reflects
enzyme affinity for substrate, and aj is the initial substrate concentration.
Nonlinear regression fitting of the progress curves were realized using
an in-house developed Wolfram Mathematica 10.0 Notebook with the
result being estimates of the k,./Ky ratios.

Molecular Dynamics Computational Analysis. The trypsin
structural coordinates utilized was 2PTN from the Protein Data Bank
(www.rcsb.org).é5 Ligands were assembled from the individual chemical
structures and arrayed around an assumed NP of diameter S nm. All MD
simulations were performed in a 150 mM physiological salt solution with
a pH of 7.4 and ligand pK,’s were utilized where available. Chemistry at
Harvard Macromolecular Mechanics (CHARMM) general and protein
force field were used to model the systems.”*”® In simulations,
nonbonding interactions were calculated using a cutoff distance of
d =10 A and long-range electrostatic interactions were calculated by the
Particle Mesh Ewald (PME) method in the presence of the periodic
boundary conditions.”” We simulated the systems in a fixed number of
atoms constant-temperature, constant-pressure (NPT) ensemble using
Langevin dynamics with a damping coefficient of y;,,, = 0.1 ps 'anda
time step of 2 fs. All systems were simulated with Nanoscale Molecular
Dynamics (NAMD) for 80—90 ns or longer.51
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