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ABSTRACT: Many biological processes require precise regulation
and synergy of proteins, and consequently involve molecular
recognition and spatial constraints between biomolecules. Here, a
library of poly(N-isopropylacrylamide-co-tris-nitrilotriacetic acid acryl-
amide) (PNTs) has been synthesized and complexed with Cu2+ in
order to serve as models for investigation of the combined effects of
molecular recognition and spatial constraints in biomolecular
interactions. The average distance between Cu2+−trisNTA binding
sites in PNTs polymers was varied from 4.3 to 31.5 nm by adjusting their trisNTA contents. His tag (His6), His-tagged enhanced
yellow fluorescent protein (His6-eYFP), and His6-tagged collagenase G (His6-ColG), with sizes ranging from 1 to 11 nm, were
used as models to assess whether the binding ability is influenced by a cooperative topology based on molecular recognition
interactions with Cu2+−trisNTA binding sites, and spatial constraints created by decreasing average distance between trisNTAs.
His-tagged molecules bound to all PNTs polymers due to their molecular recognition interaction involving histidines and Cu2+−
trisNTA pockets, but with a binding ability that was highly modulated by the average distance between the trisNTA binding sites.
Small molecular mass molecules (His6) exhibit a high binding ability to all PNTs polymers, whereas his-tagged proteins bind to
PNTs efficiently only when the average distance between trisNTA binding sites is larger than the protein dimensions.

■ INTRODUCTION
The structures and functions of cells are critically dependent on
association and dissociation interactions/processes, such as
DNA replication and transcription,1−3 cellular signaling,4,5 and
enzyme catalysis,6 which simultaneously involve multiple
molecules. The precise regulation of biological functions and
processes is based on accurate molecular recognition
interactions and spatial constraints between molecules.7−9

Molecular recognition, determined by the exact geometric
match between interacting molecules and the formation of
complementary noncovalent bonds,10 plays an important role
in specific interactions between molecules.11,12 In addition, the
simultaneous interaction of multiple molecules is strongly
dependent on spatial constraints when diverse binding sites of
various ligands are located in the vicinity of each other.7 In
nature, a large number of proteins work together in pairs, and
the interprotein distance influences their synergy.13−15 For
example, synergy is reduced when the distance between TATA-
binding protein and initiator elements is large, whereas shorter
distances induce stronger synergy and consequently higher
activity.16

Although interactions and synergy of proteins can be
successfully predicted by computer simulations,17−19 the
influence of distance constraints on binding and activity of
biomolecules has been reported in only very few cases.16 In
addition, current computer simulations do not account for
variations of physical properties, such as entropy, that are
known to be crucial for molecular recognition.20−23 Nano-

structures based on self-assembled DNA have been used to
study interligand distances resulting from the simultaneous
binding of multiple ligands.24,25 However, self-assembled DNA
structures behave as rigid scaffolds, which induce a decrease in
binding due to spatial mismatches.24,25 To the best of our
knowledge, there are very few model scaffolds that can
specifically bind multiple proteins with controlled distances
between binding sites, and none has used polymer-based
scaffolds.
Various polymers have been used for protein conjugation by

covalent bond formation,26−28 or noncovalent interactions
attributed to molecular recognition.29−33 In particular, tris-
nitrilotriacetic acid (trisNTA) functionalized polymers have
been used to bind His-tagged proteins with multiple metal−
NTA coordination pockets due to the high affinity.34−44 As His
tag normally is expressed on either the N- or C-terminus of
proteins, far away from their active centers, the binding does
not influence their activities.38,45−47 For example, trisNTA
functionalized poly(butadiene)-block-poly(ethylene oxide)
binds to His-tagged enhanced green fluorescent protein
(His6-eGFP) without affecting its fluorescence,38,47 and His-
tagged laccase preserved its activity when interacting with
Ni2+−NTA immobilized on its surface.46 However, to the best
of our knowledge, the functionalization of polymers by trisNTA
is limited to the terminal ends of the polymers.37,47 Therefore,
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polymer−His-tagged protein interactions have been studied
only in relation to their binding affinity via molecular
recognition interactions at a single, specific metal−NTA pocket.
An influence of distance between the NTA pockets on His-
tagged proteins binding was only considered when NTA
pockets were exposed at the surface of polymer vesicles.38

Here, we have synthesized a library of novel poly(N-
isopropylacrylamide-co-tris-nitrilotriacetic acid acrylamide) pol-
ymers (PNTs), and complexed them with Cu2+ to serve as
flexible models to assess the combined effect of molecular
recognition and spatial constraints in binding specific molecules
ranging from small molecular mass molecules (<1 kDa) up to
proteins (Figure 1). This library of PNTs provides different
average distances between trisNTA sites, which can modulate
the binding of multiple molecules as a function of their size. We
selected His6, His-tagged enhanced yellow fluorescent protein
(His6-eYFP) and His-tagged collagenase G (His6-ColG) as
model molecules because they provide a large range of sizes
(from 1 to 11 nm). First, the coordination of copper to
trisNTA pockets was characterized by Fourier transform
infrared spectroscopy (FTIR), UV−vis spectroscopy, and

electron paramagnetic resonance (EPR). Then, the binding of
His-tagged molecules to trisNTA was analyzed by fast protein
liquid chromatography (FPLC), FTIR, isothermal titration
calorimetry (ITC) and EPR. We investigated the binding
affinity, and intermolecular interactions of His-tagged mole-
cules bound to the polymers as a function of the specific local
topology. Our polymers provide a dual topologic match at the
molecular level involving both molecular recognition at
trisNTA pockets, and steric effects regulated by the distance
between the trisNTA sites. In this way it is possible to get an
insight into the fine details of binding affinities of molecules,
which are regulated not only by attachment to a specific target,
but also by spatial constraints.
The concept of polymers serving as models for combined

geometric topology with size requirements is expected to show
the real binding capacity of molecules to a complex targeting
configuration, which mimics biological systems in important
details.
PNT copolymers with high trisNTA mol % have a short

average distance between trisNTA binding sites, and are
expected to influence the binding ability and binding affinity

Figure 1. Schematic representation of PNTs, which coordinate Cu2+, and further bind to sulforhodamine B labeled His6 (SRB-His6), His6-eYFP, and
His6-ColG.

Scheme 1. Synthesis of Prot−trisNTA and PNT Copolymers
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between His-tagged molecules and trisNTA pockets, whereas
PNT copolymers with low trisNTA mol % are expected to not
influence the binding of His-tagged molecules.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of PNT Copolymers. t-
Butyl ester protected PNTs (3) with different distances
between trisNTA moieties were synthesized by free radical
polymerization of N-isopropylacrylamide (Nipam) and t-butyl
ester protected tris-nitrilotriacetic acid acrylate (prot-trisNTA)
(2) using azobisisobutyronitrile (AIBN) as initiator (Scheme
1). PolyNipam (PN) was chosen due to its high hydrophilicity
and biocompatibility.48 Molar ratios of prot-trisNTA and
Nipam in the range 1:99 and 10:90 were used for the
polymerization in order to obtain polymers with different
distances between trisNTA binding sites (Table 1). The
formation of PNT copolymers with different trisNTA mol %
was established by 1H NMR (Supporting Information Figure
S2). The characteristic peaks of prot-trisNTA present at δ =
3.44 ppm, δ = 3.50 ppm, δ = 1.48 ppm and δ = 1.45 ppm
correspond to protons on the trisNTA scaffold and the t-butyl
ester group,49 while the Nipam peaks at δ = 4.00 ppm and δ =
1.16 ppm correspond to protons on −CH− and methyl
groups.50 TrisNTA contents of 0.8−8.3 in all copolymers were
calculated from the ratios between the integrals of the peaks at
δ = 3.44 ppm and δ = 3.50 ppm (from trisNTA), and the peak
at δ = 4.00 ppm (from −CH− of Nipam) (Supporting
Information Figure S2).

1H NMR peaks at δ = 1.43 ppm and δ = 1.40 ppm
(characteristic of t-butyl ester groups) disappeared after the
deprotection of the polymers, indicating a total deprotection
(Supporting Information Figure S3). We used an acid−base
titration to estimate the total trisNTA content (Table 1). These
values were slightly lower than those obtained from 1H NMR,
because 1H NMR can induce some systematic errors in the
estimation of the molar ratio of trisNTA/Nipam repeating units
in polymers, due to baseline distortion.51 Thus, we used the
trisNTA mol % values obtained from acid−base titration for
subsequent calculations.
Effect of Temperature and pH on the Aggregation

Behavior of PNTs. It is important to understand the factors
which might affect the binding affinity, such as the stimuli-
responsiveness of copolymer. As PN is thermoresponsive (with
a low phase transition temperature around 32 °C),50,52 and
becomes pH-dependent after copolymerization with acrylic acid
derivatives,52 the phase transition of the library of PNT
copolymers was assessed by UV−vis spectroscopy (Figure 2).
In contrast to PN and copolymers composed of Nipam and
acrylic acid derivatives, such as poly(Nipam-co-acrylic acid),53

all PNT polymers showed no phase transition at pH > 3,
because of the low pKa values of NTA (1.9, 2.5, and 9.7).54

TrisNTA units (67%) are ionized at pH > 3, resulting in a
significant increase in hydrophilicity of the PNTs. At pH values
<2.3, below the pKa2 of NTA, trisNTA is partly protonated and
exhibits hydrophobicity, resulting in a phase transition for
PNT2 and PNT4. PNT7 with 6.8 mol % trisNTA showed
thermoresponsive behavior at pH values <1.8. A sharp phase
transition for all five PNT copolymers was observed at pH 1.0.
As the experiments were conducted in PBS buffer at room
temperature, there was likely no aggregation of the PNTs
copolymers.

Binding of His6 to PNT Copolymers. Cu2+ was first
coordinated to PNTs in order to serve as a binding center for
His6. A stoichiometry of 3:1 for Cu2+:trisNTA indicates that the
copolymerization did not affect the accessibility of the trisNTA
pockets as proved by UV−vis and FTIR (Supporting
Information Figure S4−S6).
In a second step, the binding of His6 to Cu2+-loaded PNTs

was assessed by FPLC (Supporting Information Figure S7) and
FTIR (Supporting Information Figure S8). We labeled His6
with sulforhodamine B (λmax= 570 nm) for FPLC analysis. PNT
copolymers showed no absorbance at 570 nm, and eluted faster
than SRB-His6 due to their higher mass. On the basis of the
integral area, the number of trisNTA:His6 (“binding
stoichiometry”) was determined to be 1:1 for all PNT1 to
PNT4 copolymers, in agreement with the reported values for
trisNTA and His6.

49 Only in the case of PNT7−SRB−His6 was
a binding stoichiometry of 1:0.8 obtained (Supporting

Table 1. Polymerization of PNTs, Molecular Mass, and Polydispersity

Polymerization of protected PNTs

prot−trisNTA (mol %) GPC results deprotection

polymer code in feed in polymera in polymerb yield (%) Mn (× 104) Mw/Mn yield (%) Mn
c (× 104)

PNT7 10.0 8.3 6.8 60 3.00 1.8 95 2.47
PNT4 5.0 4.2 4.1 63 2.95 1.8 69 2.59
PNT2 3.0 2.3 1.9 56 2.68 1.7 96 2.47
PNT1 1.0 0.8 0.8 55 3.45 1.7 94 3.34
PN 0 0 - 62 2.48 1.7 - -

aCalculated based on integration of the 1H NMR spectrum. bEvaluated by acid−base titration. cThe values were calculated based on the molecular
mass, and polymer degree of protected PNTs obtained by GPC and 1H NMR results, respectively.

Figure 2. Absorbance dependence of temperature (5−70 °C) for PNT
copolymers (1 mg/mL) at pH 1−3. His6 binding behavior of trisNTA
units from PNT copolymer.
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Information Figure S7). The decrease in average distance
between trisNTA binding sites sterically hinders the binding of
His6 to the NTA pocket, and results in a slightly decreased
binding stoichiometry. The binding stoichiometry values are in
agreement with those obtained by ITC (Supporting Informa-
tion Figure S14).
EPR spectroscopy was used to investigate the Cu2+

coordination sphere when complexed to trisNTA on PNT
polymers, and after addition of His6, since the spectral
parameters are known to change upon modification of the
metal coordination sphere inside the NTA pocket induced by
complexation with His6.

47 Different model systems were
studied and compared: CuCl2 in solution (a), and mixtures
of Cu2+ with PN, His6, with trisNTA (c), with PNT1 (g) and
with both PNT1 and His6 (i) (Figure 3, and Table 2) along

with the corresponding computer simulations (Figure 3b, d, e, f
and i). The Cu2+ EPR spectrum in the presence of PN was
similar to that for free Cu2+, which indicates that the metal is
not coordinated by the polymer chain. In the presence of His6
and trisNTA two species were detected: one similar to free
Cu2+, and one with gz and Az values similar to those reported
for the Cu2+ complexes of these molecules.38 In the case of
Cu2+ complexation with PNT1 polymer, only one species was
detected (Figure 3g) with spectral parameters indicative of
tetragonal symmetry55 and similar to those for the Cu2+

complexation of trisNTA;38 thus, the Cu2+ coordination sphere
involves three carboxyl groups and one amine group. The value
of g and A tensors indicate a tetragonal symmetry.55 When His6
was added to Cu2+:PNT1, the EPR spectrum changed
significantly (Figure 3i). The signal was poorly resolved due
to a significant broadening. The values of both g and hyperfine
coupling differ from those observed for the Cu2+:PNT1
mixture, and are similar to the hyperfine coupling constants
reported for Cu2+ dimers (Ax 27 G, Ay 38 G and Az 82 G).56

The formation of the dimers is also sustained by the signal
recorded at half-field, which is typical for dimeric Cu2+

(Supporting Information Figure S9). A similar behavior was
described for Cu2+:NTA:His6 mixtures, where the formation of
Cu2+ dimers was proposed.38

To investigate whether His6 can induce formation of cross-
linked PNT copolymers, we used dynamic light scattering
(DLS) before and after His6 complexation. The values of the
hydrodynamic radius (Rh) of PNT copolymers were measured
as being in the range 3−4 nm, in agreement with Rh value of
PN with a similar degree of polymerization,57 and they did not
change after His6 complexation (Supporting Information Figure
S10). There were no obvious changes in the hydrodynamic
radius after His6 coordination to Cu2+−trisNTA, suggesting
that only one His6 can bind to one trisNTA−Cu2+ pocket, and
that there was no aggregation of His6−Cu2+−trisNTA
copolymers in the solution.

Binding Ability of His-Tagged Proteins to the PNTs.
To understand the influence of spatial constraints on the
binding ability of molecules with high MW, we investigated the
binding of two His-tagged proteins, His6-eYFP and His6-ColG
to the PNT copolymers with different distance between the
trisNTA binding sites. Binding of proteins to Cu2+−trisNTA
sites was assessed in physiological conditions in order to
preserve the natural conformation of proteins.73,74 The
dimensions of monomeric eYFP and monomeric ColG are 3
nm × 4 nm and 7 nm × 11.5 nm, respectively,58,59 The

Figure 3. (a) X-band CW-EPR spectra of frozen solution in distilled
water at 100 K together with their simulations using the EPR
parameters indicated in Table 2: CuCl2 solution (a), and the related
simulation of its EPR spectrum (b), Cu2+−trisNTA mixture (c) with
the related simulation of the EPR spectrum (d), Cu2+−PNT1 mixture
(g) with the related simulation of EPR spectrum (h), Cu2+−
PNT1:His6 mixture (i) with the simulation of its EPR spectrum (j).
(e and f) Individual contributions of paramagnetic species to the
simulation (d). All EPR spectra are normalized for presentation means.

Table 2. EPR Spectral Parameters for Frozen Solutions of Cu2+ in CuCl2, Cu
2+−TrisNTA, Cu2+−His6, Cu2+−PN, Cu2+−PNT1,

and Cu2+−PNT1−His6 Complexesa

gx, gy gz |Ax|, |Ay|/G |Az|/G

CuCl2 2.080 2.38 5 140
Cu(Cl)2:PN 2.083 2.38 5 142
Cu(Cl)2:His6 (3:1) 2.082, 2.089 2.42 5 115

2.082 2.28 5 120
Cu(OTf)2:His6 (1:5)

34 2.074 2.37 5 105
Cu(Cl)2:trisNTA (3:1) 2.082, 2.090 2.41 10, 15 120

2.089, 2.100 2.34 10, 5 154
Cu(OTf)2:trisNTA (1:5)34 2.061 2.302 10 120
Cu(Cl)2:PNT1 2.068 2.30 10 154
Cu(Cl)2:PNT1:His6 2.062, 2.080 2.35 30, 35 80

aThe hyperfine values are given for the 63Cu nucleus.
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reactivity ratios of trisNTA (rtrisNTA) and Nipam (rNipam) were
determined by the Fineman−Ross method using 1H NMR data
(Supporting Information Figure S11−12). The rNipam value of
1.35 is only slightly larger than the rtrisNTA value of 0.8. To keep
a constant trisNTA mol % in copolymers, and to avoid
production of block-like copolymers, the conversion of all PNT
copolymers was controlled to be below 65% (Supporting
Information Figure S13). As expected, trisNTA groups are
statistically distributed on the polymer chains. We considered a
homogeneous distribution of trisNTA groups on the polymer
chain, and neglected possible statistical agglomeration due to
the random character of polymerization.61−63 The average
distances between the trisNTA−Cu2+ binding sites of PNTs
were calculated by molecular dynamic calculations based on a
minimum energy conformation. This 3D model describes in a
first approximation the average distance between the trisNTA
sites because repulsive forces associated with the trisNTA sites
are expected to favor a Langevin dependence of elongation on
force, and favor a stretch chain conformation. Compared to a
normal random coil model of the polymer chain, the charges on
PNTs associated with trisNTA sites determine that different
chain conformations are no longer equally probable because
they correspond to energies of the chains in the fields produced
by the electrical charges (Langevin dependence). Indeed, zeta
potential measurements proved the charged character of
polymers in PBS buffer, due to the presence of metal−trisNTA
sites (Supporting Information Table S3). Theoretical average
distance values varied from 31.5 to 4.3 nm for PNT1−7
(Supporting Information Table S1). Note that these values are
larger than the real distance between two neighboring trisNTA
sites in solution due to the 3D conformation of PNTs. The
average distance approaches the real distance value only when
the trisNTA sites are close to each other, as in the case of
PNT4 and PNT7.
To investigate the influence of spatial constraints on the

binding ability of His-tagged proteins to PNTs, we used ITC
(Figure 4, Supporting Information Figure S14). The highest
binding stoichiometry for both His6-eYFP and His6-ColG (0.87
and 0.47) was determined for PNT1, which has the largest
distance between trisNTA sites. Decreasing the distance
between triNTA−Cu2+ groups had no influence on the binding

stoichiometry of His6-eYFP, due to its relatively small size, but
evidently reduced the binding stoichiometry of His6-ColG from
0.47 to 0.36. For PNT7, which has the smallest distance
between trisNTA sites, a dramatic decrease in binding
stoichiometry was observed for both His6-eYFP and His6-
ColG (0.51 and 0.18, respectively). This significant decrease
was expected because of the inaccessibility of trisNTA−Cu2+
binding sites due to their close packing, which prevents
coordination of high MW molecules. The low binding
stoichiometry of His6-ColG to PNTs could be the consequence
of His6-ColG dimer formation, which inhibits the binding to
PNTs (Supporting Information Figure S16). An interesting
observation is that proteins and polymers are able to arrange
themselves to obtain maximal binding. When the average
distance between trisNTA binding sites is decreased to 5.2 nm
(PNT4), which is closer to the size of eYFP, the binding
stoichiometry of the protein does not change. We attribute the
binding stoichiometry, in the case of PNT4, to the flexibility of
the polymer chain and a 3-D structure rearrangement, which
allow the binding of eYFP even though their size is close to the
maximal average distance between the trisNTA sites. This is in
agreement with previous reports, which indicated that polymers
with multiple ligands are able to bind multiple proteins on each
polymer chain.45,60 When the average distance decreases to the
size of eYFP, as in the case of PNT7, the number of proteins
bound to the polymer chain is not increased, as would have
been expected by the increased number of trisNTAs/polymer
chain. We suppose that in this case the 3D conformation of
PNT7 in solution induces spatial limitations, which do not
favor a topologic match between trisNTA sites and eYFP. The
binding stoichiometry of His6-ColG to PNT2 is only slightly
higher than that to PNT4, due to the low number of ColG
proteins/polymer chain, which prevents the distance con-
straints from playing a role in protein binding (Supporting
Information Table S2).
PNTs copolymers possess higher binding capacity to small

MW molecules than to large molecules, as expected. Although
PNT7 has the highest trisNTA mol %, the binding capacity to
his-tagged proteins is lower than that for PNT4 because of the
spatial constraint (Supporting Information Table S4).

Binding Affinity of His-Tagged Molecules to PNTs.
High binding affinity is crucial in nature for the binding of
multiple proteins. For example, Bcd protein is able to position
at a distance close to 10 base pairs on DNA when the binding
affinity is high, whereas the binding site arrangements of the
Bcd protein decreases rapidly when the binding affinity is
decreased.61 Therefore, the binding affinity is an essential
parameter for indicating the binding of multiple proteins, and
for studying the effect of spatial constraints. We chose trisNTA
for protein binding because of its high binding affinity for His
tag and His-tagged proteins.38,49,62 To investigate whether
conjugation of trisNTA to polymers and the spatial constraint
between the trisNTA sites affect the binding affinity of his-
tagged molecules, we determined the dissociation constant
(KD) values. The KD value obtained for His6 bound to trisNTA
on PNTs are similar to that obtained for trisNTA−Cu2+−His6
(Table 3), which suggests that the conjugation of polymer to
trisNTA does not influence the binding affinity to His6. A
higher KD (0.6 ± 0.2 μM) value was reported for His6 bound to
trisNTA-modified polymer vesicles, due to the presence of
surrounding poly(ethylene oxide) brushes at the surface of the
polymer vesicles.38 Interestingly, the binding affinity of different
His-tagged molecules to PNT1 was not affected by the

Figure 4. Binding stoichiometry between trisNTA−Cu2+ groups in
PNTs and His6, His6-eYFP and His6-ColG. Asterisks indicate
significance in two-tailed Student’s t test: *P < 0.05, **P < 0.005,
***P < 0.0005.
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structure or the size of His-tagged molecules, but spatial
constraint played an active role in the binding affinity between
trisNTA and His-tagged molecules. When the distance between
the binding sites was reduced, a decrease in KD was observed
for all His-tagged molecules. This suggests hydrogen bond
formation between His-tagged molecules which decreases their
separation, and thus influences their binding.45 It has been
reported that the binding affinity of proteins can be enhanced
when they are located closer to each other on a surface.63,64

PNTs have a higher binding affinity to His-tagged proteins
compared to other trisNTA-functionalized polymers,47,62

because Cu2+ was used as coordination ion instead of Ni2+,
and it is known to favor stronger binding than Ni2+.38

Influence of Spatial Constraints on Interactions of
Bound His-Tagged Molecules. To get more information on
the interactions between His-tagged molecules and PNTs, we
assessed the change of enthalpy (ΔH°) and entropy (ΔS°)
(Table 4).65,66 For PNT1−Cu2+−His6 and PNT2−Cu2+−His6
complexes, the value of ΔH° is similar to that obtained for
trisNTA−Cu2+−His6 (Table 4), suggesting that the coordina-
tion between trisNTA−Cu2+ and His6 is the only interaction
when His6 binds PNTs copolymers. With decreasing distance
between trisNTA binding sites, ΔH° increases, and ΔS°
decreases, due to formation of hydrogen bonds between
neighboring His6 units, and a conformation restriction of the
polymer chain.67,68 Short distances and hydrogen bond
formation between His6 units inhibit access to several trisNTA
binding sites, and lead to decreases in binding stoichiometry for
the case of PNT7 (as shown both by ITC and FPLC).
The binding behavior between PNTs and His-tagged

proteins is more complicated. When His6-eYFP was bound to
PNTs, low ΔH° (3.6 kcal/mol), and positive ΔS° values (19.3
cal/mol/K) were obtained. No influence of the secondary
structure of His6-eYFP was observed by Circular dichroism
(CD) spectroscopy after the coordination of PNTs (Support-
ing Information Figure S15). A possible explanation for the
positive ΔS° values is that His6 was not freely exposed, but
interacted with eYFPs.69,70 The binding of His6 to PNTs

affected the interaction between His6 and eYFP, and caused a
total increase of ΔS°. The decrease in distance between
trisNTA sites induced a decrease in ΔS°, due to restrictions in
rotation and translation of the binding proteins.71 When the
distance between trisNTA sites was further decreased (PNT7),
the number of proteins bound to PNTs copolymers was
unchanged (Supporting Information Table S2), and therefore
ΔS° remained constant (Table 4). This indicates that no
additional proteins are able to bind to the polymer due to the
limited space, even though the number of trisNTA sites is
increased.
In contrast to PNT−Cu2+-eYFP complexes, His6-ColG

binding to PNT1 is accompanied by an increase in ΔH° to a
value of 31.7 kcal/mol, due to the formation of hydrogen bonds
between PNTs and the protein molecules. The decrease in
space between trisNTA sites induced an increase in ΔH° from
31.7 to 60.0 kcal/mol, which was compensated by a large
decrease in ΔS° from −87.6 to −177 cal/(mol/K). The
decrease in ΔS° is possibly the result of oligomerization of the
proteins, as has been shown for the fibroblast growth factor
8b.45 Oligomerization of proteins reduces the translational and
rotational degrees of freedom, and induces a reduction in
ΔS°.72

■ CONCLUSIONS
We synthesized and characterized a library of new poly(N-
isopropylacrylamide-co-tris-nitrilotriacetic acid acrylamide) pol-
ymers containing multi-trisNTA binding sites with different
average distances between them. After complexation with
copper, PNTs copolymers were used as models to assess the
combined effect of molecular recognition and spatial
constraints on the binding of molecules ranging from small
molecular mass compounds up to proteins. Small molecular
mass molecules (His6) can easily access and bind to trisNTA
sites of the polymers: a high binding ability of all PNT
polymers was obtained, independent of the average distance
between the trisNTA sites. A different situation was found in
the case of protein binding. His6-eYFP binds efficiently to
PNTs only when the average distance between the trisNTA
sites is larger than the protein size. The lowest binding
stoichiometry was determined for interaction of His6-ColG
with PNTs, due to the protein size (11 nm) and its possible
dimerization. By controlling the amount of trisNTA on PNT
polymers, we have efficiently controlled the binding stoichi-
ometry, their affinity for selected his-tagged molecules, and
their interactions in real conditions mimicking those encoun-
tered in biology.
These novel polymers containing multi-trisNTA binding sites

with different average spaces between them open a wide field of
possible applications as scaffolds for multibinding of His-tagged
proteins, or combination therapy. By selecting an appropriate

Table 3. KD for the Binding between TrisNTA
Functionalized Polymers and His-Tagged Molecules

KD (μM)a

His6 His6-eYFP His6-ColG

PNT1-Cu2+ 0.30 ± 0.02 0.15 ± 0.02 0.35 ± 0.06
PNT2-Cu2+ 0.17 ± 0.01 0.26 ± 0.03 0.26 ± 0.03
PNT4-Cu2+ 0.13 ± 0.01 0.33 ± 0.06 0.20 ± 0.04
PNT7-Cu2+ 0.10 ± 0.01 0.07 ± 0.01 0.20 ± 0.04
TrisNTA-Cu2+ 0.39 ± 0.03

aKD values presented in this paper were determined by ITC
measurements.

Table 4. Enthalpy (ΔH°) and entropy (ΔS°) of interactions between PNTs (or trisNTA) and His-tagged molecules

ΔH° (kcal/mol)a ΔS° (cal/(mol/K))a

His6 His6-eYFP His6-ColG His6 His6-eYFP His6-ColG

TrisNTA-Cu2+ −20.7 ± 0.3 −40.1
PNT1-Cu2+ −19.4 ± 0.2 −3.6 ± 0.1 −31.7 ± 1.8 −35.3 19.3 −87.7
PNT2-Cu2+ −19.8 ± 0.2 −4.7 ± 0.1 −37.6 ± 1 −35.3 14.3 −89.5
PNT4-Cu2+ −23.0 ± 0.1 −6.0 ± 0.1 −42.9 ± 1.7 −45.5 9.5 −123.0
PNT7-Cu2+ −25.8 ± 0.2 −6.8 ± 0.1 −60.0 ± 5.0 −54.4 9.9 −177.0

aΔH° and ΔS° were determined by ITC measurements.
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PNT with a known average distance between the trisNTA sites
and His-tagged proteins with a specific size, it is possible to
predict the number of proteins bound per PNT chain, as well as
their binding affinity. In addition, PNTs can be used to
preorganize proteins to favor encapsulation of proteins inside
polymeric vesicles and cellular uptake.
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(70) Caueẗ, E.; Rooman, M.; Wintjens, R.; Liev́in, J.; Biot, C. J. Chem.
Theory Comput. 2005, 1, 472.
(71) Grasberger, B.; Minton, A. P.; DeLisi, C.; Metzger, H. Proc. Natl.
Acad. Sci. U.S.A. 1986, 83, 6258.
(72) Tidor, B.; Karplus, M. J. Mol. Biol. 1994, 238, 405.
(73) Hsu, S.-T. D.; Blaser, G.; Behrens, C.; Cabrita, L. D.; Dobson,
C. M.; Jackson, S. E. J. Biol. Chem. 2010, 285, 4859.
(74) Anderson, D. E.; Becktel, W. J.; Dahlquist, F. W. Biochemistry
1990, 29, 2403.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja503632w | J. Am. Chem. Soc. 2014, 136, 12607−1261412614


