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ABSTRACT: Recent work has shown that polymeric catalysts can mimic some of the remarkable features of metalloenzymes

by binding substrates in proximity to a bound metal
center. We report here an unexpected role for the
polymer: multivalent, reversible, and adaptive binding to
protein surfaces allowing for accelerated -catalytic
modification of proteins. The catalysts studied are a
group of copper-containing single-chain polymeric
nanoparticles (Cul-SCNP) that exhibit enzyme-like
catalysis of the copper-mediated azide-alkyne cyclo-
addition reaction. The Cu'-SCNP wuse a previously
observed “uptake mode,” binding small molecule alkynes
and azides inside a water-soluble amphiphilic polymer
and proximal to copper -catalytic sites, but with
unprecedented rates. Remarkably, a combined
experimental and computational study shows that the
same Cu'-SCNP perform a more efficient click reaction on
modified protein surfaces and cell surface glycans than do

“Uptake Mode”

small molecule catalysts. The catalysis occurs through an “attach mode” where the SCNP reversibly binds protein surfaces
through multiple hydrophobic and electrostatic contacts. The results more broadly point to a wider capability for polymeric
catalysts as artificial metalloenzymes, especially as it relates to bio-applications.

H INTRODUCTION

Synthetic transition metal catalysts are able to perform
reactions in buffered solution, in cellulo, and even in vivo. As
such, these catalysts are important tools for chemical
biology and potentially as new therapeutic agents,!-3 with
recent applications ranging from bio-conjugation reactions*
and cell surface editing® to in situ drug synthesis.6 Many of
the metal catalysts used were optimized for organic
synthesis and, thus, function best in aprotic solvents and
with reagent concentrations in the 0.1-1 M range. In
competitive biological media and at the low substrate
concentrations frequently used in bioapplications, the same
catalysts often function poorly. Transition metal catalysis is
common in biology with nature managing these same
challenges through the use of metalloenzymes. In particular,
the precisely folded polypeptide scaffolds function to
protect the metal center and create a binding cavity to bring
the substrate and metal together.

Considerable recent effort has focused on artificial
metallo-enzymes that combine non-natural transition metal
catalysts with either proteins’8 or polymeric scaffolds.?10
The surrounding protein or polymer serves as a functional

surrogate for the metalloenzyme polypeptide backbone.
Among the efforts to develop polymeric transition metal
catalysts, single chain nanoparticles (SCNPs) have emerged
as an especially promising approach.113 The advantages of
SCNPs include their modular synthesis,* broad range of
cross-linking chemistries,!! adjustable size,!* tunable cell
uptake.’> SCNP based catalysts have been reported to
conduct reactions in aqueous buffer and inside cells,!617 and
accelerate reactions by binding the substrates
supramolecularly, the latter demonstrating their artificial
metalloenzyme behavior.1819

We focused on SCNP-based catalysts for the copper-
mediated alkyne-azide cycloaddition (CuAAC) “click”
reaction, because it is arguably the most important
(bio)orthogonal conjugation reaction,?® yet still limited by
copper toxicity and the need for low concentrations in
biological applications.2%22 We previously used water-
soluble amphiphilic ROMP-derived polymers containing
amino acid side-chains for Cu! binding. These copper-based
SCNP (Cu!-SCNP-1) functioned as “clickases,” showing
enzyme-like click catalysis and giving serviceable rates at
micromolar substrate concentrations and part-per-million
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Figure 1. SCNP preparation. (a) Illustration of SCNP preparation using a “folding and crosslinking” strategy wherein hydrophobic
collapse and electrostatic repulsion of unimolecular micelle-like structures allows higher concentration crosslinking. (b) Two-step
conversion of P-1to SCNP-2. ¢, DLS data and TEM image (inset) of SCNP-2. Scale bar = 20 nm.

levels of copper.l618 Herein we report a new class of
polyacrylamide-based SCNP (SCNP-2) that catalyze the
CuAAC click reaction with rates significantly faster than
SCNP-1 and the best available tris(triazolylmethyl)amine
ligands. More strikingly, we report the unexpected
discovery that Cu!l-SCNP-2 adaptively and reversibly binds
protein surfaces accelerating the click reaction of modified
proteins and enabling efficient surface glycan editing.2

B RESULTS AND DISCUSSION

Synthesis of SCNPs through “folding and crosslinking”
strategy. The development of SCNP-2 was enabled by three
key innovations. The first involved changing from the
poly(norbornene imide) backbone used in SCNP-1 to a
polyacrylamide-based SCNP related to that reported by
Meijer and Palmans.17.2° This change was motivated by the
finding that the hydrophobic poly(norbornene imide)
backbone did not appear to participate in substrate

binding.!® Second, we sought to overcome one of the major
challenges of synthesizing SCNPs on scale, the need for high
dilution cross-linking to minimize inter-chain coupling.2*
Third, a covalent cross-linking strategy was employed that
installed a tris(triazolylmethyl)-amine unit to serve as a
more effective Cu! ligand (see below).

To increase the propensity for intrachain crosslinking, a
“folding and crosslinking” strategy was pursued (Figure 1a).
Thus, poly(pentafluorophenyl acrylate) (P-1) was prepared
with DP = 95, My = 23 kDa, and PDI = 1.05 by RAFT
polymerization.l”  Successive treatment with (10-
aminodecyl)trimethylammonium  chloride and  6-
aminohexanoic acid followed by 3-azidopropyl-amine
provided polyacrylamide P-2. In water, P-2 likely
undergoes hydrophobic collapse forming a unimolecular
micelle-like structure. By using the hydrophobic crosslinker,
diyne 1, P-2 could be covalently crosslinked using the
CuAAC reaction. The repulsion between polycationic
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Figure 2. Comparison reactions conducted in PBS buffer (1x, pH = 7.4) at room temp with 2 (20 uM), 3a (40 pM), sodium
ascorbate (2 mM) and the catalyst. [SCNP-1] = [SCNP-2] = 1, 2, 4 uM (ave. 10 copper ions per SCNP). [BTTAA] = [BTGTA] =
[THPTA] = [TBTA] = 10, 20, 40 pM. Throughout a 1:1 ratio of ligand and CuSO4 used. The error bars for initial rates are the

standard deviation of three independent experiments.



charges on P-2 inhibits aggregation and allows the
crosslinking to occur intramolecularly at 0.2 mM a near
100-fold higher concentration than used for our previously
reported covalent crosslinked SCNPs.1* The nanoparticles
were imaged both by transmission electron microscopy
(TEM) and atomic force microscopy (AFM) (Figure S2 and
S3). The hydrodynamic diameter of SCNPs were
determined to be around 6 nm using dynamic light
scattering (DLS) and diffusion-ordered spectroscopy (DOSY)
nuclear magnetic resonance (NMR). The shorter relaxation
time T2 measured by NMR indicated a more rigid structure
after the crosslinking, supporting the crosslinked structure.

Uptake Mode: The CuAAC Click Reaction of Small
Molecules. Inspired by the development of the BTTAA
ligand by Marlow, Liu, Wu, and coworkers,2:22 which is
reported to give the fastest known CuAAC reaction, 6-
aminohexanoic acid was used in the preparation of P-2
followed by the use of diyne 1 in the click-mediated covalent
crosslinking reaction. Thus, SCNP-2 provides a polymeric
scaffold surrounding the BTTAA-like units. The SCNPs could
be prepared with different degrees of crosslinking, but
typically an average of ten crosslinks and thus ten copper
binding sites per nanoparticle were used. To determine the
catalytic performance of Cu!-SCNP-2, the rate of the
fluorogenic click reaction between azide 2 and alkyne 3a
was measured.?> The rates were compared to those with
SCNP-1, our previously reported SCNP16 and high-
performance small molecule catalysts prepared from CuSO4
and several tris(triazolyl-methyl)amine-based ligands,
including TBTA,2¢ THPTA,26 and BTTAA22 (Figure 2). Each
reaction was performed at [CuSO4] = 10, 20 and 40 pM and
a 1:1 ligand-copper ratio and in the presence of sodium
ascorbate as the reducing agent. Thus, the small molecule
catalyst runs were at 10-fold higher catalyst concentration
because each SCNP has on average ten copper binding sites.

Cu!-SCNP-2 performs the CuAAC click reaction between
2 and 3a significantly faster than the other catalysts. On
average, its reaction rate is 10 times faster than the most
efficient small molecule catalyst Cul-BTTAA as well as
Cu!l-SCNP-1 (Figure 2). A near quantitative conversion was
observed within 10 min with only 10 pM of copper. To our
knowledge, Cu'-SCNP-2 is the most efficient catalyst
reported to date for the “native” CuAAC reaction. The utility
of Cu'-SCNP-2 for typical synthetic reactions was also
studied in water with several hydrophobic alkyne and azide
substrates. Using 0.002 mol% of Cu!-SCNP-2, the reactions
gave isolated yields ranging from 92% to 98%, indicating
high turnover numbers (Table S1). Because the amount of
polymer and copper used is so small, we did not focus on
recyclability. Nonetheless, after the fluorogenic reaction,
Cu!l-SCNP-2 could be isolated following the click reaction of
2 and 3a and a second round of catalysis showed a very
similar kinetic profile (Figure S4).

The positively charged surface and hydrophobic interior
provide Cu'-SCNP-2 with the ability to bind substrates
resulting in a high local concentration of substrates in
proximity to the catalytic Cu! centers (uptake mode).27:28 To
probe the role of substrate charge and hydrophobicity, the
rate of the CuAAC reaction between Cu'-SCNP-2 and
alkynes 3 and 5-7 were measured. These 14 alkynes can be
assigned to four groups: neutral aromatic alkynes (3) and
cationic (5), neutral (6), and anionic (7) aliphatic alkynes
(Figure 3a). Cu!-SCNP-2 showed high CuAAC activity for all
substrates except the low molecular weight cationic alkynes

5a-c (Figure 3b). The fastest rates are seen with the more
hydrophobic substrates, although the high activity of
Cul-SCNP-2 means that the rate differences between
substrates are much small than those observed with
Cu!-SCNP-1 (Figure S6). The macromolecular architecture
of Cu!-SCNP-2 conferred an average rate acceleration of 18-
fold relative to the most efficient small molecule catalyst
Cul-BTTAA for the same reaction.

Molecular dynamics (MD) simulations of SCNP-2 in a
water box were performed for 20 ns to better understand
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Figure 3. Uptake mode: CuAAC click reaction of small
molecules. (a) Substrates with different charge species and
hydrophobicity. (b) Initial rates of different substrates with
the catalysis of Cul-SCNP-2 over their binding number during
the simulation. (c) Snapshot of the substrate binding of SCNP-
2 from MD simulation. The trimethyl ammonium structures
were colored red, the catalytic centers were colored blue,
other hydrophobic parts on SCNP-2 were colored grey and the
substrate (3a) was colored purple. (d) Fitting of Cul-SCNP-2
kinetic data to a random-sequential two-substrate Bi-Bi
enzyme kinetics equation fitting of Cu!-SCNP-2 kinetics data.
Reaction rates determined by fluorimeter with Cu!-SCNP-2
(0.5 uM), 2 (10 - 60 uM), 3a (10 - 200 uM), and NaAsc (2 mM)

in PRS huffer (1x. nH = 7.4) at room temnerature.

the nature of the macromolecular effect. The polymer
exhibited a globular structure with a diameter of ca. 5.5 nm
with a hydrophobic core and ammonium ions residing on
the surface (Figure 3c). Identical MD simulations of SCNP-2
were performed but with alkyne substrates present; the
average number of molecules bound during the last 10 ns
was calculated. Not surprisingly, SCNP-2 exhibited a higher
degree of occupancy with anionic and longer chain alkynes
(Figures 3b and S9). A general correlation between the
uptake and reactivity is observed and is consistent with
enzyme-like activity. Experimental support for the
encapsulation of alkyne 3a by SCNP-2 was obtained using
two-dimensional nuclear Overhauser spectroscopy (2D-
NOESY) (Figure S8). The importance of substrate binding
was also observed in the kinetic profile of Cu'~-SCNP-2. The
rates of the CuAAC reaction of Cu'-SCNP-2 with varying
amounts of 2 and 3a showed enzyme-like saturation
kinetics in both alkyne and azide. The reaction rate surface
could be fit to a two-substrate enzyme kinetics equation
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Figure 4. CuAAC reactions on proteins and simulation between Cul-SCNP-2 and BSA protein. (a) Initial rates for the modification
of 2 uM of different proteins (for Lz-Al 5 pM) with Cu!-SCNP-2 (2 uM) or BTTAA (20 uM), of 2 (40 pM) and sodium ascorbate (2
mM) in PBS buffer (1x, pH = 7.4) at room temperature. The error bars stand for the standard deviation of three independent
experiments. Zeta potential of proteins in PBS buffer (1x, pH = 7.4). (b) MD simulation between a single SCNP-2 and BSA protein
in PBS buffer (1x, pH = 7.4), and free energy was calculated from center of mass distance from 2.8 nm to 8.8 nm. The carboxylate
groups on BSA protein were colored blue and the other parts were colored yellow. Snapshots were shown at 3.1 nm, 4.2 nm and
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with random sequential Bi-Bi model (Figure 3d and Figure
S7, see detail information under fluorogenic reaction with
small molecules in the experimental section).2?

Attach Mode: CuAAC Click Reaction on Protein
Substrates. Transition metal catalysts serve as important
tools for modifying proteins, however, protein
concentrations typically in the micromolar range require
catalysts that are both highly active and biocompatible.30-35
Given the high activity of Cu'~SCNP-2 in the CuAAC reaction,
we sought to test its ability to operate on proteins. To this
end, the surface lysine groups of several proteins were
alkynylated with the NHS-ester of 4-pentynoic acid. Bovine
serum albumin (BSA-Al), human serum albumin (HAS-Al),
protein A (PA-Al), mCherry (mCh-Al), transferrin (TF-Al),
and lysozyme (Lz-Al), were selected because of their
diverse size, shape, and function. The average number of
alkynes linked to each protein ranged from two (Lz-Al) to
thirteen (BSA-Al and HAS-Al) and was determined by

MALDI-MS (Figure S11). Two additional proteins
streptavidin (StAv-Al) and avidin (Av-Al) were also used, in
this case the alkynes were added as biotinylated substrates
(see Supporting Information for the structure).

All eight alkynylated proteins were clicked to coumarin
azide 2 in PBS buffer, comparing the rate for catalysts
Cu!-SCNP-2, Cu'-BTTAA and Cu!-BTGTA at the same
copper concentration (Figure 4a). An increase in
fluorescence indicates both the rate and extent of coumarin
azide 2 conjugation to the protein alkyne groups. In the case
of BSA-A], the reaction was further monitored by matrix-
assisted laser desorption ionization (MALDI) mass
spectrometry. Spectra taken before and after the CuAAC
reaction of BSA-Al indicated nearly complete reaction of the
alkyne groups (Figure S13). For five of the proteins (BSA-
Al, HAS-Al, PA-Al, mCh-Al and TF-Al), the Cu'-SCNP-2
catalyzed reaction was very fast with the increase in
fluorescence plateauing at ca. 10 min (Figure S12). More
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Figure 5. Experimental evidence of SCNP-protein interaction.
(@) STD signals of Cu'-SCNP-2 (100 pM) with different
irradiation time on BSA (100 pM) at 7.0 ppm in deuterium PBS
buffer (1x, pD = 7.4). (b) Percentage of STD signals of the
trimethyl ammonium structure and hydrophobic chains on
Cu!-SCNP-2 (100 pM) or Cu!-SCNP-3 (100 uM) with BSA (100
uM) protein in deuterium PBS buffer (1x, pD = 7.4) irradiated
at 7.0 ppm. (c) Fluorescence polarization of fluorescein
labelled BSA (2 uM) with different concentration of Cu!'-SCNP-
2 in PBS buffer (1x, pH = 7.4). The error bars represent the

importantly, the reaction rates were 10- to 26-times higher
than for Cul-BTTAA and Cu'-BTGTA (Figure 4a). However,
StAv-Al proceeded only 2-3 times faster with Cu!-SCNP-2
and for Av-Al and Lz-Al, the rates with Cu'-BTTAA and
Cul-BTGTA were faster.

The superior bioconjugation performance of Cu'~SCNP-2
with the majority of the proteins was unexpected and
suggested selective complexation of the proteins by the
nanoparticle. This model involves a surface electrostatic
complementarity, with accessible copper centers in the
polymer able to couple the protein alkyne groups to
coumarin azide 2. Consistent with this model and the
observed selectivity, the zeta potentials of the five highly
reactive proteins (BSA-Al, HAS-Al, mCh-Al, PA-Al and TF-Al)
ranged from -19 to -25 mV indicating anionic charged
surfaces (Figure 4a). In contrast, StAv-Al had a nearly
neutral surface, and Av-Al and Lz-Al exhibited a polycationic

surface. The measured zeta potentials are consistent with
the reported isoelectric points (PI) of the proteins.

We prepared BTGTA to evaluate the role of a single
cationic guanidinium group on the catalysis, given its
known ability to bind proteins. Cul-BTGTA performs only
slightly faster than Cu!-BTTAA suggesting the importance
of multivalent binding by Cu!-SCNP-2.36 To obtain a more
detailed picture of the multivalent surface complexation,
which we refer to as “attach mode,” MD simulations were
conducted with a single SCNP-2 and BSA. A non-equilibrium
pulling calculation was performed over the center of mass
distance (CMD) between the two macromolecules from 2.8
nm to 8.8 nm to provide a semi-quantitative estimate of
their association free energy (Figure 4b). It was found that
at a CMD of ca. 3.1 nm, the system showed the lowest free
energy at -122 kcal/mol. At this distance, SCNP-2 was
attached to BSA protein by a combination of apolar contacts
and electrostatic interactions.

When the CMD was increased from 3.1 to 8.8 nm, the free
energy of the system gradually increased as the
hydrophobic regions of SCNP-2 detached from BSA protein
(Movie S1). As shown in the inset in Figure 4b, several
trimethylammonium-carboxylate ion pairs were found
during this stage. This observation suggested that the SCNP-
protein interaction may initially be facilitated by
electrostatic interactions and further enhanced by
subsequent contacts between the hydrophobic regions. At
distances >7 nm, the nanoparticle became fully detached
from the protein and the free energy reached a plateau.
Despite the ten cross-links, the shape of SCNP-2 was not
static, changing from globular when uncomplexed (CMD >7
nm) to an elongated shape that maximized the
intermolecular contacts when bound to BSA (CMD = 3.1 nm).
As a control, MD simulations were performed with avidin, a
positively charged protein, and a significantly lower binding
energy (-31 kcal/mol) was calculated (Figure S10).

The results from the protein conjugation studies and MD
simulations prompted us to obtain experimental evidence
for the SCNP-protein interaction. We previously studied the
encapsulation of small molecules within SCNP-1!8 by
nuclear magnetic resonance saturation transfer difference
(NMR STD) spectroscopy,3” which uses the intermolecular
nuclear Overhauser effect (NOE). The same technique was
used here to examine the interaction between BSA and
SCNP-2. The STD signals for peaks corresponding to the
trimethyl ammonium groups and the hydrophobic alkyl
chains on SCNP-2 were determined. As shown in Figure 5a
and 5b, the STD signal for the alkyl side-chain and
trimethylammonium groups of SCNP-2 increased with



increasing saturation time indicating its interaction with
the protein, consistent with the MD simulations.

Fluorescence polarization experiments were conducted
to estimate the strength of the SCNP-protein interaction.
Thus, the polarization of fluorescein labelled BSA was
measured with increasing concentration of SCNP-2. The
apparent Kq calculated was 26 pM for SCNP-2 (Figure 5c),
which is higher than the working concentration for the
catalysis (2 uM). Only a very small degree of fluorescence
polarization was observed at 2 uM suggesting a relatively
weak and reversible SCNP-protein interaction under
catalytic conditions, which is further supported by Forster
resonance energy transfer (FRET) experiments (Figure
§16). The weak binding did not result in aggregation as
detected by DLS (Figure S15) nor any detectable change in
protein structure as seen by the circular dichroism (CD)
spectrum (Figure S17).

CuAAC Click Reaction on Cell Surfaces. Cell surface
glycans are essential for cellular recognition, receptor
signaling, and intracellular trafficking.3®8 Given the high
CuAAC activity observed with Cu!-SCNP-2 and its ability to
function effectively in bioconjugation, we examined the
potential to perform catalysis on cell surface glycans. Thus,
H460 cells were incubated with Ac4ManNAl or Ac4ManNAz
separately to metabolically incorporate alkyne or azido
groups into the cell surface glycans.3® The alkyne-labelled
cells were treated with coumarin azide 2 and either
Cu!-SCNP-2 (1 puM) or Cu!-BTGTA (10 pM). An even more
demanding labeling was examined by using the same two
catalysts but treating the azide-labeled cells with
alkynylated mCherry (mCh-Al). Cu!-~-SCNP-2 again proved
significantly more effective than Cu'-BTGTA giving a
strongly labeled cell membrane with coumarin azide 2
(Figure 6b) and mCh-Al (Figure 6d). Because the cell
membrane and mCh-Al have a highly negative surface
charge the cationic nanoparticle is able to bring them in
proximity4 allowing the copper centers to perform the
CuAAC coupling. Indeed, this strategy significantly reduced
the required amount of cytotoxic copper ([Cul] = 10 uM) so
that no toxicity was observed (Figure S20).

B CONCLUSION

Our results indicate that combining transition metal
catalytic centers and polymeric scaffolds with substrate
binding ability serves as a powerful method to increase
catalyst efficiency. Cul-SCNP-2 functions analogously to
enzymes by binding substrates in proximity to the metal
center, thereby dramatically accelerating reaction rates at
low substrate concentrations. The single-chain nanoparticle
was also found to perform bioconjugation reactions to a
range of protein substrates. We propose that these SCNPs
function as supramolecular catalysts in two distinct ways.
The first involves encapsulation involving an uptake mode
for small molecules. The second was unexpected, an attach
mode operating on protein substrates. In this mode a
multivalent surface binding process overcomes what would
otherwise be a sterically demanding reaction. Thus, the
semi-flexible synthetic polymer adapts to the surface of the
biomacromolecule and catalyzes the CuAAC reaction. The
two proposed modes by which the copper SCNP functions
represent limiting cases for small molecules and proteins
and there will be a spectrum of mechanisms depending on
the specific substrate.

The demonstration of these SCNPs as highly efficient
catalysts for the “native” CuAAC reaction, suggest their
utility in bioconjugation reactions. More broadly, the
polymeric structure of SCNP loosely mimics the protein
scaffold of metalloenzymes. Thus, the folded amphiphilic
polymer selectively and reversibly binds substrates in
aqueous buffer much like enzymes. Although well-defined
binding pocket are lacking, the polymer increases the local
concentration of substrate and the chance of collision with
the metal site. As a result, enzyme-like saturation kinetics
are observed. Obvious extensions to other -catalytic
reactions and even multi-step synthetic transform-ations
are easy to envision and a current focus in our laboratory.

B EXPERIMENTAL SECTION

Fluorogenic reaction with small molecules. The
fluorogenic CuAAC click reactions were performed in a 0.7-
mL fluorimeter cuvette. Catalyst ligand and CuSO4 in a 1:1
ratio and NaAsc were dissolved in 0.5 mL of PBS buffer (1x,
pH = 7.4) in the cuvette. DMSO stock solutions of substrates
were added to give a final concentration of [NaAsc] = 2 mM
and 2% (v/v) of DMSO. The click reaction of 3-azido-7-
hydroxy-coumarin (2) forms compound 4 with restored
fluorescence. The intensity was monitored using a
fluorimeter in kinetics mode, measuring the fluorescence
intensity every 10 s at Aem = 488 nm with excitation at Aex =
410 nm. The initial rate was determined using the following
procedure: Approximately 20-30 s after the start of the
reaction, where the fluorescence signals start to increase
linearly over time, the slope of this linear part (5-15 data

Cu'-SCNP-2

Cu-BTGTA
a ~
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Figure 6. Reactions on cell surface glycans. (a) [llustration of
metabolic labelling of cell surface glycan by using a mannose
derivative with an azido or alkyne group, and Cu!-SCNP-2
mediated reactions on cell membrane. (b) and (c) Confocal
images of alkyne-labelled H460 cell treated with Cu!-SCNP-2
(1 uM) (b) or Cu!-BTGTA (10 uM) (c), 2 (100 uM) and sodium
ascorbate (2 mM) in PBS buffer (1x, pH = 7.4) for 30 min. (d)
and (e) Confocal images of azide-labelled H460 cell treated
with Cul-SCNP-2 (1 uM) (d) or Cul-BTGTA (10 uM) (e), mCh-
Al (1 uM) and sodium ascorbate (2 mM) in PBS buffer (1x, pH
= 7.4) for 30 min. Nucleus were stained with Hoechst for (d)
points) was calculated in counts per second (CPS) increase
per minute. For the reaction between 2 and 3a, the slope
was calculated into the initial reaction rate in “uM/min”
from the observed fluorescence intensity using pure 4 as



the standard. The initial reaction rates for the other 13
alkyne substrates were calculated based on the assumption
that the reactions reach 100% conversion, and the
plateaued fluorescent signal corresponds to 20 uM of the
product. The fluorogenic CuAAC click reactions on protein
were performed using a similar procedure with the initial
rate presented directly as “CPS/min.” For enzyme-like
kinetics fitting experiment, the initial reaction rates of the
reactions between 2 (10, 20, 40, 60 uM) and 3a (10, 40, 70,
150, 200 pM) with catalysis by Cul-SCNP-2 (0.5 pM) were
measured. The initial reaction rates were fit to a random
sequential two-substrates enzyme kinetics equation:

Protein functionalization with alkyne groups. Ina 1.5-
mL centrifuge tube, protein (BSA, HSA, mCherry, protein A,
or transferrin) was dissolved in PBS buffer (1x, pH =7.4, 1
mL) at a concentration of 100 uM. Then, 2,5-
dioxopyrrolidin-1-yl pent-4-ynoate (0.2 mg) in DMSO (4 pL)
was added to the protein solution. The mixture was gently
shaken for 6 h at room temperature and small organic
compounds were removed using an Amicon tube with 10
kDa cut-off. For lysozyme, due to the smaller molecular
weight, it was dissolved in PBS buffer (1x, pH = 7.4, 1mL) at
the concentration of 550 uM and 2,5-dioxopyrrolidin-1-yl
pent-4-ynoate (0.2 mg) in DMSO (4 pL) was added. The
mixture was gently shaken for 6 h at room temperature and
purified by an Amicon tube with 3 kDa cutoff. The molecular
weight of the protein before and after functionalization
were  determined  using  matrix-assisted  laser
desorption/ionization (MALDI) mass spectrometry and the
average number of alkynes were determined by the
molecular weight increases. Functionalized proteins are
referred to as BSA-Al, HSA-Al, mCh-Al, PA-Al, TF-Al and Lz-
Al. For functionalizing streptavidin and avidin with three
alkyne groups, each protein was dissolved in PBS buffer (1x,
pH =7.4,1mL) at the concentration of 100 uM. Biotin-PEG4-
alkyne was added to reach the concentration of 300 uM (3
equivalents). The mixture was gently shaken for 10 min and
used without further purification. The noncovalently
functionalized streptavidin and avidin are referred to as
StAv-Al and Av-AlL

2D-NOESY experiments. Cu!'-SCNP-2 was dissolved in
D20 at the concentration of 100 uM and the small molecules
were added as a 200 mM DMSO-ds stock solution to reach a
final concentration of 3 mM (30 equivalents). 2D-NOESY
spectra were collected using a water suppression 2D-
NOESY method on a Bruker CB500. Spectra were processed
with base line correction and phase correction by using
MestReNova (v. 8.1). Substrate 3a showed relatively strong
intermolecular NOE signals between its aromatic signals
and the SCNP-2 alkyl signals at 1.2 ppm, and little cross-
peak NOE signals were observed from the other protons on
SCNP-2. Due to signal overlap between the charged alkyne
substrates (group 5 and 7) and SCNP-2, the intermolecular
NOE signals between SCNP-2 with charged molecule were
studied with sodium benzenesulfonate and benzyl
trimethylammonium chloride. Using the above condition,
the intermolecular NOE signals were observed from both
alkyl region (1.2 ppm) and trimethyl ammonium (3.0 ppm)
regions on SCNP-2 to benzenesulfonate, suggesting both
electrostatic interactions and hydrophobic interactions are
involved in binding anionic small molecules. Almost no NOE
cross-peaks were observed between benzyl

trimethylammonium chloride and SCNP-2, suggesting weak
binding of cationic molecules.

Saturation Transfer Difference (STD) experiment.
BSA with Cu!-SCNP-2 or Cu!-SCNP-3 were dissolved in
deuterium oxide PBS buffer (1x, pD = 7.4) to reach a
concentration of 100 uM for both protein and nanoparticle.
STD spectra were collected using a water suppression STD
method on a VNS750 spectrometer with the bio-pack
software. During the saturation period, the aromatic region
of BSA was irradiated at 7 ppm or -0.5 ppm, with the
irradiation time ranging from 0.5 s to 5 s. To minimize
intramolecular signals from BSA, a 15 ms relaxation T filter
was applied during data acquisition. Spectra were

_ Vinax [A][B]
" = KZKA® + K#5[A] + KPA[B] + [A][B]

processed by MestReNova (v. 8.1), and the STD effect
intensity was calculated for the trimethyl ammonium peak
at 3.0 ppm and alkyl chain peak at 1.2 ppm through the
equation: STD = (o - Lsar) /Io.

Fluorescence Polarization. Fluorescein labelled BSA
protein was dissolved in PBS buffer (1x, pH = 7.4) at the
concentration of 2 pM with the concentration of Cu!'-SCNP-
2 ranging from 0 to 100 uM. The solutions were transferred
to a black 384-well plate, and 50 pL of the solution was
added to each well. The fluorescence polarization of
solutions in each well was measured on an Analyst HT plate
reader with the setup on fluorescein. The data was
processed and fit using OriginPro2017.

Cell study. In a 6-wells plate, 30000 of H460 cells were
added in 3 mL of DMEM media (10% FBS) containing
AcsManNAz (25 pM) or AcsManNAl (25 pM) to each well
with a glass slide. The cells were incubated at 37 °C with 5%
COzfor 72 h for metabolic incorporation. Cell media was
removed, and each well was washed three times with 3 mL
of PBS buffer (1x, pH = 7.4). DMEM media (10% FBS)
without Man-Al (3 mL) was added to each well and
incubated for 1 h to deplete free AcaManNAz or AcsaManNAL
Cell media was removed and each well was washed three
times with 3 mL of PBS buffer (1x, pH = 7.4). For each well,
5 mL of PBS buffer (1x, pH = 7.4) with/without Cu!-SCNP-2
(1 uM), Cul-BTGTA (10 pM) or Cu!-BTTAA (10 uM), 2 (100
uM) or mCh-Al (1 pM) and sodium ascorbate (2 mM) was
added. The cells were incubated at 37 °C with 5% CO: for
0.5 h for the CuAAC reaction. The solutions were removed
and each well was washed three times with 3 mL of PBS
buffer (1x, pH = 7.4). For the cellular click reactions
performed with mCh-Al, the cell nucleus was stained with
Hoechst 33342 (8 uM in PBS buffer) for 2-3 min and
subsequently washed three times with 3 mL of PBS bulffer.
The samples were imaged using a Leica SP8 UV/Visible
Laser Confocal Microscope (excitation = 405 nm and 561
nm, blue channel: emission = 450-500 nm on the PMTs
detector, red channel: 600-650 nm on the high-sensitivity
GaAsP HyD detectors).
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