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ABSTRACT

Copolymers of N-isopropylacrylamide (NJPAM) with styrene
derivative of iminodiacetic acid (st-IDA) and 1-vinylimidazole
(VI) were synthesized by radical copolymerization and metal
complexation characteristics of the copolymers were investigat-
ed. The theromoprecipitation property of the copolymers indicate
the application of Cu(Il) loaded copolymer of poly(VI/NIPAM)
as a potential carrier for the metal chelate affinity precipitation of
proteins. The studies carried out on the purification of protein
inhibitors from different cereals, suggest the specific interaction
of metal ions bound on the copolymer and the histidine residues
on the surface of the target protein. The recovered copolymers
could be reloaded with metal ions and can be reused number of
times with high efficiency.
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INTRODUCTION

The metal complexation behavior of polymeric ligands has attracted much
attention in areas of metal ion separation, catalysis and bioinorganic chemistry [1].
In recent years, much interest has been developed in utilizing metal-polymer com-
plexes for the affinity separation of protems e.g., immobilized metal affinity chro-
matography (IMAC) [2]. Another area which is growing constantly is the applica-
tion of stimuli-responsive polymers [3]. These polymiérs exhibit reversible phase
changes in response to changes in env1r0nmental factors such as temperature, pH
ionic strength, electric or magnetic fields [3 4] and such properties have found
their apphcat1ons rangmg from drug delivery to diagnostics, separations and robot-
ics. In temperature responsive polymers, poly(N -isopropylacrylamide) (poly-
NIPAM) is well-known as a therrnally-rever51ble water-soluble polymer. The aque-
ous solutions of the polymer exhibit a sharp phase transition at around 32°C (called
the lower critical solution temperatire, LCST, or cloud point). This transition
occurs because of the reversible shift from hydrophilic below this temperature to
hydrophobic above it [5, 6]. The application of this polymer in drug delivery
research is well recognized and has been extensively studied for use in drug deliv-
ery systems, where time-dependent pulses of drug release are achievable [7]. Our
goal has been to utilize the phase separation property of this polymer in the sepa-
ration of proteins by affinity precipitation.

In affinity precipitation, the bioconjugate is synthesized by coupling a
ligand to a phase separating water soluble polymer. The ligand-polymer conju-
gate selectively binds the target protein from the crude extract and the protein-
polymer complex is precipitated from the solution by a simple change in the
environment (pH, temperature, ionic strength or addition of some reagents).
Finally, the desired protein is dissociated from the polymer and the later can be
recovered and reused for another cycle. A variety of ligands like protease
inhibitors, antibodies, nucleotides, carbohydrates and triazine dyes have been
succesfully used in affinity precipitation [8]. However, the application of metal
ion affinity ligands have not been fully exploited in affinity precipitation, which
otherwise makes an attractive approach in the chromatographic mode [2]. Metal
chelate affinity precipitation makes it more feasible and cost effective when the
intended applications are for large scale process. Metal ligands, generally Cu(II)
or Ni(Il) are covalently coupled to the water soluble-insoluble polymers. The
metal ion specifically binds the target protein via the histidine residues on the
surface of the protein. The protein-polymer complex is precipitated and later the
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protein is dissociated from the polymer. The strategy of precipitation of the tar-
get protein and finally recovery of the protein from the metal polymer complex
is depicted in Figure 1. The metal affinity offers a number of important advan-
tages over other “biospecific” affinity techniques for protein purification, partic-
ularly with respect to ligand stability and protein loading. More important has
been the easy protein recovery by removing the metal ion via quenching the
chelating agent.

An ideal metal chelate affinity precipitation system must have a
reversibly precipitating polymer backbone with reactive groups for the chelating
ligand. Poly-NIPAM as such does not provide the reactive groups to be used
directly for coupling of affinity ligand. Thus, monomers containing reactive
groups are copolymerized with NIPAM. More recently, a new type of polymer,
namely copolymer of vinylimidazole (VI) and N-isopropylacrylamide,
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Figure 1. Scheme of metal chelate affinity precipitation of proteins.
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poly(VI/NIPAM), was introduced at this laboratory [9]. Several imidazole lig-
ands on a flexible polymer in solution can come close enough to interact with the
same metal ion and thus provide sufficient strength of polymer-metal interaction.
The metal ion later binds to the target protein via imidazole group in the histi-
dine residues [10]. This can provide an efficient system for the metal chelate
affinity precipitation of proteins.

Synthesis and Properties of NIPAM Copolymers

Copolymers of NIPAM with VI or styrene derivative of iminodiacetic
acid (st-IDA) were synthesized by radical polymerization [10, 11]. Polydentate
carboxy containing ligands like IDA or nitrilotriacetic acid (NTA) have been suc-
cessfully used for metal chelate mediated purification of proteins [2, 12]. Ligand
coordination of IDA or NTA to the metal ion is stronger and there are still coor-
dinating sites on the metal ion available for binding the target protein. When
IDA-styrene derivative, synthesized via reacting IDA with benzyl chloride, was
copolymerized with NIPAM, the copolymer had a drastically decreased efficien-
cy of precipitation with temperature compared to homopolymer. Charged moi-
eties render the poly-NIPAM macromolecule more hydrophilic and hinders the
aggregation and precipitation of the polymer. With increasing amount of IDA in
copolymer, the precipitation temperature or cloud point increased significantly.
Even with 1 M NacCl, which promotes hydrophobic interactions, the cloud point
of the copolymer with 3 mol% IDA was as high as 65°C (Figure 2). It was
observed that when the copolymer was loaded with metal ions, which neutralized
some of the charges, the copolymer can be precipitated at temperatures slightly
above those for poly-NIPAM when moderate salt concentrations were used (upto
0.5 M NaCl). In the presence of 1 M NaCl, the precipitation temperature
decreased slightly by increasing the amount of IDA in the copolymer (Figure 2).
This possibly indicates that higher IDA moieties will form more inter- and
intramolecular crosslinking with the metal ions which help in aggregation and
finally precipitation of the copolymer. Similar effect was also reported earlier for
VI and NIPAM copolymers [13]. The thermoprecipitation of such polymers
around 30-35°C allows their application only for purification of thermostable
proteins. Although, we have also observed that the copolymer could be precipi-
tated quantitatively around 15-20°C using 10% acetonitrile and 20 mM CaCl,
(unpublished data). Incorporation of solvent promotes aggregation of the poly-
mer. A similar effect was also reported earlier on a pH sensitive copolymer of
methyl methacrylate and methacrylic acid (Eudragit S-100) [14]. Still the appli-
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Figure 2. Plot of cloud point of 0.1% (w/v) copolymer solution of poly(st-
IDA/NIPAM) against content of iminodiacetic acid (IDA) in the copolymer. Poly
(st-IDA/NIPAM) at pH 6.0, precipitated with 2 M NaCl (®); Cu(II)-poly(st-
IDA/NIPAM), precipitated with (O) 0.2 M NacCl; (A) 0. 5 M NaCl and (O0) 1 M
NacCl at pH 6.0. Cloud point was taken as the temperature where 0.1% (w/v) copoly-
mer solution shows the half maximum absorbance at 470 nm.

cation of organic solvents may be a limiting factor. Another option is to use
three-component copolymers with the third component containing hydrophobic
side chains and hence decreasing LCST of the polymer.

The greater success was achieved when using imidazole ligand [9].
Copolymers of vinylimidazole (V1) with NIPAM, poly(VI/NIPAM), were syn-
thesized by radical polymerization in aqueous solution. Started with 5, 10, 17
and 33 mol% VI in the reaction mixture, 5, 10, 15.6 and 26.8 mol% of VI were
copolymerized with NIPAM respectively as calculated using "H-NMR spectra
[10, 11]. A clear separation of the peaks from imidazole protons and from N-iso-
poropyl amide protons was observed (Figure 3). In this copolymer also, the
incorporation of relatively hydrophilic imidazole moieties hindered the
hydrophobic interactions of the native poly-NIPAM and resulted in an increase
in the precipitation temperature (Figure 4). The effect was more evident at lower
pH values were imidazole moieties where protonated and hence render the poly-
mer more hydrophilic. Poly(VI/NIPAM) (15.6 mol% VI), for instance, did not
precipitate at all on heating up to 70°C at pH 4 and 6, whereas precipitation of
homopolymer, poly-NIPAM was independent of pH (Figure 4).
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Figure 3. 500 MHz 'H-NMR spectrum of poly(VI/NIPAM) (D,0, 25°C).
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Metal Complexation of Poly(VI/NIPAM) Copolymers

When loaded with metal ions e.g., Cu(II), Zn(II), Ni(II) or Co(II) the pre-
cipitation efficiency of the poly(VI/NIPAM) copolymers still decreased and even
at pH 8.0, the polymer could not achieve any significant precipitation by heating

“up to 70°C. This was because the metal ions induce more positive charges to the

copolymer and renders it more hydrophilic. It was shown earlier that different
metal ions did not show any major differences in this effect [13]. To achieve
complete precipitation of such copolymers, one should incorporate conditions
promoting hydrophobic interactions and reducing mutual repulsion caused by
similar charges. The increase in ionic strength and hence decrease in charge
repulsion by adding NaCl facilitated precipitation of the Cu(Il) bound
poly(VI/NIPAM) copolymer (Figure 5). Other metal bound copolymers also pre-
cipitated efficiently in the temperature range of 15-25°C.

Using a different spectroscopic technique, we studied the interaction of
Cu(II)-ion with poly(VI/NIPAM). Cu(Il) interaction with vinylimidazole result-
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Figure 4. Thermoprecipitation of poly-NIPAM and poly(VI/NIPAM) (15.6 mol%
VI) from aqueous solution at various pH values monitored as turbidity at 470 nm.

Polymer concentration 1.0 mg/ml.
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Figure 6. Difference spectra obtained when Cu(Il) was titrated with increasing
concentration of poly(VI/NIPAM) copolymer. Both the sample and reference
cuvettes contained 1 ml of 4 mM CuSo, solution in water (pH 6.0). Same volumes
of copolymer solution [1% poly(VI/NIPAM) in water, pH 6.0] and water were added
to the respective sample and reference cuvette. The final concentration of VI in the
sample cuvette was from 1.6 to 12.4 mM.

ed in complex formation with absorption maximum around 620-680 nm (Figure
6). The absorption maximum wavelength decreased with an increase in the com-
plex formation. The complex formation reached a saturated stage at higher poly-
mer amounts because of the higher imidazole concentrations and having Cu(ll)
concentration constant. The nature of Cu(Il)-polymer complex is changing with
a degree of saturation of polymer with Cu(Il). As the spectra does not show the
isobestic point of the complex formation, this method of determination of bind-
ing constant for vinylimidazole with Cu(Il) becomes difficult. Imidazole is a
monodentate ligand in Cu-complexes. Up to four imidazoles bind to one Cu(ll)-
ion, the log K (where K is association constant, M) for each imidazole ligand is
decreasing from log K, = 3.76 for binding the first imidazole ligand to log K, =
2.66 for binding the fourth imidazole ligand [15]. The binding of a single imida-
zole ligand to the Cu(Il)-ion in solution is much weaker compared to the binding
of tridentate IDA (log K= 11, [16]). On the other hand, when Cu(II)-ion forms a
complex with four imidazole ligands the combined binding constant log K = log
K, + logK, + log K; + log Ky = 12.6 - 12.7. The strength of this complex is close
to that of Cu(ll) - ion complex with poly(1-vinylimidazole) (poly - VI), log K =
10.64 - 14.21 [15, 17] and comparable with the binding of tridentate IDA ligand.
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Our studies showed that a number of metal ions bound by the polymer is coor-
dinated by about two to three imidazole groups in the copolymers according to
direct analytical measurements and NMR analysis [13]. Thus, the flexible
copolymer like poly(VI/NIPAM) can adopt in solution a conformation where
two to three imidazole ligands are close enough to form a complex with the
same metal-ion. With about two to three imidazole ligands bound to the metal ion
e.g., Cu(Il) one could expect binding strength of log K= 6.0-9.0 providing a sig-
nificant strength of interaction. It is clear that not all available coordination sites
of the metal ion are occupied by imidazole ligands of the polymer. The unoccu-
pied coordination sites of the metal ion could be used for complex formation
with the protein molecule via histidine residues on its surface.

The vinylimidazole copolymer showed a good binding capacity of metal
ions and was also quite fast. Cu(Il) and Ni(IT) binding to poly(VI/NIPAM)
increases initially during the first 45-60 minutes and then levels off towards the
equilibrium level (Figure 7). The kinetics of the metal ion adsorption will also
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Figure 7. Binding of Cu(ll) and Ni(IT) by Poly(VI/NIPAM) as a function of time.
The binding of metal ions to copolymer solution was carried out by adding excess
of metal salts (1 ml each of 0.2 M CuSo4 and 0.2 M NiSos, added separately to 4 ml
of 1% copolymer solution, pH 6.0) and incubated at room temperature (20°C) for
different time periods with shaking. The metal copolymer complexes were three
times precipitated and dissolved with 0.5 M NaCl to wash out unbound metal ions.
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depend on the vinylyimidazole content in the copolymer and adsorption pH.
Such studies have been extensively carried out by other workers with metal bind-
ing properties of poly(N-vinylimidazole) [18].

Application of Cu(Il) Loaded Poly(VI/NIPAM) in Protein Purification

The efficient precipitation of such copolymers using moderate concen-
tration of salt at mild temperatures makes them favorable for application in metal
chelate affinity precipitation of proteins. With Cu(II) loaded copolymer of VI and
NIPAM, we have been successful in developing metal chelate affinity precipita-
tion protocols for purifying some target proteins (Table 1).

A Kunitz type of soybean trypsin inhibitor was selectively precipitated
from crude extract of soybean meal which constitutes around 46% of the trypsin
inhibitory activity. The remaining activity was contributed by another class of
trypsin inhibitor [19], which remained unbound in the supernatant. The bound
inhibitor could be recovered with a yield of 92% in a significantly purified form
[9]. When the same trypsin inhibitor was precipitated using Cu(II) loaded
copolymer of VI with vinylcaprolactam, lower precipitation efficiency of the
inhibitor was observed. This was primarily because of the incomplete precipita-
tion of the vinylcaprolactam copolymer [9].

Similarly, we have been able to purify a single family of o-amylase
inhibitors from wheat meal and also could separate two o-amylase inhibitors (I-
1 and 1-2) from seeds of ragi (Indian finger millet, Eleusine coracana). Cu(Il)-

TABLE 1. Purification of Proteins by Metal Chelate
Affinity Precipitation Using Cu(ll) Loaded Thermosen-
sitive Copolymer of Poly(VI/NIPAM) [13]

Target protein purification yield factor (%)
Kunitz trypsin inhibitor 3 92
from soybean
o-Amylase inhibitor 4 89
from wheat meal
o-Amylase/trypsin inhibitor 13 84
from ragi seeds
o-Amylase inhibitor 4 85

from ragi seeds
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poly(VI/NIPAM) precipitated around 91% of o-amylase inhibitor activity from
wheat meal and the protein inhibitor was recovered from the polymer with 89%
yield and about 4-fold purification. In another case, a bifunctional inhibitor (I-1)
of oi-amylase and trypsin containg His and Trp residues on the surface of the pro-
tein, could be selectively precipitated by Cu(Il)-poly(VI/NIPAM) from ragi
extract [20]. These residues offer relevant groups for metal binding and thus
could bind well to the Cu(II) chelated copolymer. The inhibitor was purified 13-
fold with a yield of 84%. On the other hand, o-amylase inhibitor 1-2, which is
devoid of any such groups, remained unprecipitated in the supernatant. This sin-
gle step separation method offers significant advantages over the multichro-
matographic purification protocol traditionally used for the purification of these
two proteins [21]. The binding of the protein to the metal chelated copolymer
was shown to be strongly pH dependent. Optimum binding could occur in the
pH range of 6.0-7.0. It is known that in this pH range, imidazole groups in histi-
dine residues remain fully unprotonated and thus coordinate well with the metal
ion [22, 23].

The significant advantage using such polymer systems in affinity precip-
itation has been that the recovered polymer could be reused a number of times
without impairing the efficiency of the polymer. The Cu(Il)-poly(VI/NIPAM)
recovered after first use of affinity precipitation of the a-amylase inhibitor still
precipitated the protein with about 50% efficiency upto three cycles of reuse. The
repeated use of the polymer did not affect the recovery of the protein from the
polymer [10]. Marginal decreases in the precipitation efficiency after each reuse
cycle were explained by the fact that some metal ions were stripped off of the
polymer during the elution step of each recycle. However, recharging the polymer
with Cu(Il) after every reuse, led to higher precipitation efficiency (Figure 8).

CONCLUSION

Metal chelate interactions constitute a potentially very attractive mode of
operation when designing protein purification protocols. The interaction is less
sensitive to nonspecific interactions than conventionally used affinity interac-
tions. This fact is especially important when dealing with affinity precipitation,
since there it is more tedious to deal with co-precipitated irrelevent proteins as
compared to chromatographic procedures.

The flexibility of the poly(VI/NIPAM) soluble-insoluble copolymer
facilitates the formation of multipoint interactions, thereby improving the sepa-
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Figure 8. Recycling of the polymer after reloading with the same amount of
Cu(Il) lost in each recycle use. (£) Cu(Il) concentration on the polymer initially and
after each recycle; (II) Cu(Il) concentration after reloading Cu(II) in each cycle and
(M) precipitation of o-amylase inhibitor.

ration power of the system based on ligands with weak binding in monomeric

form.
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