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ABSTRACT: Polymer conjugation for protein based therapeutics has been developed
extensively; but still suffers from conjugation leading to decrease in protein activity, and
generates complexes with limited diversity due to general classical systems only incorporating
one protein per each complex. Here we introduce a site specific non-covalent protein-polymer
conjugation, which can reduce the heterogeneity of the conjugates without disrupting protein
function, while allowing for the modulation of binding affinity and stability, affecting the pH
dependent binding of the number of proteins per polymer. We compared classical one protein
polymer conjugates with multiple protein polymer conjugates using His-tagged enhanced yellow
fluorescence protein (Hiss-eYFP) and metal-coordinated tris-nitrilotriacetic acid (trisNTA-Me"")
in a site-specific way. trisNTA-Me" -Hisq acts as a reversible linker with pH triggered release of
functional protein from the trisNTA functionalized copolymers. The nature of the selected Me""
and number of available trisNTA-Me"™ on poly(N-isopropylacrylamide-co-tris-nitrilotriacetic
acid acrylamide) (PNT) copolymers enable predictable modulation of the conjugates binding
affinity (0.09-1.35 uM), stability, cell toxicity, and pH responsiveness. This represents a
promising platform that allows direct control over the properties of multiple protein polymer

conjugates compared to the classical single protein polymer conjugates.
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INTRODUCTION

Protein therapeutics is of high importance in almost every field of medicine.! However, there are
still a number of challenges in the application of protein therapeutics that have to be overcome.'
Therapeutic proteins exhibit low stability, fast renal clearance, enzymatic degradation, and are
frequently immunogenic.”

An elegant way to overcome these problems is to conjugate polymers to proteins, which has been
reported to improve protein stability, half-life, solubility, and reduce immunogenicity.*®
However, such conjugation can lead to the alteration of the protein structure, resulting in a
decrease or even complete inhibition of protein activity.”'® An effective approach to overcome a
loss of protein function is to design stimuli-responsive linkage between polymers and proteins.''
This enables the linkage to be independent of the protein function, and therefore, cleavage of the
protein from the polymer conjugate by a specific stimulus releases the intact and functional
protein.'"® Currently, covalent attachment of polymers to proteins through stimuli-cleavable

linkers has mainly been developed.'""*"

Non-covalent interactions with a stimuli-responsive
nature are rarely applied for protein-polymer conjugation due to their instability.'®'” The
interaction between metal-coordinated nitrilotriacetic acid (NTA-Me™") and His-tagged proteins
is a promising candidate for protein-polymer conjugation, due to the binding specificity and the
reversibility upon pH change or the addition of imidazole or ethylenediaminetetraacetic acid
(EDTA)."" Also, no modification of the protein is required as most recombinant therapeutic
proteins expressed by E.coli incorporate his tag (Hise) for affinity purification, which can also
directly coordinate the NTA-Me"". Unfortunately, to the best of our knowledge, there is only one

study published using NTA-Me""-Hiss for the formation of protein-polymer conjugates for

protein therapy, but the conjugates were shown to exhibit low stability due to the poor binding
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affinity.'® Supramolecular entities with two or three NTA heads (bisNTA and trisNTA,
respectively) exhibit improved binding affinity towards His-tagged proteins, and have been used
recently for the formation of protein-polymer conjugates.'®*® Among them, trisNTA possesses
the highest binding affinity,'**'** but the stability and the pH-trigged releaseability of trisNTA-
Me?"-His, protein-polymer conjugates is still unknown.

Moreover, most protein-polymer conjugate systems allow for only one protein to be bound to
each or multiple polymers.”* Binding multiple proteins on each polymer would be able to
enhance the stability of conjugates due to the inter-protein interactions, similar to many natural
stabilized protein assemblies.***

A previous study published by our group introduced poly(N-isopropylacrylamide-co-tris-
nitrilotriacetic acid acrylamide) copolymers (PNTn, where n represents the mol% of trisNTA on
the polymer) containing Cu®" for specific binding of His-tagged molecules.’ Here, we employ
PNTn copolymers and Hisg-eYFP (Figure 1) as models for polymer-protein conjugation to
analyze the effect on the stability, pH-trigged dissociation, and toxicity when variables such as
the nature of the metal, the distance between trisNTA sites, and the addition of inter-protein
interactions were varied. Three metal cations, Cu2+, Zn2+, and Fe3+, were chosen as the
coordination center in the trisNTA pocket to modulate the binding affinity of His-tagged proteins
to the polymer, and were assessed by isothermal titration calorimetry (ITC). Then their ability to
reversibly bind based on changes in pH was analyzed by fast protein liquid chromatography
(FPLC). Also, the protein stability before and after conjugation, as well as after pH mediated
release, were measured by circular dichroism (CD) and fluorescence spectroscopy. Our strategy

of multiple protein conjugation to each polymer chain, and release upon pH changes can be
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expanded to other systems, and advance the application of non-covalent interactions for protein-

polymer conjugation.

©CoO~NOUTA,WNPE

25 Figure 1. Schematic representation of site-specific conjugation of poly(N-isopropylacrylamide-
co-tris-nitrilotriacetic acid acrylamide) polymers (green), which coordinate metals (blue) with

30 His-tagged proteins (orange).

35 EXPERIMENTAL SECTION

37 Materials. Copper(Il) chloride, zinc chloride, iron(IIl) sulfate hydrate, Dulbecco's modified
eagle medium (DMEM) and phosphate buffered saline (PBS) were purchased from Sigma-
42 Aldrich and used as received. 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
44 sulfophenyl)-2H-tetrazolium (MTS) was purchased from Promega, USA. Penicillin,
streptomycin and fetal bovine serum (FBS) were purchased from Life technologies. Rhodamine
49 B labelled hexahistidine (RHB-Hisg) was received as a gift from Dr. Thomas Schuster. Pierce™
o1 BCA Protein Assay was from Thermo Scientific. All chemicals were purchased with the highest

purity and used without further purification unless otherwise stated.
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Chelation of metal cations to PNTn copolymers. Respective PNTn (0.2 mg/mL) were
dissolved in PBS, pH 7.4. A stoichiometric excess of CuCl,, ZnCl,, or Fey(SO4); was mixed with
the respective PNTn solution and was purified on a HiTrap desalting column (5 mL, GE
Healthcare Life Sciences) with PBS as the mobile phase.

Protein expression and analysis. The expression of Hisc-eYFP was performed as previously
published.”” The concentration of Hisg-eYFP was determined by BCA protein assay and
measured absorbance at 562 nm.

CD spectra were recorded using AVIV and Applied PhotophysicsChirascan CD
spectrophotometers at 25 °C with a time constant of 5 s and a step resolution of 1 nm in a Imm
quartz cell. CD data are given as mean of residual molar ellipticities (deg cm® dmol™). The
spectra are the result of 2-4 repeats. All measured solutions contained a final concentration of 4
UM Hisg-e YFP protein in PBS, where the PBS background spectrum was subtracted.
Fluorescence of 100 nM Hisg-eYFP (Aex = 513 nm, A = 524 nm) and polymer-protein
conjugates was investigated with a PerkinElmer LS55 fluorescence spectrometer (Waltham,
Massachusetts, USA) at ambient temperature. Fluorescence of 60 nM RHB-Hisg alone (Aex = 554
nm, Aem = 585 nm) and in complex with NTA-Cu®", trisNTA-Cu®*" and PNT4-Cu®" was measured
similarly.

Binding ability and affinity of Hiss-eYFP to PNTn-Me”" copolymers. Binding stoichiometry
and dissociation constant (Kp) were determined by ITC. ITC was carried out using a VP-ITC
microcalorimeter from MicroCal. Interaction constants characterizing the PNTn-Me*
copolymers and Hiss-eYFP were determined by direct titration of Hisg-eYFP into polymer
solutions in PBS pH 7.4 at 25°C. The concentration of Hise-eYFP and trisNTA on PNTn was 70

uM and 6 puM, respectively. During analysis the solution in the sample cell was stirred at 300
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rpm. The volume of the sample cell and syringe were 1.4 mL and 295 pL, respectively. Small
aliquots of Hisg-e YFP (typically 10 pL) were added into the stirring solution over 240 s to allow
complete equilibration. The first injection was set to a volume of 1 pL to avoid air in the syringe
and ignored for data analysis. Exothermic heat pulse (upper panel, Figure S1) that corresponds
to an injection of 10 uL of 70 uM Hise-eYFP to 1.4 mL of 6 uM trisNTA functional group on
copolymers was recorded as a function of time. The data were analyzed using the Origin
software package supplied by MicroCal and fitted by standard single-site binding model (lower
panel, Figure S1). The stoichiometry value is equal to the value of the molar ratio for which the
slope of the plot in lower panel is steepest. The slope of the plot at this point gives the value of
the reciprocal of the dissociation constant.

Stability and pH-trigged dissociation of PNTn-Me**-His¢-eYFP conjugates. FPLC was used
for the analysis of the stability and the pH responsiveness of PNTn-Me”*-Hiss-¢YFP conjugates.
250 uM Hisg-eYFP was incubated with a metal cation-coordinated PNTn in PBS with a molar
ratio of 1 : 2 for Hisg-eYFP : trisNTA. The solution (500 pL) was loaded onto a Superdex 200
10/300 GL (Akta Prime system, Amersham Biosciences, measuring @ 513 nm), and eluted with
a PBS mobile phase. For the investigation of pH responsiveness, the column was equilibrated
with PBS solution at pH 5.0 or 6.0. The sample was prepared in the same way as previously
described, loaded onto the column and eluted with PBS solution at pH 5.0 or 6.0. The data were
analyzed by Fityk software to calculate the integral area of the individual peaks.

Structure of PNTn-Me*'-Hiss-eYFP conjugates. The size of PNTn-Me’'-Hisg-eYFP
conjugates were investigated by dynamic light scattering (DLS) with a Zetasizer Nano ZSP
(Malvern Instruments Ltd., UK) at 25 °C in PBS. The data were fit based on number distribution.

The concentration of Hisg-eYFP was 20 uM and 800 pL of solution was used for measurements.
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The negatively stained image of PNT4-Zn*"-His¢-eYFP conjugates (0.1 mg/mL, 5 pL) stained
with 2% uranyl acetate was performed on a transmission electron microscope (Philips CM100) at
an acceleration voltage of 80 kV. The size of the conjugates was analyzed using Imagel
software.

Cell culture. Hela cells or U87 glioblastoma cells were maintained at 37 °C in a 5% CO,
humidified atmosphere and were grown in DMEM with 10% FBS, 100 units/mL penicillin, 100
pg/mL streptomycin and 2 mM L-glutamine.

Cell viability. Cytotoxicity testing was performed using the PromegaCellTiter 96 AQueous Non-
Radioactive Cell Proliferation (MTS) assay (Promega, USA) to determine the number of viable
cells in culture. Hela and U87 cells were seeded in a 96-well plate the night before experiments
at 0.5 x 104 and 1 x 104 cells/well in 100 pl, respectively. The day of the experiment, samples
(10pL) containing different amount of PNT4-Me*" (0-375 pg/mL), were added to the cells.
Twenty-four hours later, 20 pL of MTS solution were added to each well and incubated for 3h at
37 °C. Cell viability was calculated by measuring the absorbance at 490 nm using a 96-well plate
reader and plotted relative to untreated cells that were grown the same day in the same plate and

assays were performed in triplicate.

RESULTS AND DISCUSSION

Binding stoichiometry of Hiss-eYFP to PNTn coordinated with different metal cations. PNT
copolymers were previously synthesized and the average distance between trisNTA binding sites
of PNT1, PNT2, PNT4, and PNT7 of 31.5 nm, 13.2 nm, 5.2 nm and 4.3 nm, were theoretically
calculated, assuming an idealized linear polymer chain, by dividing the length of the polymer

chain by the corresponding metal content. These calculations resulted in an average number of 2,
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4,7 and 9 trisNTA per polymer, respectively (Table S1).° Here we are interested to modulate
the binding affinity of His-tagged proteins to these polymer chains decorated with tris-NTA
groups, and in this respect, we selected three different metal cations, Cu®’, Zn**, or Fe’". The
binding stoichiometry of Hiss-eYFP to the PNT-Me™" was assessed by ITC in order to calculate
the dependence of the metal and of the distance between trisNTA sites on binding stoichiometry
(Figure 2, S1). Hiss-eYFP coordinated the Cu®” or Zn*" metals on PNTn copolymers with a
maximum binding stoichiometry approaching 0.9:1 or 0.85:1, respectively, when the average
distance between trisNTA binding sites was larger than the size of Hise-eYFP and steric
hindrance did not block efficient binding. However, even though PNT7 has a higher content of
trisNTA-Me”" sites, a lower binding stoichiometry was observed (0.55 and 0.53 Hisg-eYFP to
trisNTA-Cu®"and trisNTA-Zn?" sites) due to steric hindrance, resulting from the coil
conformation of the polymer in solution. In the case of PNTn containing trisNTA-Fe’", no
coordination of Hise-eYFP was observed by ITC even when a high concentration of Hisg-eYFP

(180 uM) was added (data not shown).

Il PNT-CU
I PNT-Zn*

o =
© o
1o

binding stoichiometry
© © 0 0 0 0 © 9
= N W b O O N
P A R

0.0

PNT1 PNT2 PNT4 PNT7

Figure 2. Binding stoichiometry between trisNTA-Me*" in PNTn and Hisg-¢YFP.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Physical Chemistry Page 10 of 33

Binding affinity of Hise-eYFP to PNTn-Me®* copolymers. In addition to calculating the
binding stoichiometry, the binding affinity of Hiss-eYFP to PNTn containing either Cu®* or Zn**
was compared where the Kp value was normalized per NTA functional group per polymer chain
to allow for comparison between the polymers containing different average number of binding
sites. Similar to PNTn-Cu*" (0.09-0.39 uM), Kp values for PNTn-Zn*'-His¢-e YFP depended on
the average distance between trisNTA binding sites. When the distance was decreased from 31.5
nm to 4.3 nm (PNT1-Zn*"-Hise-eYFP and PNT7-Zn*"-Hiss-eYFP, respectively), the Kp values
decreased from 1.35 £ 0.12 uM to 0.46 + 0.06 uM. It is known that numerous factors play a role
in the binding strength of a metal to its coordination pocket including size, charge, protein

oligomerization and other stabilizing or destabilizing interactions.’*’

For example, increasing
the number of binding sites could decrease the Kp of a small molecule due to a decreased rate of
dissociation. On the contrary if the size of proteins is larger than the mean distance between
trisNTA-Me"" sites, the binding affinity is decreased even if an increased number of coordination
is present due to steric hindrance and charge repulsion of the protein.”’ However, increasing the
number of trisNTA-Me”>" per polymer, effectively decreasing their separation, stabilized the
conjugate. While many factors play a role in affinity, this decrease of Kp supports the previous
findings that a decrease of enthalpy was seen upon binding of PNT4 compared to PNTI1
copolymers indicating an increase in hydrogen bond formation from inter-protein interactions.*””
¥ This led to a binding affinity dependency of PNTn-Me”'-Hise-eYFP based on a combined

effect between the coordination strength of the metal and the amount of inter-protein

interactions, which overcomes the coil-hindrance (Figure 3).
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High binding Low binding
affinity affinity
PNT2-Cu?* PNT1-Cu?* PNT4-Zn? PNT1-Zn?*
107 10
PNT7-Cu? PNT4-Cu?* PNT7-Zn?* PNT2-Zn?* No binding
PNTn-Fe3*

Figure 3. Kp (M) for the binding between PNTn-Cu”*/Zn*"/Fe*"and His¢-e YFP at pH = 7.4.

The binding affinity of His-tagged proteins is dependent on the strength of coordination with the
metal where Cu®>Ni*">Zn*">Fe’"** Therefore, Zn®" is rarely used for NTA conventional
applications, such as purification of proteins, due to its poor binding affinity (log;oK = 3.25 M’
1.%* Even with the increased binding created by using trisNTA instead of NTA or bisNTA, it is
apparent that when inter-protein interactions are not present, as is the case for PNT1, the binding
affinity with Zn®" is still much weaker than its Cu®" equivalent. By increasing the inter-protein
interactions as a result of an increased number of accessible trisNTA coordination pockets, the
binding affinity increases due to stabilization of the conjugates. However, for PNT7 the steric
hindrance leads to a decrease in binding stoichiometry as described above. Introducing inter-
protein interactions leads to more stable Zn>" conjugates, which makes them suitable for further
applications (Figure 3). This strategy is seen in nature to stabilize self-assembled structures by
inter-protein interactions.?***

Physical characteristics of PNTn-Me**-His¢-eYFP conjugates and protein stability. The size
of PNTn-Me”*"-His¢-eYFP conjugates was characterized by DLS. PNT1-Cu®"/Zn*" and PNT4-
Cu®"/Zn*" were chosen as representative polymers for further investigations including size

measurements and stabilities in various pHs. Even though PNT1 has an average number of 2

trisNTA-Me®" binding sites per polymer, in order to compare a multiple protein system to the
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classical one protein per PNTI, a 2 : 1 ratio of trisNTA-Me”" to Hiss-¢YFP was chosen. Also,
since the binding studies showed a stoichiometry < 1 for PNTn polymers to the average number
of binding sites, this means each polymer solution has a mixture of polymers containing an
average number of accessible binding sites less than the theoretical value (2 for PNT1, and 7 for
PNT4). Therefore, this 2 : 1 ratio was used for both PNTn to keep the number of proteins
proportional on each polymer chain. For this molar ratio, there are an average of 3 or 4 Hise-
eYFPs per polymer chain for PNT4, and an average of one Hisg-eYFP per polymer chain for
PNTI. In addition, due to the excess of trisNTA-Me*" compared to Hisg-eYFP, no free proteins
are expected.

In order to directly measure the size shift of the tertiary structure of polymer chains in solution
due to the binding of proteins, dynamic light scattering was performed. The hydrodynamic
diameter (Dy) of Hisg-eYFP was determined to be 5.0 + 0.9 nm. The Dy; of PNT1-Zn*" was 8.1 +
2.5 nm and when coordinated with His¢-YFP increased in size to 9.7 £ 2.4 nm (Figure S3).
PNT4-Zn>" was 5.8 + 1.8 nm (Figure S2) and after binding, the diameter value shifted to 13.1 +
2.8 nm, which was similar to PNT4-Cu®*-His¢-eYFP (data not shown). The change in size
between PNT1-Zn*" and PNT4-Zn*" after binding Hisg-eYFP can be explained by the increased
average number of proteins per polymer. The DLS data was supported with transmission electron
microscopy (TEM), revealing structures with a diameter of 12 + 3 nm for PNT4-Zn*"-Hiss-eYFP
(Figure S4).

To address the question of whether the conjugation of polymers to proteins causes alterations in
their secondary structure, Hiss-eYFP was characterized before and after polymer conjugation by

CD spectroscopy. The far-UV CD spectra of Hiss-eYFP and PNT1/4-Zn*"-His¢-eYFP, showed

ACS Paragon Plus Environment
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that conjugation did not alter the protein structure (Figure SS5), agreeing with the previously
published results.***

PNTn-Me**-Hiss-eYFP stability under varying pHs. The stability of PNTn-Me*'-Hiss-eYFP
conjugates under various pH’s was investigated by FPLC. Each of the protein-polymer
conjugates were measured to establish a baseline of the amount of free Hisg-eYFP in each and
calculated as a percent of intact protein-polymer complex (Figure 4,). PNT1-Cu”*"-Hiss-eYFP
showed a lower stability than PNT4-Cu®*-Hiss-eYFP at pH 7.4 (Figure S6). The difference
between PNT1-Zn*"-Hiss-eYFP and PNT4-Zn”>"-Hiss-¢YFP was even more significant with only
46.6% of Hisg-eYFP remaining bound with PNT1-Zn*" while 80.2% of Hisg-eYFP remaining
complexed with PNT4-Zn”". Because PNTn-Me*" copolymers are highly negatively-charged,”
the potential electrostatic interactions between protein-polymer conjugates and gel filtration

3739 This was tested

media might decrease the stability of conjugates during the FPLC analysis.
by increasing the number of available PNT4-Zn>" from 2 to 10 equivalents compared to Hise-
eYFP. Even with a 5 fold increase in potential interaction sites, the % of free protein remained
the same suggesting that the phenomena was caused by interaction with the column (Figure S7).
The higher stability of PNT4-Me*"-Hisg-eYFP compared to PNT1-Me*"-His¢-¢YFP is attributed
to inter-protein interactions preventing the disassociation of the complex, in agreement with the
binding affinity values. Inter-protein interactions stabilize the protein-polymer conjugates when
the number of trisNTA groups is increased (PNT4 compared with PNT1) strengthening the

interaction when the metal is not a strong coordination center (Zn2+).
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Figure 4. Stability of PNTn-Me”'-Hiss-eYFP conjugates at pH 7.4. (a) FPLC chromatograms of
Hiss-¢YFP and PNT1/4-Zn*"-His¢-eYFP. (b) The percentage of Hisg-eYFP bound with PNT1/4-

Me*". Stars indicate significance in two-tailed Student's t-test; *P<0.05, n=3.

An attractive property of NTA-Me”"-Hiss molecular recognition is pH sensitive binding.'®
However, this property has previously not been proven with trisNTA protein-polymer
conjugates. In order to investigate the pH sensitive binding, a model peptide, hexahistidine
labeled with Rhodamine B (RHB-Hiss) was used to compare the parameters that effect binding
stability across various pHs. RHB-Hiss is strongly quenched when bound to Cu®", and more
stable than eYFP at lower pH.*" The binding of trisNTA-Cu*" to RHB-Hise resulted in a
significant decrease of fluorescent intensity from 570 to 60. The fluorescent intensity remained
unchanged at all pH > 3.5 (Figure S8), indicating that the binding between trisNTA-Cu®" and
RHB-Hisg is stable at various pHs. PNT4-Cu2+-RHB-His6 exhibited no dissociation with pH >
3.5, suggesting that the presence of polymer does not significantly influence the binding stability.
Also, PNT4-Cu”" did not show a significant release of Hiss-eYFP when the pH was changed
from 7.4 to 6.0, but 52% of the conjugates disassociated at pH 5.0, respectively (Figure 5). As

expected, due to the lack of inter-protein interactions, the release of Hisg-eYFP was more
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pronounced for PNT1-Cu®" at pH values down to 6, ending at pH =5 to a similar fraction of
dissociated conjugates (53%). The higher percent of pH-trigged dissociation can be attributed the
higher Kp at pH 7.4 of PNT4-Cu*'-Hiss-eYFP (Kp=0.36 pM) compared with PNT4-Cu”**-RHB-
Hisg (Kp=0.13 uM).20 In contrast with PNTn-Cu®", both PNT1-Zn?" and PNT4-Zn>" exhibited a
more rapid dissociation. At pH 7.4 PNT1-Zn*" and PNT4-Zn>" dissociated from Hiss-cYFP at
53.4% compared to 19.8% determined by FPLC, respectively. Decreasing the pH to 6.0
increased the dissociation of Hisg-eYFP from PNT1-Zn*" and PNT4-Zn>" to 92% and 76%,
respectively, with both conjugates being completely unbound by pH 5.0 (Figure 5 a, b). The
higher dissociation of PNTn-Zn>'-Hiss-eYFP compared with PNTn-Cu®"-Hiss-¢YFP at lower pH
was expected, due to the higher Kp values (0.46-1.35 uM, 0.09-0.39uM, respectively). The
trisNTA-Cu®" binding sites on PNTn have stronger interaction with Hisg-eYFP compared with
protons (Kp =1 pM),'®*! therefore it is difficult to be protonated to induce the dissociation of the
proteins. However, the affinity of trisNTA-Zn>" on PNTn to Hiss-eYFP is comparable to that of
protons, resulting in direct competition between protonation and coordination of the Hisg-e YFP.
This led to PNTn-Zn*"-His¢-eYFP having a higher amount of pH-trigged release than PNT-Cu®"-
Hiss-eYFP. Furthermore, the reversibility of pH dependent binding of PNT4-Zn* -Hiss-eYFPwas
investigated due to its higher pH binding dependence. A solution of PNT4-Zn*"-Hiss-eYFP was
formed in pH 7.4 and tested for stability, the pH was then decreased to 5.0 and dissociation was
observed. However, when the pH was increased back to pH 7.4 almost complete reformation of

all protein complexes was observed (Figure 5c).
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Figure 5. Release of Hisg-¢YFP from PNT1-Me”" (a) and PNT4-Me®" (b) at different pH values.
All statistics were analyzed by comparing samples to their respective protein-polymer conjugate
at pH 7.4. Stars indicate significance compared to the equivalent protein polymer conjugate at
pH 7.4 in a two-tailed Student's t-test; *P<0.05, **P<0.005. (c) Reversibility of pH dependent
binding between PNT4-Zn>" and Hisg-eYFP analyzed by FPLC. (d) The fluorescence emission
spectra of Hisg-eYFP and PNT4-Zn2+-His6-eYFP before and after release in acidic conditions.

While reactions were run in acidic conditions, all samples were analyzed at pH 7.4 in PBS.

To address the question of whether the reversible binding of PNTn copolymers to Hiss-eYFP
influence its fluorescent property, Hiss-eYFP was characterized by fluorescence spectroscopy

before and after polymer conjugation (Figure 5d). When Hisg-eYFP was conjugated with PNT4-
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Zn**, a decrease in fluorescence intensity was observed due to the chelation with Zn**. After
dissociation from PNT4-Zn*" in acidic conditions (pH = 5.0 or 6.0), the released Hiss-eYFP was
collected and then buffered back to pH 7.4, the fluorescence of Hiss-eYFP recovered almost to
its original value. The slight decrease of fluorescence intensity was due to short-term exposure to
acidic condition which corresponds to literature precedence.*” In addition, the second structure of
dissociated Hisg-eYFP after buffering back pH 7.4 was evaluated by CD spectroscopy. No
obvious change of the spectrum was observed, suggesting Hisg-eYFP was kept intact during the
pH-triggered dissociation (Figure S9). Therefore, PNTn copolymers are able to bind Hisg-eYFP
at physiological pH and release the bound protein in acidic conditions without influencing the
structure and properties.

Cytotoxicity evaluation of PNT4-Me" copolymers. The cytotoxicity of PNT4-Me""
copolymers was evaluated on U87 and HeLa cells by using the MTS assay (Figure 6). PNT4
copolymer showed low toxicity in all range of concentrations tested in both cell lines. The
coordination of PNT4 with Zn** did not induce toxicity in contrast to PNT4 coordinated with
Cu*™ or Ni*' that showed toxicity with increasing concentrations (Figure S10). trisNTA
coordinated with Cu**, Ni*, Zn*" was tested as a control and showed slightly higher toxicity
compared to equivalent copolymer samples (Figure S10). Repeat administrations of Cu*" or Ni*"
can accumulate in the liver, kidney, and spleen, leading to organ damage after the complex has
dissociated and the metal released.”*® Therefore in terms of its low toxicity, a protein-polymer

conjugate comprised of PNT4 and Zn*" would be suitable for further in vitro studies.
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Figure 6. Toxicity evaluation of PNT4-Me"" copolymers on HeLa (a) and U87 (b) cells using
MTS assay where zero polymer concentration refers to the addition of PBS to the cells. Errors

bars represent the standard deviation (n=3).

CONCLUSION

An efficient method to site-specifically and reversibly bind multiple proteins per polymer chain
using trisNTA-Me*"-Hiss molecular recognition was designed. Hiss-eYFP was used as a model
protein for binding PNT-Me"" copolymers. It was demonstrated that the nature of the Me™" and
the number of metal binding pockets of trisNTA enable great selectivity for the binding affinity.
This led to control of the stability and pH triggered release of the protein from the polymer by
modulating inter-protein interactions. After complete release of Hisg-eYFP from PNT-Me*"
copolymers at selective pH, the return of fluorescence suggested that the protein was intact and
maintained its properties. In addition, the toxicity problem of trisNTA-Me"" and its derivatives,
has been improved by using Zn>*, which still maintained the binding with Hise-eYFP due to
controllable inter-protein interactions.

The presented system advances the field from covalent single protein-polymer conjugates to non-

covalent multiple protein-polymer conjugates that can be readily formed and dissociated
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dependent on pH, and serves as a platform for the combination of various active agents into one
nanosystem to potentially fulfill multiple tasks such as therapy and diagnosis in a combined

manner.
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23 Figure 1. Schematic representation of site-specific conjugation of poly(N-isopropylacrylamide-co-tris-

24 nitrilotriacetic acid acrylamide) polymers (green), which coordinate metals (blue) with His-tagged proteins
(orange).
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