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Abstract
We report here on a new amphiphilic homopolymer that binds noncovalently to proteins. This
polymer not only binds to the target protein chymotrypsin with sub-micromolar affinity, but also
stabilizes the native structure of the protein. Since the polymer-protein binding process is based on
electrostatic interaction, the bound protein can be released from the polymer surface and reactivated
either by increasing the ionic strength or by adding complementary cationic surfactants. The
electrostatic binding of polymer to the protein results in a marked change in the substrate specificity
of chymotrypsin.

Introduction
Designer molecules as modifiers of protein function are of enormous interest, because of their
implications in protein-protein interactions,1 protein-nucleic acid interactions,2 and
development of new enzyme inhibitors.3 Most of these molecules are designed to recognize
the active sites of proteins, which are generally buried in their concave interior. An alternate
approach to control of protein function involves the design of synthetic receptors that are
complementary to the large exterior surface of proteins.4,5 Development of molecules to
recognize the solvent-exposed surface of proteins is a challenging prospect, and hence
relatively underexplored. While recognition of a binding site within a concave interior with a
ligand that presents its complementary functionalities on a convex surface is easily imaginable,
presenting complementary functionalities for the exterior of a large surface area of proteins
(>600 Å2) is non-trivial.6 However, molecular5 and nanoparticle7 systems have been
engineered recently to efficiently bind to protein surfaces.

The commensurate size and the ability of polymers to adapt their conformations to protein
surfaces render them attractive candidates for protein surface binding. Such modification can
be achieved covalently or non-covalently. Covalent modification of a protein with a polymer
offers the possibility of irreversibly modifying its biological activity.8 On the other hand, non-
covalent interactions of synthetic macromolecules with proteins offer the possibility of
reversible binding and modulation of its function. Such properties are useful in applications
such as delivery of proteins to a target site using a vehicle. Charged polymer assemblies are
particularly attractive scaffolds for binding to the external surfaces of proteins,9 since most
non-membrane ones have charged external surfaces. Macromolecular scaffolds have several
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favorable structural attributes for binding protein surfaces;10 multiple contacts between the
polymer and the protein surfaces can provide a significant enhancement in binding efficiency.
Also, the size and flexibility of polymers render them capable of affording a large surface area
contact with the target proteins, a highly desirable feature in recognizing the external surfaces
of proteins. In recent studies, we have demonstrated effective protein surface binding using
monolayer protected gold nanoparticles.7 We hypothesized that polymers should feature
differences compared to the relatively rigid surfaces of metal nanoparticles that could prove
advantageous. For example, the inherent flexibility of polymer chains offers the possibility of
adapting the polymer to the surface of the protein in contrast to nanoparticles, where the more
rigid surface of the particle may favor denaturation of the protein.

For our studies, we use our recently described amphiphilic homopolymer system that is capable
of forming a solvent-dependent micellar assembly (Chart 1).11 In our previous studies, we
have demonstrated that the hydrophilic carboxylate groups of the amphiphilic polymer are
buried in the interior of an inverted micelle-type assembly in apolar organic solvents, whereas
they are presented on the exterior of a micelle-type assembly in the aqueous solution with an
average diameter of ~40 nm (Chart 1b). This amphiphilic polymeric assembly presents a high
density of negative charge at its surface. We envisaged the possibility of utilizing this anionic
polymer surface to recognize a protein with a positively charged surface (Chart 1c). With a pI
of 8.8, α-chymotrypsin (ChT) is a suitable protein for this study. Also, the cationic patch of
ChT surrounding the active site4c of the protein provides a useful handle on studying the
protein-polymer complex through inhibition assays. With the study of the binding interaction
between the above-mentioned amphiphilic homopolymer and ChT, we demonstrate in this
paper that : (i) the protein-polymer assemblies are formed based on electrostatic interactions.
(ii) The binding of polymer to ChT results in the modification of enzymatic action, while
maintaining the structural integrity of the protein. (iii) The binding process is reversible by
demonstrating the release of the protein from polymer surface by increasing ionic strength of
the medium or by adding complementary charged surfactant. (iv) The binding of polymer to
the protein alters the substrate selectivity of the enzyme.

Results and Discussion
Polymer-protein binding

The affinity of polymer 1 for ChT was probed qualitatively through non-denaturing gel
electrophoresis (Figure 1). In the positive control, the protein (ChT, 100 µM) completely
migrated towards cathode and there was no ChT left in the 1st well (lane 1, Figure 1). At a ratio
of 1:20 polymer 1:ChT, two bands were observed, one near the cathode and another in the
middle corresponding to the unbound and bound ChT respectively (lane 2, Figure 1). When
the concentration of polymer 1 was increased from 5 µM to 10 µM (1:10 ratio), a significant
amount of ChT molecules appear to be bound to polymer 1 since the intensity of the bands
moving towards the cathode or the anode is small (lane 3, Figure 1). When the ratio of polymer
to ChT was increased to 1:5 (lane 4, Figure 1) two bands were observed, one in the middle and
another moving towards anode indicating a mixture of neutral protein-polymer complex and
the partially bound negatively charged polymer. At the ratios of 1:2.5 and 1:2 of polymer
1:ChT (lane 5 & 6, Figure 1), the only observed band had completely moved towards anode.
This result indicates that the complexation between ChT and polymer 1 resulted in the
formation of negatively charged particles. Since the polymer to ChT ratio is higher than the
minimal amount of the polymer needed to bind all the protein, there is significant amount of
unmasked carboxylate groups in the complex. This presumably affords an overall negatively
charged polymer-protein complex. There was no observable band for negative control
(polymer 1, 50 µM ) in lane 7, which is attributed to the inability of polymer 1 to absorb the
staining agent.
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Since maximal intensity is in the neutral region compared to anodic or cathodic side of the gel
in lane 3 of Figure 1, the binding ratio of polymer 1:protein could be taken to be close to 1:10.
This ratio represents the relative number of protein molecules per polymer chain. Several
polymer chains come together to form the 40 nm particle. Therefore, the number of protein
molecules per particle is much higher than 10. It is to be noted however that the key assumption
in the estimation of this binding ratio is that the interaction between the polymer and the protein
is primarily based on electrostatics. Experimental results presented below suggest that
electrostatic complementarity plays a major role in the polymer-protein interaction. However,
the possibility of other interactions could not be ruled out at this time.

Inhibition of ChT activity by polymer 1
Given the anionic surface of polymer 1, we anticipated binding and a concomitant inhibition
of the enzyme through electrostatic interactions with the positively charged patches of ChT
surrounding the active site. Inhibition in this system was determined by monitoring the
hydrolysis of a chromogenic substrate, N-succinyl-L-phenylalanine-p-nitroanilide (SPNA), as
shown in Figure 2. The rate of enzymatic hydrolysis reaction was determined by adding a
SPNA stock solution to a pre-incubated ChT-polymer 1 solution. Control experiments were
carried out under identical conditions without the addition of polymer 1. The studies were
carried out with different concentrations of polymer 1 ranging from 10−6 to 10−8 M, while
maintaining the concentration of ChT (3.2 µM) constant. No inhibition of ChT was observed
with 10−8 M concentration of polymer 1. However, when the concentration of polymer 1
increased from 10−8 to 10−7 M, the activity of ChT decreased to 80%. Further increase in the
concentration of polymer 1 (8×10−7 M) resulted in decrease of ChT activity to 13%. The
binding constant and ratio of the polymer 1:ChT were obtained by plotting the activity of ChT
against polymer concentrations12a (Figure 2). The dissociation constant was determined to be
7× 10−7 M with the binding ratio of 1:10 polymer to ChT.12b The binding ratio estimated here
is consistent with the results obtained from the gel electrophoresis study above.

Structural Analysis of ChT using Fluorescence and Circular Dichroism
Fluorescence13 and circular dichroism14 (CD) were used to monitor conformational changes
in ChT upon binding to polymer 1. ChT presents eight Trp residues distributed on the surface
as well as in the core region of protein.15 The red shift of fluorescence maximum (~ 20 nm)
from the tryptophan residues of ChT is considered to be an indication of the loss of native
structure in ChT, due to exposure to more polar environment.13 Polymer 1 (0.8 µM) was
incubated with ChT (3.2 µM) and fluorescence spectra were recorded at various time points.
The emission maximum of tryptophan changed very little over a 24 hours time period.
However, the fluorescence intensity decreased slightly with increased incubation time of ChT
with polymer 1 (Figure 3). Such decrease in fluorescence intensity has been attributed to a
conformational change of ChT, which could be the result of an internal quenching of tryptophan
fluorescence by other residues such as arginine.15 Nonetheless, the change in conformation
does not denature the native structure of ChT, which is evident from the time dependent release
studies of ChT from polymer surface using ionic strength (vide infra).

Secondary structure of ChT was also probed through circular dichroism. CD spectrum of native
ChT shows two characteristic peaks at 232 and 204 nm. Denaturation of ChT results in the loss
of peak at 232 nm and a blue shift is observed for the peak at 204 nm,16 as could be seen from
the CD spectra of thermally denatured ChT (Figure 4). When polymer 1 (0.8 µM) was incubated
with ChT (3.2 µM), the peak at 232 nm surprisingly intensified with respect to wild type ChT
and there was no blue shift observed for peak at 204 nm (Figure 4). The spectrum pattern did
not change appreciably for a time period of 24 hours. These observations are consistent with
fluorescence data suggesting that structural integrity of ChT is maintained after binding to
polymer 1.
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It has been previously observed that the prolonged incubation of ChT with gold nanoparticles
functionalized with mercaptoundecanoic acid resulted in partial denaturation of ChT.7d
However, the structure retention of ChT has been achieved when the functional group of gold
nanoparticle was changed from mercaptoundecanoic acid to oligoethylene glycol spacer
terminated with acid group.7c The fact that ChT retains its native structure in the latter case
was taken to suggest that hydrophobic interaction between the ChT and monolayer of the
nanoparticle is the main driving force for the denaturation of native structure of ChT. However
in the case of polymer-protein interaction presented here, the native structure of ChT is retained
over an extended period of time, although the hydrophobic polymer backbone and the benzyl
substituent are intimately associated with the anionic carboxylate moiety. We attribute this to
the flexibility of polymer 1 that likely adapts to the ChT surface rather than forcing the protein
to adapt to the anionic nanoparticle surface.

Rescuing the Activity of Inhibited ChT
Using a synthetic scaffold to deliver a protein to target site is an important research goal. The
scaffolds used for this purpose should exhibit three fundamental properties: (i) it should have
the ability to bind strongly with the target protein. (ii) It should not denature the native structure
of protein. (iii) The interaction between scaffold and the protein should be reversible.

We have already demonstrated that our polymer 1 binds to ChT with a 10−7 M affinity and
that the binding process does not denature the protein. The fact that the polymer binds to protein
non-covalently also presents the possibility of reversibility in the interaction. Since the gel
electrophoresis results suggest that the binding is based on electrostatic interactions and since
fluorescence and CD studies show that the protein is not denatured, it should be possible to
release the bound ChT from the polymer surface by increasing ionic strength of the medium
and thus rescue its enzymatic activity. Using ionic strength difference as the mode of protein
release is biologically relevant, since significantly different ionic strengths are present in the
biological system. For example, ionic strength of red blood cells (RBC’s) is 200–250 mM,
17 while that of plasma is 150 mM18 and that of bile is 3–15 mM. 19

To test the possibility of ionic strength based release, 3.2 µM ChT was added to 0.8 µM of
polymer 1 in the presence of seven different salt concentrations ranging from 10 mM to 300
mM NaCl. The activity of ChT was monitored with respect to the hydrolysis of chromogenic
substrate SPNA at different time points. The addition of NaCl increased the activity of native
ChT as it was observed previously.7d To account for this enhanced activity, control
experiments were carried out with ChT and NaCl at the same concentration to allow the
normalization of the data. There was a little increase in the activity of ChT between 10 to 100
mM NaCl (5% of the control activity), which suggests that this ionic strength is not strong
enough to break the electrostatic attraction between ChT and polymer 1. However, activity
increases sharply between 200 to 250 mM NaCl (80%) and attains saturation (~ 85%) at 300
mM NaCl concentration (Figure 5). The increase in the activity of ChT upon increase in the
ionic strength of the medium suggests that binding of ChT to the polymer 1 is reversible. This
provides an additional evidence to suggest that electrostatics is a major driving force in this
polymer-protein interaction.7e–g

With the previously reported mercaptoundecanoic acid-based monolayer protected gold
nanoparticles, it has been observed that addition of 1.5 M NaCl to the preincubated ChT
solution does not recover the full activity of ChT. This result is attributed to partial denaturation
of proteins upon prolonged incubation with monolayer protected gold nanoparticle.7d But in
the case of polymer 1, the interaction does not denature the native structure of ChT over long
periods (24 hrs), which is apparent from fluorescence and CD studies. If the above observations
are true, then the rescue of the enzymatic activity with increase in ionic strength should not
depend on the incubation time of ChT with polymer 1. To test this hypothesis, ChT (3.2 µM)
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was preincubated with polymer 1 (0.8 µM) for 22 hours followed by the addition of increasing
amount of NaCl. The gain in activity of ChT with increase in concentration of NaCl followed
the same trend as the previous experiments (Figure 5). The fact that we rescue the ChT activity
at all incubation times also suggests that the protein is not denatured even over the 24 hours
period.

One could question whether it is reasonable to relate binding with activity. The results above
could be explained simply in terms of the effect of ionic strength on the activity of the polymer-
protein complex. In order to investigate this possibility, we performed fluorescence anisotropy
experiments at different salt concentrations. The fluorescence anisotropy factor (r) for free ChT
was 0.082. This value increased to 0.092 upon binding to the polymer, which is attributed to
the decreased rotational mobility of the protein upon complexation with the polymer. The
anisotropy decreased upon increasing the ionic strength and attained a value of 0.081 at 800
mM concentration of NaCl, which corresponds to the ‘r’ value of the free ChT. Thus, the
fluorescence anisotropy experiments provide the supporting evidence for the release of the
protein from the polymer upon increasing the ionic strength of the solution.

Another possible means for rescuing the ChT activity is to decomplex the protein from the
polymer by adding a competitive binder for the anionic polymer. Thus, we added a cationic
surfactant 2 and monitored the recovery of the enzymatic activity with respect to the hydrolysis
of SPNA. A 3.2 µM ChT was incubated with 0.8 µM polymer 1 for 3 hours and then surfactant
2 was added in different concentrations. The activity of ChT was assayed using the rate of
hydrolysis of SPNA. The activity of ChT was restored up to 80% upon increase in the
concentration of surfactant from 80 µM to 400 µM (Figure 6). The increase in the ChT activity
is attributed to charge attenuation of the polymer surface by cationic surfactant 2 leading to
subsequent release of ChT from the polymer surface. The interaction between the surfactant
2 and the anionic polymer is not only enhanced by electrostatics, but presumably also by the
interaction of long alkyl chain of the surfactant 2 with the hydrophobic benzyl moiety of the
polymer micelle formed by 1.

Modulation of substrate selectivity
Since the interaction between the polymer 1 and the protein is based on electrostatics, we
postulated that the negative charge of SPNA could influence the inhibition efficiency. To test
this possibility, we investigated the activity of the ChT-polymer complex towards anionic,
neutral and cationic substrates 3–5 (Figure 7).20 Note that the size and structure of the
substrates of 3–5 (Figure 7) are similar except for the carboxylate, hydroxyl or amino
functionality. Comparison of these substrates should provide information on the effect of
charge within the substrate upon the activity of the polymer-enzyme complex. The polymer
1 (0.8 µM) was incubated with ChT (3.2 µM) for 1 hour and the assay studies were carried out
with the three substrates [3–5]. The activity of ChT against the substrate 3 was negligible 4%,
while the activity was reduced to only 50% for the neutral substrate 4. To our surprise, the
polymer-enzyme complex exhibited a hyperactivity of 176%, compared to the control with the
positively charged substrate 5. The decrease in activity against neutral substrate defines the
contribution of the sterics offered by polymer 1 in accessing the active site of ChT. Therefore,
the enhanced inhibition of activity against anionic substrate is attributed to the combination of
steric effect and electrostatic repulsion. On the other hand, the hyperactivity of ChT with the
cationic substrate 5 suggests that electrostatic attraction between substrate and polymer-protein
complex dominates the steric hindrance offered by polymer 1.

The observed difference in reactivity between negative and neutral substrates towards “protein-
polymer” complex is similar to the previous results obtained with the monolayer protected gold
nanoparticle complexed to ChT.20 However with the positively charged substrate, the protein-
polymer complex exhibited hyperactivity, while the activity of gold nanoparticle with this
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substrate was equivalent to the unbound ChT. This could be because in the case of gold
nanoparticle, the favorable attraction is just cancelled by unfavorable steric hindrance offered
by the gold nanoparticle. But in the case of polymer 1, electrostatic attraction between ChT-
polymer 1 and the positive substrate 5 dominates the steric hindrance offered by the complex
and therefore results in the hyperactivity of ChT.

Note that the above experiments were carried out with a 4:1 polymer 1:ChT ratio, whereas the
average number of ChT that can be bound to the polymer is about 10. Therefore, it is possible
that the unmasked negative charges in the polymer chains in the 4:1 complex play a role in the
observed selectivity. To investigate this possibility, we analyzed the enzymatic activity of a
ChT:polymer 1 complex at a 10:1 ratio ( 3.2 µM ChT : 0.32 µM polymer 1 towards the
substrates 3–5). The activity obtained from this complex was similar to the 4:1 complex,
suggesting that the unmasked negative charges of the polymer is unlikely to be the reason for
the observed substrate selectivity.

Summary
We have used an amphiphilic homopolymer as a scaffold to control the function of
chymotrypsin. This was achieved through a non-covalent, electrostatic binding interaction
between the polymer and the protein. The binding significantly alters the enzymatic efficiency
of the protein, which is attributed to the fact that the patch with the appropriate charge
complementarity is present near the active site of the protein. The inhibition of ChT activity
by polymer 1 is effective and is found to be time independent. The polymer 1 complexes with
ChT with sub-micromolar binding efficiency. Fluorescence and CD results show that the native
structure of ChT is retained upon complexation. Also, the electrostatic interaction between the
polymer and the protein was used to rescue the enzymatic efficiency by increasing the ionic
strength or by releasing the enzyme through addition of a competitive cationic binder for the
anionic polymer. We have demonstrated that electrostatic basis for the polymer-protein binding
interaction can be utilized to bring about a substrate selectivity to the enzyme that is otherwise
not available. The fact that the positively charged substrate exhibits hyperactivity suggests that
the negative charges on the polymer backbone play a key role in the observed selectivity. It is
possible that the negatively charged polymer binds to the positively charged substrate thereby
concentrating them close to the active site.

The reversible nature of the binding between the polymer and the protein with structure
retention offers new prospects for protein stabilization and delivery. We have demonstrated in
this paper that the interaction could be used to control protein-substrate interactions. We
recognize however that for a biological application beyond the test tube, electrostatic
interaction alone is insufficient to afford selective binding. Mutlivalency and amphiphilic
nature of these polymers afford handles for incorporating additional recognition units. The
results presented here represent a promising first step towards the possibility of utilizing
polymers to control protein-ligand or protein-protein interactions, which is a topic of current
investigation in our laboratories.

Experimental Section
Materials

α-Chymotrypsin from bovine pancreas (E.C. 3.4.21.1), SPNA and all other chemicals were
purchased from commercial sources and used as received unless mentioned otherwise.
Synthesis of polymer 1 was achieved using reported procedure.11

Enzymatic activity assays were preformed using a microplate reader. All experiments were
performed in 5 mM sodium phosphate buffer at pH = 7.4 with [ChT] = 3.2 µM, [polymer] =
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0.8, 0.4, 0.3, 0.2, 0.1, 0.08 and 0.04 µM unless otherwise specified. The enzymatic hydrolysis
reaction was initiated by adding a substrate (SPNA, 3–5) stock solution (16 µL) in DMSO:
EtOH (1:9) to a preincubated ChT-polymer 1 solution (184 µL) to reach a final substrate
concentration of 2 mM. Hydrolysis of substrates was monitored for 10–30 min at 405 nm. The
assays were performed in triplicates, and the averages are reported. The standard deviation was
usually less than 10%. The activity of native chymotrypsin (control) was taken to be 100%.
From this value, the relative activity of polymer bound ChT was calculated.

For fluorescence experiments, ChT was excited at 295 nm, and the emission was recorded from
300 to 450 nm on a spectrofluorimeter, using 10 mm quartz cuvette. ChT (3.2 µM) was
incubated with polymer 1 (0.8 µM) in 5 mM sodium phosphate buffer (pH 7.4) and
measurements were taken at different time points. CD experiments were performed using a
quartz cuvette with a 1 mm path length. Three scans were taken for each sample from 190 to
250 nm at a rate of 20 nm/min. All experiments were performed at a constant temperature of
20 °C with a 5 min equilibration before the scans. All fluorescence and CD experiments were
performed under identical conditions as activity assays (5 mM sodium phosphate buffer, pH
7.4; [ChT] = 3.2 µM; [polymer] = 0.8 µM).

For gel electrophoresis, agarose gels were prepared in 5 mM sodium phosphate buffer at 1%
final agarose concentration. Sodium phosphate buffer (pH 7.4) was used as the electrophoresis
buffer. Appropriately sized wells (40 µL) were formed by placing a comb in the center of the
gel. A ChT stock solution of 200 µM in 5 mM sodium phosphate buffer (pH 7.4) was used to
prepare 30 µL samples at the appropriate ChT-polymer 1 ratios. After a 60-minute incubation
period at room temperature, 3 µL of 80% glycerol was added to ensure proper loading in the
well (30 µL) and a constant voltage (100 V) was applied for 70 min for sufficient separation.
Gels were placed in staining solution (0.5% coomassie blue, 40% methanol, 10% acetic acid
aqueous solution) for 1 hour, followed by extensive destaining (40% methanol, 10% acetic
acid aqueous solution) until protein bands were clear. Gels were scanned on a flatbed scanner
after staining to visualize the bands.
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Figure 1.
Non-denaturing gel electrophoresis of ChT and polymer 1 (polymer:ChT). Concentration of
polymer 1 varied from 5 µM to 50 µM, while concentration of ChT was held constant (100
µM).
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Figure 2.
Concentration dependent assay studies of ChT (3.2 µM) with 1 against substrate SPNA. Assay
studies were carried out with seven different concentrations of 1 from 0.8 µM to 0.04 µM. The
percentage activity of ChT is plotted against the number of equivalents of 1.
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Figure 3.
Tryptophan fluorescence of ChT (3.2 µM) with polymer 1 (0.8 µM) at different time points.
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Figure 4.
CD spectra of ChT (3.2 µM) with polymer 1 (0.8 µM) at different time points.
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Figure 5.
Effect of ionic strength: activity of ChT (3.2µM) incubated for 22 hours with the polymer 1
(0.8 µM) in the presence of varying NaCl concentration (diamonds); ChT activity after pre-
incubation with polymer 1 for 22 hours followed by addition of NaCl (circles). Data were
normalized to account for enhanced activity of ChT due to salt effect.
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Figure 6.
ChT (3.2 µM) activity after pre-incubation with polymer 1 (0.8 µM) for 3 hours followed by
addition of cationic surfactant 2.
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Figure 7.
Normalized activity of ChT (3.2 µM) with polymer 1 (0.8 µM) against three different substrates
3–5.
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Chart 1.
a) Chemical structure of polymer 1 (DP- Degree of polymerization, PDI – Polydispersity
index ); b) Formation of micellar structure of polymer 1 in aqueous media; c) Schematic
representation of protein-polymer interaction (only a small number of ChT molecules is shown
on the surface of the polymer particle for picture clarity).
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