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Abstract

Using adsorption models based on scaled particle (SPT) and double layer theories the electrostatically-controlled protein adsorption onto
membrane surface has been simulated for non-associating and self-associating ligands. The binding isotherms of monomeric and oligomeric
protein species have been calculated over a range of variable parameters including lipid and protein concentrations, protein and membrane
charges, pH and ionic strength. Adsorption behavior of monomers appeared to be the most sensitive to the changes in the protein aggregation state.
The hallmarks of the protein oligomerization are identified. The practical guides for optimal design of binding experiments focused on obtaining

proofs of protein self-association are suggested.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

During the last decade the phenomenon of protein aggrega-
tion attracts considerable attention due to its involvement in the
etiology of a number of the so-called conformational diseases,
including Alzheimer’s, Parkinson’s, Huntingtons diseases, type
IT diabetes, rheumatoid arthritis, spongiform encephalophaties
(prion diseases) [1-3]. Accumulating evidence lends support to
the hypothesis that the formation of abnormal protein
aggregates in vivo can be driven by destabilization of the
protein structure upon its adsorption at interfaces, formed by
cellular membranes [2]. Lipid bilayer, a basic structural element
of biological membranes, provides a unique environment favor-
ing the structural transformation of polypeptide chain into
partially folded conformation, protein accumulation at lipid-
water interface, screening of the protein surface charge, modi-
fications in hydrogen bonding capability of the adsorbed mol-
ecules, aggregation-favoring orientation of the bound protein,
the processes which can ultimately lead to the protein
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polymerization [2,4]. For these reasons increasingly growing
efforts are currently focused on characterization of the aggre-
gation properties of interfacially adsorbed proteins. While
examining protein adsorption onto lipid bilayer it’s naturally to
expect that the binding curves per se would provide evidence
for the changes in protein oligomerization state. Experimentally,
the adsorption isotherms can be obtained by two main groups of
assays [5]. The first group includes direct methods (gel filtration
and centrifugation), which are based on physical separation of
bound and free protein. Yet, these methods have serious draw-
backs — they are time-consuming and separation may shift the
equilibrium between free and bound species. The second group
involves indirect spectroscopic methods based on relation bet-
ween the change in a certain parameter (absorbance, fluores-
cence intensity, anisotropy, lifetime, efficiency of resonance
energy transfer, etc.) and amount of bound protein. These
methods allow tracking the adsorption behavior individually for
bound monomers and oligomers provided that spectral res-
ponses of monomeric and self-associating species are different
[6-9]. However, once the adsorption isotherm is obtained, it is
difficult to discern what protein state (monomeric or oligo-
meric) is responsible for the characteristics of the experimental
curve. A question arises whether the binding experiments can be
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Notation

K, Protein association constant

K. Equilibrium constant for the formation of protein z,-mer
F Concentration of the protein free in solution

Z, Degree of protein oligomerization

v Activity coefficient of adsorbed species

P Fraction of surface area occupied by adsorbed protein
By, Bz Concentrations of bound monomers and z,-mers, respectively
B Total concentration of bound protein

n Number of lipid molecules covered by a single protein
L, Concentration of accessible for protein lipids

R Radius of the circle representing protein species

AF,  Total gain in electrostatic free energy

The mole fractions of phosphotidylcholine (PC) and acidic phospholipids, respectively

S.FL  Electrostatic free energies of a membrane surface and a protein, respectively
z Protein charge
K Reciprocal Debye length
c Molar concentration of monovalent ions
St Mean area per lipid molecule
.fPCn f:‘l
Spc, S4 Mean areas per PC and acidic phospholipid headgroups, respectively
o Bilayer surface charge density
a Degree of anionic phospholipid ionization
K? Anionic phospholipid ionization constant
[H'], Bulk proton concentration
1/ Membrane electrostatic surface potential
L Total lipid concentration
P Total protein concentration
Subscripts
M protein monomer
© protein z,-mer

designed in a manner minimizing the uncertainty in data inter-
pretation. One approach to answering this question is based on
analysis of simulated binding data obtained over a range of
parameters that can be varied in experiment. In the present paper,
we treat the problem of membrane adsorption of self-associating
protein making emphasis on the practical guides to planning and
analyzing the results of binding studies. Our goal was several-
fold: 1) to analyze different types of adsorption isotherms; ii) to
ascertain what characteristics of binding curve may be indicative
of the changes in protein aggregation state; iii) to evaluate the
possibility of choosing the set of experimental variables pro-
viding unambiguous proofs of the protein aggregation.

2. Theory

Protein adsorption onto membrane surface is characterized by
anumber of peculiar features associated, particularly, with large
size of ligand, steric area-excluding interactions between the
adsorbing protein molecules, strong dependence of the binding
process on a ligand shape, i.e. on geometrical arrangement of
protein—lipid contacts. Theoretical description of the protein-
membrane binding is provided by a series of lattice and con-

tinuum models of large ligand adsorption to membranes dev-
eloped by Stankowski [10—12], Heimburg & Marsh [13],
Chatelier & Minton [14], Talbot [15], Al-Malah [16], Wahlgren
et al. [17]. In terms of the lattice models lipid bilayer is con-
sidered as a regular array of binding contacts (subunits), forming
the protein binding sites according to the size and shape of
contact region [10—12]. Continuum models treat protein adsorp-
tion to a surface on a basis of scaled-particle theory (SPT)
[14,15,18]. SPT is based on deriving the chemical potentials of
hard convex particle fluid through calculating the work nec-
essary for adsorption of a scaled particle on a surface. SPT is
currently regarded as providing most adequate description of
excluded area interactions between the adsorbing protein mol-
ecules. To date, a formalism of SPT model is developed for the
cases of adsorption of large ligands of various shape on a surface
[10,11], cooperative binding [12], adsorbate incorporation into a
membrane [12], competition between two large ligands [14],
self-association of a surface-bound protein [14], multiple ad-
sorbate conformations [18].

In the present work we applied two-state SPT model of self-
associating ligand proposed by Minton [14] to simulate the
membrane adsorption of cationic peripheral proteins. Since the
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process is predominantly electrostatic in nature, we extended
Minton’s SPT model to take into account not only area exclu-
sion, but also electrostatic effects. The two-state model assumes
that adsorbed protein exists only in two states — monomer and
z,~mer. In this case the adsorption isotherm is given by:

K.F = ®1y,(91,9,) (1)
Vl(qjlv(pz)zu Z,
&b, =z,Ki,———— P 2
! ’YZ(QH(DZ) ! ()
2
30, + BJWTIZ} P, (<P| +§<Pz)
Iny, = —In(1 — @) + 3
v = (1 - @) + —— LT et ®
30, + 2q+¢*) 1 | (P +q1)’
Iny, = —In(1 — @) +

(4)

where &,=nB,/L,, .=nB./L,, L,=0.5 L, ®=P,+P,, g=R./R,.
For the case of conserved area upon self-association g=z_%. The
equilibrium binding constant is generally represented as con-
sisting of electrostatic (K) and intrinsic non-electrostatic (K,,)
terms: (K, =K.K,). Adequate description of electrostatically-
driven protein adsorption onto lipid bilayer requires allowing for
dependence of association constant on membrane electrostat-
ic potential or surface charge density. The latter, in turn, is a
function of mole fraction of anionic phospholipids, pH, ionic
strength and extent of protein binding (surface coverage) [13].
Electrostatic component of the binding constant is given by [13]:

where T'is the temperature, & is Boltzmann’s constant, and AFy; is
a function of the number of adsorbed protein molecules, Np=BN,:

AFa(Np) = F3(Np) — F3(0) — NpFl. (6)

The electrostatic free energy of a spherical protein molecule
with effective charge +ze, radius r, and uniform charge dis-

tribution can be written as [19]:
» 22e?

Fi=rF—- 7
L 2er, (1 + k1) @

8me’Nyc
— A 8
* SkBT ( )
with e being the elementary charge, N, is Avogadro’s number,
¢ is the dielectric constant. In terms of the Gouy—Chapman

double layer theory the electrostatic free energy of a membrane
of area S,,=S;L,, is given by [20]:

2kgTS,, .
Fy = Be <<7s1nh’1 (g) —Va*+ o2+ a);
I oy pervarr 9)
a = /2n 'ecNkgT

where S;=(fpcSpct/1S4).

o is given by:

- —e(afyL, — zB)

S (10)

In the case of one-step deprotonation o can be written as:

K
KO+ [H*]exp (75

o =

(11)

Electrostatic surface potential of a membrane related to the
surface charge density is defined as:

2kgT
e

Vo=

sinh ™! (E) (12)
a

Numerical solution of the set of Egs. (1)—(12) yields theo-
retical adsorption isotherms.

3. Results and discussion

3.1. General shape of adsorption isotherms upon formation of
protein aggregates

While examining protein—lipid complexation several types
of binding curves can be obtained in an experiment, viz. de-
pendencies of concentrations of various bound species (mono-
mers (B;) and oligomers (B.)) and whole protein (B=B;+z,B.)
either on protein (P) or lipid (L) concentration. First, it seems of
interest to ascertain how the shape of adsorption isotherms
depends on degree of oligomerization. Fig. 1 represents a set of
adsorption isotherms calculated at varying L and constant P
(P=const, L=var). The following salient features of the binding
curves should be pointed out:

1) bound monomers (Fig. 1, A) — the shape of adsorption
isotherms changes from Langmuir-like to sigmoidal at
z,>2, point of inflexion increases with z,. Sigmoidal
curves are characterized by initial “lag region” (lipid
concentrations from 0 to ~4 uM) which correlates with
accumulation of bound oligomers;

i) bound oligomers (Fig. 1, B) — adsorption curves have
asymmetric bell-shaped form with the maximum at cer-
tain lipid-to-protein molar ratio (L:P) (in our case ~27).
Notably, asymmetry rises with z,, (z,— o, B,— B);

iii) bound protein (monomers+oligomers) (Fig. 1, C) —
adsorption curves have typical Langmuir-like shape with
the steepness increasing and saturation point decreasing
with the degree of oligomerization (as predicted for co-
operative process).

As seen in Fig. 2, in the case of fixed lipid and varied protein
concentration (L=const, P=var) the adsorption isotherms exhi-
bit somewhat different behavior:

1) bound monomers (Fig. 2, A) — in the absence of
oligomerization (z,=1) the binding curve is Langmuir-
like, while upon protein self-association (z,>2) it
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converts into the asymmetric bell-shaped isotherm.
Maximum position depends on the degree of oligomer-
ization, being observed at L: P=33, 50, 83, 135 forz,=1,
2, 4, 8, respectively.

i) bound oligomers (Fig. 2, B) — the isotherms have sig-
moidal shape, concentration of bound aggregates rises
with z,,, point of inflexion decreases with z,.

iii) bound protein (Fig. 2, C) — the isotherms have
Langmuir-like shape. Notable point — all curves initially
coincide at low protein concentrations (0—0.5 uM), while
at P>0.5 uM — the higher degree of oligomerization,
the longer linear region in the binding isotherm. In
other words, increase in z, is coupled with the elevated
saturation level.

One extremely important point should be stressed. Simula-
tion results demonstrate that formation of protein oligomers can
be recognized only by examination of adsorption isotherms for
monomers undergoing characteristic changes (from Langmuir-
like to sigmoidal (P=const, L=var) or asymmetric bell-shaped
(L=const, P=var)) with increasing degree of oligomerization.
In the meantime, the shape of binding curves both for oligomers
and whole protein remains virtually invariant upon protein
aggregation. Further analysis of simulation data revealed an-
other hallmark of the protein oligomerization. As indicated
above, the adsorption isotherms B(L) (P=const=0.15 pM)
have saturation points differing for z,=1 and z,>2 (Fig. 1, C).
However, when P was increased up to 0.5 and 1 pM, the L:P
value, corresponding to saturation, decreased for z,=1 and
remained virtually unchanged for z,=4 (Fig. 3). This implies
that comparing the saturation points for adsorption isotherms
B(L) obtained at different P may yield additional proof for
protein aggregation.

3.2. Effect of protein and membrane charges on the behavior of
adsorption curves

At the next step of the study we addressed the question of
whether the presence of protein oligomers could affect charge-
dependent characteristics of the adsorption isotherms. Experi-
mentally, protein charge can be modified, for instance, by
substitution of certain charged amino groups or covalent
labeling of protein. In turn, charge of lipid bilayer surface
is easily controlled by varying the proportion of anionic
phospholipid.

Concentrating on Fig. 4, it is clearly seen that concentra-
tion of bound monomers increases with increasing protein
charge from 2 to 8. In the absence of oligomerization the
By rise is coupled with increase in steepness of binding
curves (Fig. 4, A), while at z,=4 changes in protein charge
provoke modifications in the shape of isotherms (Fig. 4, B),
viz. their conversion from sigmoidal (z=2, 4, 6) to Langmuir-
like (z=8). Qualitatively this effect may be explained as
follows. Lateral protein-protein interactions, which result in
the formation of protein self-assemblies, become possible due
to protein charge screening by anionic lipid headgroups in the
interaction zone. Evidently, at relatively low z (<6) charge
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Fig. 1. Adsorption isotherms of bound monomers (A), oligomers (B) and whole
protein (C) at different degree of oligomerization in the case of fixed protein
concentration (0.15 uM) and varied lipid concentration. The curves are
calculated with the following values of model parameters: n=10, Ko=10 uM,
K,,=0.1, z=4, f,=0.4, c=20 mM, pH=7.4.

neutralization may prove sufficient for protein self-associa-
tion. However, at higher z, for instance, z=8§, protein charge
neutralization by lipids is appeared much less, so that protein-
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Fig. 2. Binding curves for monomers (A), oligomers (B) and whole protein
(C) at different degrees of oligomerization in the case of constant lipid
concentration (20 pM) and varied protein concentration. The fitting parameters
are: n=10, Ko=10 uM, K;.=0.1, z=4, f,=0.4, c=20 mM, pH=7.4.

protein repulsions would hinder aggregate formation. In
this case concentration of oligomers significantly decreases
(Fig. 4, C), and monomer adsorption isotherm becomes

insensitive to the presence of protein aggregates (Fig. 4, B).
This example demonstrates that Langmuir-like shape of
experimental isotherm is not necessarily indicative of the
absence of protein oligomerization. Test for dependency of
isotherm shape on the protein charge may be more definitive.

Notably, effect on protein charge on the behavior of mono-
mer adsorption isotherms in the case of varying P and fixed L
was nearly the same — at z,=1 rise in z brings about only
enhancement of monomer binding (Fig. 5, A), whereas at z,=4
B1(P) dependencies undergo transformation from asymmetric
bell-shaped to Langmuir-like form (Fig. 5, B) providing ad-
ditional arguments to the suggestion about reduced sensitivity
of monomer adsorption curves to the presence of oligomers at
high protein charge (z>06).

Meanwhile, somewhat unexpected behavior was revealed for
the B(P) dependencies. Conceptually, enhancement of electro-
static protein—lipid interactions with rising z would result in the
increase of bound protein concentration. This was observed in
the absence of oligomerization (Fig. 5, C) but not in the case
of z,=4 where increasing protein charge was followed by
remarkable decrease in B (Fig. 5, D). Mathematically, this
phenomenon is likely to reflect a superposition of opposite
changes in concentrations of bound monomers and oligomers
with increase in z. More specifically, B, exhibited about two-
fold increase with elevating z (Fig. 5, B) while changes in
concentration of bound oligomers were much more pro-
nounced — B, decreased by a factor of 4 at z,=4 upon rising
the protein charge from 4 to 8 (data not shown). Dominating
drop in B, results, obviously, in overall decrease in total
concentration of bound protein (Fig. 5, D).

The strength of electrostatic protein—lipid interactions can be
also modulated by lipid bilayer surface charge density. At z,=1
all kinds of adsorption isotherms were featured by enhancement
of protein-membrane binding upon increasing the content of
anionic phospholipid (Table 1). On the contrary, in the case of
protein aggregation the behavior of binding curves was more

L:P

46
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40 T T T T T T T T T
0,2 0,4 0,6 0.8 1,0
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Fig. 3. Lipid-to-protein molar ratios corresponding to saturation point of B(L)

adsorption isotherms calculated for different P (0.15, 0.5 and 1 pM). The model
parameters were n=10, Ko=10 uM, K;.=0.1, z=4, £;=0.1, ¢=20 mM, pH=7.4.
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complex. Specifically, at z,=4 adsorption isotherms exhibited
the following peculiarities:

1) bound monomers (Fig. 6, A, D) — the curves change
their shape from Langmuir-like to sigmoidal (P=const,
L=var) or to asymmetric bell-shaped (L=const, P=var)
with the rise in bilayer surface charge density;

it) bound oligomers (Fig. 6, B) — B, significantly increases
upon increase in anionic lipid content with the maximum
position being dependent on f;

iit) bound protein (Fig. 6, C) — B increases, and L:P,
corresponding to saturation point, decreases with f;.

It can be assumed that the observed behavior of monomer
adsorption isotherms (Fig. 6, A, D) is a result of prevailing role
of K (strongly determined by bilayer surface charge density
(Egs. (5)—(9))) in determining the shape of binding curves. At
this point it should be noted that K, (and, as a consequence, K,)
tends to increase with lipid concentration and decrease with
protein concentration as illustrated in Fig. 7. These tendencies
reflect alterations in the extent of membrane charge neutraliza-
tion by the adsorbed protein. However, electrostatically-
controlled increase of association constant proved insufficient
to explain the changes of isotherm shape occurring upon
increasing the mole fraction of anionic phospholipid. Further-
more, simple increasing the value of K, and K. didn’t result in
sigmoidal B;(L) (or bell-shaped B,(P)) dependencies at f; not
exceeding 0.2. Accordingly, the recovered change of monomer
adsorption isotherms is unlikely to have a mathematical origin,
and presumably stems from the strengthening of protein
aggregation propensity with increasing membrane charge. It
seems reasonable to assume that in the case of weakly charged
membrane the concentration of bound oligomers is not enough
(Fig. 6, B) to provide the sigmoidal shape of binding curves of
monomeric species. In contrast, at high content of anionic
phospholipid significant enhancement of electrostatic binding
component favors the protein accumulation at lipid-water
interface thereby facilitating its aggregation. This manifests
itself not only in the increase in B, but also in the conversion of
monomer adsorption isotherm from Langmuir-like to sigmoidal
or bell-shaped (Fig. 6, A, D). The assumption about
strengthening of protein aggregation propensity upon increasing
membrane charge is also corroborated by the finding that the
higher f;, the lower L:P corresponding to the maximum
concentration of bound oligomers (Fig. 6, B).

Importantly, the above phenomenon may have direct
biological relevance. The structure of natural membranes is
known to be highly heterogeneous. The factors such as
temperature [21], lipid—lipid [22] or lipid—protein [23] hydro-
phobic mismatch, enzymatic cleavage of lipids [24], surface
electrostatic associations [25], or hydrogen bonding between
lipid headgroups [26] may give rise to laterally separated phases
within bilayer. A number of studies indicated heterogeneous
lipid organization to control the binding of charged macromole-
cules [23,25]. The protein adsorption onto different lipid lateral
domains varying in lipid composition and charge may modulate
its aggregation propensity. Furthermore, protein binding per se
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may cause the formation of lipid domains [27—31]. The extent
of protein-induced lipid segregation is thought to be dictated by
the minimum of the total interaction free energy reflecting the
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balance between the gain in electrostatic adsorption energy and
the loss of lipid mixing entropy. The models for domain
formation emphasize the importance of both electrostatic and
nonelectrostatic mechanisms, involving lipid-mediated attrac-
tion between adsorbed proteins coupled with elastic membrane
deformation.

3.3. Influence of pH and ionic strength on the behavior of
adsorption isotherms

In the following, it seems of interest to assess whether the
modifications of adsorption isotherms in response to the
changes in pH or ionic strength could be indicative of protein
oligomerization. Presented in Fig. 8 are the results of numerical
simulation obtained at varying pH. When P was set constant,
increasing pH from 3 to 8 units was followed by the
enhancement of monomer binding and steepening of the
isotherms at z,=1, and curve conversion from Langmuir-like
to sigmoidal at z,=4 (Fig. 8, A, B). For B.(L) and B(L)
dependencies the rise in pH resulted only in B. and B increase

without any changes in curve shape (Table 1). Note that all the
above calculations have been made with pK,, the value
corresponding to ionization constant of phosphatidylglycerol.
The shape of monomer adsorption isotherms at z,=4 seems to
be controlled by the differences between pH and pK,. Thus,
while interpreting the experimental results, one should bear in
mind that Langmuir-like B1(L) dependencies is not the evidence
of protein weakened aggregation propensity, and may result
from small [pH-pK,| but not from the absence of protein
oligomers. Hence, the experimental conditions should be
chosen to ensure sufficient difference between ionization
constant of anionic lipid and pH of buffer solution. It should
be noted that ionization constant of anionic phospholipids falls
in a wide range from 2.5 (phosphatidylinositol) to 5.5 (phospha-
tidylserine) [32]. Situation proves much more complex when
bilayer anionic constituent is represented by phospholipid under-
going two-step deprotonation like cardiolipin. This lipid, contain-
ing two phosphate groups and four acyl chains, has two widely
separated pK,, values — one at 2.8 and a second between 7.5 and
9.5 [33]. In this case, the shape of B;j(L) curves seems to be
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Effect of protein aggregation on characteristics of adsorption isotherms calculated over a range of variable parameters

Variable Characteristic features of adsorption isotherms observed at increasing variable parameter
parameter Monomers Oligomers Whole protein
P=const, L=var L=const, P=var P=const, L=var L=const, P=var P=const, L=var L=const, P=var
By |* with 1 in z, B. 1 with z,
z z=1: * in curve Asymmetric bs, maximum  Invariant ss Invariant L1 form at all Invariant L1 form
%t =4 UG osition shifts towards form at all z z independent of z,, 1 in at all z independent
steepness, z,~4: A P p P p
isotherm conver- Emltve:j'm!th 1;0!'n higher L:P with 1 in z B and curve steepness ofz,, z,=1: B 1
sion from ss to LI zs o Liwr m B. | with 1 in z with z with z,
with * in z. i 7.=4: B | with z
By 1 with z
f4 Asymmetric bs, maximum  ss at all £ LI form at all f; independent  Invariant L] form
z=1: T in B; and ?":l: Ll form, *  position shifts towards of z,, 1 in steepness with f;  at all f;, no
cuEve isteepress, L Bz~ jower L:P with 1 in f; dependency on z,
z—4:  isotherm isotherm conver- B. 1 with f, B 1 with £
conversion from sion from LI to : /4 A
LI to ss with © in bs, + in B; with *
Ja in f;
pH z‘,_=l: L.l form, . Asymmetric bs, ss at examined LI form at all pH LI form at all pH
" in B; and curve z“::. kl’ ; in B If maximum position range of pH independent of z,, 1 independent of z,,
?teepness, =4 e is independent of pH in steepness with pH
isotherm conver- in B; with 1 in B. 1 with pH B 1 with pH
sion from LI to ss pH ‘ p p
with T in pH
c f’-ﬂ=1: LI form, | Asymmetric bs, maximum  ss at examined LI form at all ¢ independent LI form at all ¢
in B; and curve z=1: LI, | in B;,  position shifts towards range of ¢ of z,, | in steepness with independent of z,
steepness, z,~4: o . D . .
5 z~4: bs form, +  higher L:P with T in ¢ tinc
isotherm conver- B itk
sion from ss to LI !
with 1 in ¢ . . . .
B. | with T in ¢ B | with T inc

Highlighted in grey are characteristic features of adsorption isotherms which can be treated as manifestation of protein oligomerization.

ss — sigmoidal shape, bs — bell-shaped, LI — Langmuir-like shape.

? Upward and downward arrows denote increase and decrease of certain parameters, respectively.

controlled not only by [pH—pK,| difference but also by the balance
between deprotonated and partially protonated cardiolipin species.

However, one should bear in mind that we didn’t consider
protein charge as a function of pH. In real systems, isoelectric
point of the protein under study determines z dependency on
pH, and binding curves may reflect the contribution from [pH—
pK,| and [pH-pI].

Analysis of adsorption isotherms calculated at varying pH and
fixed lipid concentration revealed interesting behavior only for
By(P) at z,=4 (Fig. 8, C). While for the other sets of simulated
profiles (B;(P),B,(P),B(P) at z,=1, and B,(P),B(P) at z,=4) rise
in pH led to increase in the extent of binding (notably, that
without steepening of the curves), concentration of bound mono-
mers exhibited pH-induced decrease in the presence of protein.

Similar effect was observed at varying ionic strength — only
Bi(L) and B;(P) dependencies undergo noteworthy modifica-
tions at z,=4. While all other curves showed decreasing protein
membrane affinity, as expected for electrostatically controlled
adsorption (Table 1), B;(L) dependency was found to convert
from sigmoidal to Langmuir-like, and B,(P) tended to increase
with elevating the ionic strength (Fig. 9, A, B). The former
phenomenon can be interpreted in terms of reduced sensitivity
of monomer adsorption isotherms to the formation of protein
aggregates, as was indicated while discussing Figs. 4, B and 5,
B. In the meantime, B; increase with ionic strength (Fig. 9, B)

together with pH-induced B; decrease at z,=4 (Fig. 8, C) may
be treated as hallmarks of protein aggregation, i.e. such
anomalous changes in B;(P) behavior may occur exclusively
when bound protein is represented not only by monomeric but
also oligomeric species.

3.4. Comparison with the experimental results

In the following it seems of importance to compare the results
presented here with experimental data. The validity of the
approach employed has been demonstrated in our recent study
into adsorption of cationic protein lysozyme onto the negatively
charged lipid bilayers [34]. To track the protein membrane
binding lysozyme was covalently labeled with fluorescein (Fl),
environmentally sensitive fluorophore responding to membrane
association by a decrease in fluorescence. The monomer binding
curves were obtained by monitoring the changes in Fl
fluorescence as a function of lipid concentration and membrane
content of anionic phospholipids. The recovered conversion of
the adsorption isotherms from Langmuir-like to sigmoidal upon
increasing membrane charge was rationalized in terms of
enhanced aggregation propensity of the bound protein.

Sigmoidality of the adsorption isotherms as a signature of
protein aggregation was also postulated in the recent work of
Hinderliter and May [35]. While examining the adsorption of
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C2A domain of synaptotagmin onto the surface of anionic lipid
vesicles the observed sigmoidal shape of @(F) binding curves
was explained as arising from the formation of protein self-
associates. The authors assert the aggregation to render the
adsorption process cooperative, typical hallmark of which is the
sigmoidal adsorption isotherms. Importantly, cooperativity of
protein—lipid interactions may originate not only from protein—
protein attraction but can also be mediated by structural
reorganization of a lipid bilayer so that the shape of the binding
isotherm may reflect the interplay between lateral membrane
organization and surface coverage [36].

Cooperative bilayer interactions have been observed also for
a number of peptides including antibiotic trichogin GA 1V,
antimicrobial peptide alamethicin, magainin [37-39]. The
concentration of bound aggregates derived from oriented
circular dichroism and time-resolved fluorescence data exhib-
ited sigmoidal behavior being plotted as a function of total
peptide concentration [37,38]. This finding is in harmony with
our theoretical predictions (Fig. 2, B).

Analysis of the sets of binding curves obtained over a wide
range of ionic strengths for the native and denaturated

cytochrome ¢ adsorbing onto the negatively charged lipid
membranes led Heimburg and Marsh to conclusion about the
enhanced tendency of the denaturated protein to aggregate on
the bilayer surface [13]. Although the derived B(P) isotherms
have typical Langmuir-like shape, it was shown that the binding
curves for denaturated protein can be fitted consistently to the
Van der Waals gas adsorption model allowing for electrostatic
effects only provided that the parameter describing protein—
protein interactions takes nonzero positive value characteristic
of the formation of protein aggregates.

Evidence for oligomerization of two specimens of cyto-
chrome P450 protein superfamily at bilayer surface comes from
the comprehensive study by Ramsden et al. [40]. More
specifically, based on the results of integrated optics reflectance
technique it was shown that RSA kinetics of protein adsorption
is typical for the monomeric protein species while the Langmuir
kinetics is indicative of protein clustering.

These examples illustrate that the different types of binding
assays can provide arguments in favor of protein aggregation,
especially if the shape of adsorption isotherms is analyzed over
a range of experimental variables.
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In the end, it seems of importance to emphasize that the
adsorption model presented here was chosen as reasonable
compromise between the complexity of the employed theore-
tical approaches and their ability to reflect the most general
tendencies of the protein aggregation behavior at a surface.
Clearly, any model may suffer from ignoring one or another
factor. Specifically, in the present study electrostatic component
of binding constant was derived assuming uniform charge
distribution over the protein surface [19,41]. Although being
oversimplified, this approach is currently widespread and in a
number of cases seems to be reasonable [13,30,34], because
alternative fixed charge model [42] requires knowing the exact
location of charged groups at the protein surface. In this case, in
terms of Tanford—Kirkwood formalism total electrostatic free
energy of a protein is calculated as a sum of the free energies of
interactions between each pair of point charges [42]. Evidently,
in clarifying the common properties of self-associating surface-
bound proteins the concepts of uniform charge distribution and
effective protein charge seem to be more rational than protein-

specific approach based on fixed charge model. In this context it
is noteworthy that available data are suggestive of insignificant
differences between protein electrostatic free energies computed
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by the smeared and fixed charge models. This was demon-
strated, particularly, while calculating the titration curves of
lysozyme where accurate consideration of charged group
locations at the protein surface yields the free energy values
close to those obtained assuming uniform charge distribution
[43]. Based on the above rationales, in the present study the
protein-unspecific smeared charge model was chosen as being
the most appropriate to achieve the targeted goals.

Another point ignored in the adsorption model employed here
concerns the possibility of multiple surface conformations of the
adsorbed protein. Different types of surfaces have been reported
to promote protein conformation changes leading to unfolding or
denaturation of the protein molecule [44—-48]. As follows from
the semiempirical model proposed in fundamental work of
Fernandez and Ramsden, surface-induced denaturation of folded
proteins is driven by the lack of compensation between enthalpy
loss associated with the formation of intramolecular and
intermolecular protein—lipid contacts, and enthropic penalty
[49]. Accordingly, adsorbed protein may adopt more than a
single conformation [50,51]. Such a possibility is allowed for in

SPT models by introducing distinct footprints for different
adsorbate conformations [18,52]. In the simplest case two
conformational states are considered — “end-on” with a square-
of circle-like projected contact area, and “side-on” with
rectangular or elliptical projected contact area [18]. Random
sequential adsorption (RSA) model treats conformational
changes of adsorbing protein as spreading events [53,54]
accompanied by the increase in protein size. As was demon-
strated in our previous study the existence of multiple protein
conformations per se cannot ensure the sigmoidal shape of
adsorption isotherms [34]. In simulation studies the conversion
of Langmuir-like binding curves to sigmoid-shaped was
achieved only under assumption that at least one conformer
undergoes self-association (data not shown) [14]. For these
reasons, in identifying the typical signatures of protein aggrega-
tion at lipid—water interface we found it unreasonable to
complicate the model by introducing the additional parameters
characterizing multiple conformational states of a protein.

4. Conclusions

Cumulatively, comparison of different types of adsorption
isotherms led us to the following ideas concerning the optimal
design of binding experiments aimed at gaining insight into the
aggregation behavior of cationic protein adsorbed onto negatively
charged membrane surface. In this regard, the binding curves
reflecting the changes of monomer concentration appear to be most
informative. More specifically, while analyzing the set of monomer
adsorption isotherms obtained over a range of experimental varia-
bles such as protein and lipid concentration, protein charge,
proportion of anionic membrane constituent, pH or ionic strength,
the following characteristic features, highlighted in grey in Table 1,
can be treated as the signs of protein self-association:

® sigmoidal (P=const, L =var) or bell-shaped (L=const, P=var)
form of adsorption isotherms,

® conversion of the curves from sigmoidal (P — fixed) or bell-
shaped (L — fixed) to Langmuir-like upon increasing
protein charge,

® inverse transformation of the curve shape — from Langmuir-
like either to sigmoidal (P — fixed) or bell-shaped (L — fixed)
with increasing membrane charge density,

® change of B;j(L) isotherm from Langmuir-like to sigmoidal
at increasing pH,

® sigmoidal-to-Langmuir-like transformation of B,(P) binding
curve upon elevation of ionic strength.

It should also be emphasized that if one observes sigmoidal
or bell-shaped B;(L) or B;(P) dependencies, the conclusion
about formation of protein oligomers can be made with a rela-
tively high level of confidence. However, if the derived B,(L) or
Bi(P) isotherms have Langmuir-like form, before jumping at
hasty conclusion about the absence of protein aggregation, it is
necessary to test whether these curves keep their shape at
varying experimental parameters (z, f4, pH, ¢). If this is the
case, protein self-associates are unlikely to form, otherwise —
oligomers evidently exist.
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Appendix A. General statements of scaled particle theory

Scaled particle theory (SPT) provides theoretical background
of statistical mechanical description of thermodynamic properties
of hard sphere fluid containing one or more components. The
original SPT proposed by Lebowitz and co-workers [55,56] yields
the work for creation a spherical cavity or arbitrary size in the one-
component hard sphere system. While treating the adsorption
phenomena this theory permits calculating the chemical potential
of adsorbed ligand. The main statements of SPT formalisms
as applied to protein adsorption can be written as follows.

Let 1 represents protein species of radius R; already
adsorbed onto membrane surface, and 2 — protein species of
radius R, tending to adsorb and possessing chemical potential

“sol _ HSOLO + kTInF (Al)

where £°°*° and F are standard state chemical potential and

concentration of 2, respectively, in solution. Because adsorbate
molecules are impenetrable, steric repulsions between them
impose geometrical constraints on the placement of additional
molecule. For example, for two spheres of radius R the minimal
distance between their centers is 2R (Fig. Al), and the area
around the first sphere excluded for the location of the center of
the second sphere is 7(2R)* —tR*=37R>.

The thermodynamical equilibrium that controls the adsorp-
tion of 2 on a membrane surface is represented by:

]JSOI _ Msurf (AZ)

where p™" is chemical potential of adsorbed species 2 which
consist of standard state chemical potential 4**"*°, mixing entropy
kT1n® and work W(R;) required to place 2 into the fluid of 1:

urf

pt = surte 4 kTInd + W (R,). (A3)
Applying Widom’s insertion theorem it follows that:
1
W(R,) = kTIn S _ kTIn— (A4)
free o

here S — total area of membrane surface free of any adsorbed
species, Spee — area of membrane surface available for

excluded area

Fig. Al. Schematic representation of excluded area effect.

adsorption of species 2 when species 1 already adsorbed, oo —
free area (or volume) fraction which relates to activity coefficient
of 2, v, as:

vy=o". (AS5)

Eq. (A3) thus can be rewritten as:

Pt = 0 4 kTind + kTlny. (A6)
Denoting kT by f it is easy to show that:
—Ino = Iny = W(Ry)p. (A7)

On the hand, work Wis defined as probability to find a cavity
that is free of any part of 1 and into which 2 will be placed:

SW(R,) = InP,(R;) (AR)
where
P,(Ry) =1 — P(Ry) (A9)

here P(R,) stands for the probability that 1 will be within the
so-called co-area of species 1 and 2 (or the area excluded to the
centers of 2 by centers of 1 averaged over all relative orient-
ations of 1 and 2), 4:

Pi(Ry) = p4 (A10)

p1 — surface number density of 1, 4 =a,R}+¢,c,R\Ro/27 [57],
c12=Ci2/R 5, ozl,2=A1,2/Ri2, Ci, and A4, , are circumference
and area of 1 and 2, respectively.

Assuming that i) at R,=0 W(R,) and dW(R,)/dR, are
continuous, ii) at R, —o limW(R,)=PA4,, where P — is the
pressure, the expression for SIW(R,) takes the form:

dBW (R, = 0)

) = o s = 0) + (L8

)Rz + BPayR;
(A11)

The pressure can be determined using the SPT equation
of state for 2D convex particle of type 2 [57]:

1+ (e—1)®
P = _ Al2
,8 pl( (1_¢)2 > ( )
where ¢ = 4—;11, D=pA,.
Finally, one obtains:
@ 1+ (e—1)®
Iny = —In(1 — @) 4 2¢f;fp—— o[ ————
ny = —In(l = @) + 2¢fefe o +folk ( (1_ o) )
(A13)

heref;:C2/C1,(fa:a2/al,f}g:Rz/Rl.
The expression for protein adsorption isotherm in the sim-
plest case is:

K,F = dy(d). (A14)
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In the case of self-associating protein, the chemical potential
should be given both for adsorbed monomers (15" and z,-mers

) Analogously to Eq. (A6) one can write [14]:
w = S0 4 KTind, + kTlny, (@5, &.) (Al5a)
it = e | KTin, + kTlny. (@1, @.) (A15b)

Equilibrium conditions "= u{"", zu{* =" result to the

Egs. (1)—(4) describing the adsorption isotherms for self-asso-
ciating ligand [14,57].
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