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Stabilization of surface-immobilized enzymes using grafted polymers
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We introduce a two-dimensional lattice model of immobilization and stabilization of proteinlike polymers
using grafted polymers. The protein is designed to have a specific bulk conformation reproducing a catalytic
cleft of natural enzymes. Our model predicts a first order denaturing adsorption transition of free proteins. On
the other hand, for an immobilized protein we observe a more gradual disappearance of the hydrophobic
centers accompanied by adsorption. We show that, using hydrophilic grafted polymers of proper length and
grafting density, the conformation as well as the hydrophobic centers of the protein can be restored.
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The rapid development of biomedical engineering ands imposed by the model. More complex models of protein-
biotechnology demands development of sophisticated bioadike polymers having random or designed sequences have
tive modules with large contact areas and management @faptured the unique freezing and adsorption behavior of pro-
physiological conditions with a high degree of liability. A teins [e.g., [18-21]. We use lattice mean-field theory to
relatively well established approach that improves the biomodel a proteinlike heteropolymer having a unique bulk con-
compatibility of an artificial surface is grafting polymers formation. Near an adsorbing surface, the protein undergoes
such as polyethylene glycdPEGQ [1-5]. Localization of  a sharp adsorption transition to a flat conformation. An an-
enzymes on or in the vicinity of the surface can impart bio-chored protein, on the other hand, may be found in a partly
functionality and significantly enhance bioseparation pro-denatured state near the surface. The designed conformation
cesseq2,6—§. However, although enzymes confined to thecan be restored using grafted hydrophilic polymers in the
surface have been found to be more stable than bulk enicinity of the immobilized proteir{20,21].
zymes, their catalytic activity is often drastically affected by  We specify a rigid protein structure by defining a compact
nonspecific biological and immunological reactiof®d. In  copolymer made up of hydrophobic and hydrophilic groups
addition, adsorption of the enzyme on the supporting matrixhat form a hydrophobic core and active sites through strong
can lead to conformational changes resulting in partial ointeractions between the hydrophobic segmeatg., disul-
complete inactivation of catalytic centeik0,11]. The enzy-  fide bonds. In addition, two active regions are defined at a
matic properties may further deteriorate due to nanoenvironcertain distance from the center of mass of the hydrophobic
mental changes such as partitioning of solvents in the immecore, thus leading to a unique two-dimensional conformation
diate vicinity of the surface, accumulation of products ofin the bulk, reproducing, e.g., the catalytic cleft of natural
catalytic activity, presence of charged species, and presenegizymeg6,8]. In principle, we can model spherical proteins,
of other adsorbed macromoleculg10,13. elongated proteins, or other shapes in the native state.

Various stabilization strategies aimed at improving the ac- We extend the model developed by Scheutjetsal.
tivity of the immobilized enzyme are being studied, includ-[22,23 to two dimensions and include interactions with a
ing multipoint binding [7,10], mutagenesi[9,10,13, and  free or anchored protein. The segment density distributions
grafted polymers on the surface of the enzyi2d.2. These for the grafted polymers, solvent, and proteins are obtained
methods involve direct modification of the protein and are infrom the Boltzmann weighting facto®;(x,z) of excluded

general accompanied by partial deactivation even prior tolume particles, where is the coordinate parallel to the
contact with the destabilizing environment. Using a meansyrface and is the distance from the surface,

field model, we study an alternative approach where grafted
polymers on the surfacenly in the vicinityof the immobi- Gj(x,2) = exd - uj(x,2)/KT], 1)

lized enzyme are used in order to stabilize it by screening, h includes both i 4 entrobi ib
e.g., the surface-protein or solvent-protein interactions. Wwhereu;(x,2) includes both energetic and entropic contribu-

Several theoretical models on the interaction of proteindionS and is in general a function of the average monomer

with surfaces and grafted polymers can be found in the litd€nSity(¢(x,2)), averaged over the nearest neighbor mono-

erature. However, these models in general look at nonspélers only. The surface-protein interactions are modeled as
cific interactions of rigid object§13-16. Szleifer[17] de- exponential decay while the entropic contribution is calcu-
veloped a somewhat more sophisticated mean-field theofted from the number of ways that the polymers can be
that includes a transition from the globular bulk protein con-&ranged on the lattice under the given constrei2g.
formation to the adsorbed flat configuration, which, however, 1he monomer density is obtained from

#(z,9) = CiGj(x,z,sx',Z',1)Gj(x,gN)/Gj(x,2), (2)

*Corresponding author. where the indey refers to the different specigse., protein
Electronic address: simchas@tx.tehcnion.ac.il (1), polymer(2), or solvent(3)]. C; is a normalization con-
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FIG. 1. Density profiles of a dimeric protein as a function of
x-z location in simulation boxlength in dimensionless unjts(a)
bulk and (b) adsorbed conformationy,3=+0.5, x»s=+2.0(s
=surface.

stant.G;(x,z,sx’,Z', 1) is the probability that segmeanis at
position(x,z) given that the first segment of the chjro-
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tein or polymey is at position(x’,z’). For the grafted poly- v Nvadtll K 15
mers, z =0 and thusG,(x,0,1x’,z’',1)=1, while for the 0.054 ‘&ii’n’.’.’.’.’.’.’l“

protein bothx’ andz’ are fixed if it is covalently attached to A s 5
the surface ax;, using a rigid space of length,. We chose 0-

to fix the first monomers of the dimer and therefore x

Gl(XfiX vzfiX y 1|X, ,Z’ , l): 1. GJ(X,Z,S| N) is the pI’Obablllty
that segmens is at position(x, z) given that the last segment
of the chain is anywhere on the lattice. Clearly,
Gj(x,z,N|N)=1 for both protein and grafted polymers. In
each iteration the positions of the active centers of the pro
tein are relocated according to the position of the hydropho
bic core (maximum density. The segment densities of the
grafted polymers, the protein, and the solvent are obtained
self-consistently by solving Eqel) and (2) with these from the surface designed as two copolymers each one con-
boundary conditions. The presented results were obtained faisting of 27 segments of which 21 are hydrophobic is
lattice widthW=98, lattice heightH=100, and grafted poly- shown. When the protein is located at a critical distance from
mer lengthN,=20. the surface, it undergoes a sharp adsorption transition into a
In Fig. 1(a) the density profile of a dimeric protein far flat (denatureyl conformation[Fig. 1(b)].

FIG. 2. Density profiles of an immobilized protein as a function
of x-z location in simulation boxlength in dimensionless unjts
Zix =12, (a) adsorption begingp) 11; and(c) 10, peaks designating
active sites have essentially disappeared.
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FIG. 4. Excess free energy as a function of dimensionless dis-

tance of the center of the protein from the surface for a free protein
(triangleg, an immobilized protein(squarey and an immobilized
protein stabilized by hydrophilic grafted polymefsircles for N
g :20, 0'=0.1, and)(12=i0.2.
.§
‘g monomers in our model. We find that a rather narrow range
5 of these parameters results in a stabilized protein. While non-
° interacting long chains and high grafting densities lead to
adsorption, short chains and low grafting densities do not
provide sufficient screening. However, when hydrophilic
protein-polymer interactions are present that are on the same
order of magnitude as the interactions between the segments
®) of the protein, the activity and conformational stability of the
protein are nearly fully restored at substantially lower graft-
ing densities.
FIG. 3. Density profiles of the protein immobilized =9, We define the excess Helmholtz free energy as
stabilized by hydrophilic grafted polymers as a functionxef lo-
cation in simulation boxlength in dimensionless unjtga) Nonin- A*/KT=(A-A%/KT
teracting polymers (x;1,=0); (b) hydrophilic polymers m
(x12=%0.2).These results are fdi; =20 ando=0.1. - E 2 2 W(h(2,%))
A protein that is covalently attached to the surface also z x 1=l
adsorbs at a critical spacer length. However, in this case, In C:N: m
adsorption and “denaturation” is more gradual since the co- X ——— +InGi(z,x) + >, Xij{®i(z.x) (,
valently bound segments are physically kept away from the N; j=i+l
surface. In Fig. 2 it is seen that adsorption beging;at (3)

=13, where the density of the hydrophobic peaks, presum-
ably, begin to shift onto the surface; a =12, the hydro- where A is the free energy of the protein in a hydrophilic
phobic peaks have substantially diminished, and significangsolvent,W is the width of the simulation box, ang; is the
adsorption of the protein can be seen; denaturation is conf=lory y interaction between speciésindj. The third sum-
pleted atz;, =10, at which the hydrophobic sites have com-mation is over the different species? is plotted as a func-
pletely collapsed. tion of distance from the surface in Fig. 4 for a free polymer
Grafted hydrophilic polymers in the vicinity of the immo- in the presence of grafted polymers, a protein immobilized
bilized protein have a dramatic influence on the protein’son a clean attractive surface, and an immobilized protein in
conformation. In Fig. 8) it is seen that entropic effects the presence of a grafted layer. For a free proggiangles,
alone(i.e., neutral polymers with respect to the surface anda sharp adsorption and denaturing transition is seen when the
protein can partially regenerate the conformation, whilelocation of the protein is initiated at distances less than 12
fine-tuning grafting parametetpolymer length and grafting lattice units from the surface. That is, fe= 12, the protein
density can nearly restore the native conformation, shown inremains in the bulk, while for smaller distances, the protein
Fig. 3b). However, the optimal range of grafting density, adsorbs onto the surface. An immobilized protein, on the
chain length, and protein-polymer specific interaction paramether hand, undergoes a more gradual adsorption transition,
eter depend on the protein’s conformational stability, whichwhich, however, begins at the same critical distafrel2).
in turn is determined by the specific interactions between thé highly unstable state is observed at this critical distance
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when the configuration is highly stretchfeig. 2@)] and the  z<<16, the outer hydrophilic monomers enter the grafted re-
hydrophobic segments span a large distance between the ca@n, again leading to a decrease in the free energy.

and the surface. As the protein is fixed closer to the surface, Grafted polymers are frequently used to enhance the bio-
adsorption is accompanied by denaturation and a drop in theompatibility of surfaces by presenting an entropic barrier to
free energy toward a minimum near the surface. A graftedindesirable adsorption of bulk proteins and macromolecules
polymer layer, however, shifts the transition closer to thethat can lead to thrombosis. In addition, we show that they
surface. The fluctuations in energy seeat9 are presum- can provide biofunctionality by screening an embedded en-

ably due to the interactions between the polymer and thgyme from the surface and thus stabilizing its native confor-
different segments of the protein. &t26, the hydrophilic  \ation and active centers.

monomers begin to interact favorably with the grafted poly-

mers; thus there is a decrease in energy, reaching a minimum Theis research was funded in part by the Matilda Barnett
at z=20. As we move closer to the surface, the hydrophobidRevocable Trust and the New York Metropolitan Research
monomers begin to overlap with the grafted polymers, leadFund. S.S. acknowledge support from the Koebner-Klein
ing to an increase in the free energy of the protein. FofFoundation and the Israel Science Foundation.
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