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Abstract

Binding of unstructured proteins to multicomponent lipid membranes is governed by a delicate
interplay of electrostatic, hydrophobic, and entropic contributions. The transfer matrix formalism
of statistical mechanics is a powerful way to study the effects of polymer sequence and
membrane patterning using comparatively simple lattice models. We describe the general
methodology and apply the method to a signal protein MARCKS binding to a three-component
phosphatidyl choline / phosphatidyl serine / phosphatidylinositol 4,5-bisphosphate (PC/PS/PIP,) lipid
membrane. The calculated binding map shows that the protein attaches to the membrane by its
myristoylated terminus and the effector domain in its middle. A bound protein sequesters about
four molecules of a minor membrane lipid PIP,, while the equilibrium distribution of other
membrane lipids remains almost unaffected. Calculations for different mutations in the effector
domain point to the importance of both lysine residues and phenyl rings inside the effector
domain. Phosphorylation of three serine residues within the effector domain decreases the
binding constant by three orders of magnitude and leads to protein desorption from the

membrane followed by lipids redistribution.

1. Introduction

Living organisms are packed with membranes that are impermeable to water-soluble molecules
acting as chemical messengers for inter- and intracellular communications. Therefore, in many
cases signal transduction takes place at the membrane surface. A key step in these processes is
the binding of a protein or peptide to the lipid membrane. Lipid-peptide interactions also play a
role in intracellular transport, enzyme catalysis, antimicrobial defense, and control of membrane

fusion.® In addition to their role in vivo, membrane-active peptides are increasingly used in



pharmaceutical applications.* All these roles emphasize the need for a quantitative treatment of
sequence-specific membrane-polymer binding. Here, we focus on unstructured amphitropic
biopolymers and describe a systematic method to calculate their binding to multicomponent lipid

membranes and applications of this method to signal transduction processes.

2. Biology of Membrane Binding

The cell membrane is a two-dimensional liquid composed of multiple lipid species, some of
which, in addition to their structural roles, are also the precursors of second messengers. Protein
binding to the membrane surface may involve both nonspecific hydrophobic and electrostatic
interactions, as well as the recognition of specific lipids. Given the tabulated affinities of
individual amino acids to membrane lipids,” one can try to predict preferred peptide
conformations on a membrane. However, the computations required to solve a three-dimensional
protein structure are obviously enormous. Furthermore, the computational complexity is
substantially amplified by the fact that more than one molecule is usually involved in each
elementary event of signal transduction. The situation is somewhat simpler in the case of
unstructured peptides or proteins. Some protein segments may adopt an extended unfolded
conformation upon interaction with the membrane, while the others are intrinsically unfolded in

the native protein state.

The binding behavior of unstructured biopolymers is encountered, for instance, in the membrane
adsorption of small signaling proteins such as the MARCKS (myristoylated alanine-rich C
kinase substrate) protein and its analogues.®® MARCKS acts at the inner leaflet of the plasma
membrane. MARCKS binding to the membrane is enhanced through anchoring by its
myristoylated terminus, which inserts into the hydrophobic membrane core. The myristoyl group

is one of the fatty acyl residues, which is found as an N-terminal modification of a large number



of membrane-associated proteins. A second binding center of the MARCKS protein is the
effector domain composed of 25 residues. This domain contains 13 Lys and 5 Phe residues,
which interact with the membrane electrostatically and hydrophobically. The MARCKS effector
domain has an increased affinity to negatively charged lipids such as monovalent PS and
multivalent PIP,. The latter lipid constitutes only about 1% of membrane lipids but is a precursor
of three second messengers, inositol 1,4,5-trisphosphate [Ins(1,4,5)Ps], diacylglycerol (DAG),
and PtdIns(3,4,5)Ps, and it is responsible for a wide range of membrane-related phenomena such
as cytoskeletal attachment, exocytosis, endocytosis, and ion-channel activation.” Upon binding to
the membrane, MARCKS sequesters PIP; lipids. MARCKS bound to the membrane is then a
target for other binders, such as Ca**/calmodulin or protein kinase C (PKC). PKC phosphorylates
three of four serine residues inside the effector domain of MARCKS, thus changing its affinity to
the membrane and leading to its desorption. Unbinding of MARCKS releases sequestered PIP;
molecules. Several other signal proteins bind and unbind membranes in a similar way. These
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mechanisms are usually referred to as the “electrostatic switch, pH switch,”**° etc.

3. Physics of Polymer-Membrane Binding

Protein binding to membranes bears both sequence-specific and nonspecific features. The
nonspecific adsorption of polyelectrolytes at oppositely charged surfaces has been studied for

over two decades using various tools of statistical thermodynamics.

Using mean-field theory, it was realized early on that a delicate interplay is established between
the electrostatic tendency of a charged polymer chain to adsorb on an oppositely charged
membrane and the polymer’s tendency to enjoy its conformational freedom in the bulk solution

and to remain unadsorbed.™ The state of the polymer is strongly dependant on the Debye length,



Ip, which defines the distance at which coulombic interactions become screened. This screening

length is defined as

Ip =

ekT )1/2

8me’e

and depends on the salt concentration in the solution ¢, as well as the temperature 7, and
dielectric constant <. As a result of the interplay between entropy and energy, when salt
concentration is low—the so-called weak screening limit—the polyelectrolyte chain is highly
stretched. This is because the polymer’s own charge causes self-repulsion, which makes it
behave much like a rod with little conformational entropy. In this case there is also little
conformational loss in the adsorption process, and the polymer adsorbs easily. In contrast, in the

limit 1, — o, sufficiently low temperatures are required for adsorption so as to counteract the

effect of the chain’s entropy and ensure that this entropy is not large enough to overcome the

favorable adsorption energy.

There are further important implications to polyelectrolytes being a collection of charges
connected by chemical bonds. When a polymer adsorbs on a surface it may carry with it more
charge than is required for neutralizing the charged surface, leaving some of its charges facing
the bulk solution. This can result in overcharging of a charged surface by polymers, observed as
a reversal of the apparent charge of a surface in the presence of polymers. This phenomenon has
been derived theoretically on the mean-field as well as using more complex theory.™*** A review

of the current state of theory concerning polyelectrolyte interactions can be found elsewhere.*?

More recently, an additional focus has been the rearrangement of the adsorbing surface itself as a
result of interactions with the polyelectrolytes. Particularly interesting are interactions with lipid

membranes that in the biological context generally behave as a two-dimensional liquid, where



lipids of various types can diffuse in the membrane plane. When polymers adsorb on mixed
membranes that contain charged and neutral molecules, lipids of the opposite charge will migrate
to the interaction zone to gain electrostatic interactions. In this adsorption process, counterions
that were previously bound to polymer and membrane can be released into the bulk solution.
This mechanism of counterion release is an important contribution to the adoption free energy. It
is therefore important to take into account all these degrees of freedom, to include (1) the
conformational entropy of the polymer chain; (2) the contributions from lipid demixing once
lipids segregate around polymers so that they are effectively “bound” to them; and (3) the

entropy of ions that are released in the process.*’

Finally, at some bending energy cost, such lipid membranes can elastically deform. Clearly, in
the presence of a charged polyelectrolyte, the membrane may deform so as to form better contact
with the polymer. In some cases the membrane may even envelop the polymer. Conversely, the
polymer may, in some cases, charge the membrane to an extent that causes it to become

apparently more rigid, as fluctuations in this more charged surface become highly unfavorable.*®

Sequence-specific binding complicates all nonspecific features mentioned above and rules out
any analytical solution. A common approach to sequence-specific binding is to use lattice
models. Lattice models provide a way to balance between extremes of computationally

expensive all-atom simulations and approximations of simple laws of mass action.

One possibility is to look at the membrane as a fixed two-dimensional lattice of reactive centers,
recognized by a one-dimensional lattice of polymer residues. Different residues may form more
or less favorable contacts. Therefore, in the case of successful pattern recognition, the two-
dimensional membrane pattern and the polymer sequence predefine a stable polymer
configuration on the membrane. This is a sharp transition that resembles protein folding, with

only minor fluctuations in the three-dimensional polymer loops, facing the bulk solution,



between several strong binding sites."® When there is no good match between the polymer

sequence and membrane pattern, the adsorption is a smooth transition.

A different situation is encountered when the membrane residues are not fixed but are freely
moving in two dimensions. This is the case for biological membranes composed of several lipid
types. Now, one can describe the polymer as a one-dimensional lattice of units, which is either in
three-dimensional bulk solution or in two-dimensional membrane “solution,” where different
lipids bind immersed polymer residues with different affinities.” The idea of this method is to
describe polymer-membrane binding using a combination of one-dimensional models of the type

widely used in molecular biology of DNA and actin®*

with scaling approaches of polymer
physics.”®? Lattice models of this kind allow one to concentrate on site-specific effects
abstracting from three-dimensional structure, while scaling arguments enable the introduction of
simple corrections to the binding affinities arising from conformational (entropic) constraints.
The latter corrections result in nonadditive binding energies of individual binding sites. For
example, when an unbound polymer segment separates two binding sites, polymer looping
should be taken into account. The effective binding constant of a polymer is thus determined by

the binding constants of the individual segments and their positions along the sequence, as well

as the membrane lipid composition.

4. The Transfer Matrix Method

4.1. General Comments
The transfer matrix methodology for calculation of sequence-specific unstructured polymer-
membrane binding is based on the matrix formalism previously described as a systematic tool for

the calculation of DNA-protein-drug binding in gene regulation.? In the context of protein-DNA



interactions, the method allows solution of many complex scenarios of cooperative assembly of
proteins on the DNA molecule, which may loop and form compact structures. On the other hand,
in the membrane-protein interaction, the flexible protein is the one-dimensional analogue of
DNA, and the binding ligands are the (mobile) lipids embedded in the two-dimensional
membrane. Assuming that the membrane is much larger than the unstructured polymer in its

vicinity, we may center on the polymer and implement one-dimensional equilibrium models.?’

In the transfer matrix formalism, the polymer is treated as a one-dimensional array of units
(binding sites, residues, segments), where each unit is characterized by a matrix of statistical
weights corresponding to all its possible states. Since the polymer’s segments are connected, the
state of a given segment depends on the states of the other segments. The system’s partition
function is given by successive multiplication of all transfer matrices corresponding to the
polymer units. The general methodology consists of enumerating all possible states of the
elementary unit, constructing the corresponding transfer matrices, and building the partition
function. The partition function then allows us to calculate the maps of binding, or binding

curves, and other structural and thermodynamic properties.

4.2. States Enumeration

We model the protein or peptide molecule as a linear lattice of N units labeled » =1, ..., N.
Throughout this paper we will assume that the elementary unit of the polymer is one amino acid
residue interacting with membrane lipids via electrostatic or hydrophobic potentials or both. The

elementary unit of the membrane is one lipid molecule.

We must list all available states for each elementary polymer unit. In the nearest-neighbor
approximation, a state of a given polymer segment would depend only on its two nearest

neighbors. However, we consider here a more general formalism, which allows long-range



interactions between the segments. This complication is required because the polymer may form
a loop that contains many segments, and these segments “know” that they belong to the loop
between the membrane-bound regions. Figure 1.1 illustrates one possible polymer-membrane
configuration. We assume that the size of the lipids allows one amino acid to cover one lipid,
reasonably consistent with the membrane lipids’ geometry.?® A given unit of the bound polymer
may either be in contact with a lipid molecule, or reside inside a polymer loop, or belong to one
of two polymer tails. Table 1.1 lists possible states for each individual unit of the polymer

interacting with a membrane containing three different lipid types.

A Figure 1. A) Schematic view of a polymer (green)
adsorbed on a membrane (blue). B) The hexagonal and
cubic lattice models. C) Geometry of polymer-
membrane contacts. One polymer residue covers one
membrane lipid. The lipid charges are assumed to be at
the lipid-water interface; the polymer charges are at the

geometrical centers of the amino acid residues.

Membrane lipids and polymer residues are represented

as spheres of equal diameter d.

A free polymer in three dimensions may be found in one of Csp x (Ssp)" conformations, where N
is the polymer length, Csp is a constant that depends on the physical properties of the chain (e.g.,
flexibility, volume interactions), and Ssp is the number of possible orientations of a given
polymer segment relative to its previous segment in a lattice model. We set the energy of a free
polymer as a reference zero level, and we consider below the polymer conformations in the

vicinity of the membrane when at least one polymer unit is in contact with the membrane.



4.3. Bound Polymer Segments

The statistical weights of bound polymer units are given as follows:

O.(i,)) = Kig(n) X Cog X Wgp X S2p (1.1)

Here Kig(”) is the binding constant for the nth polymer unit of type i and a lipid of type g,
K" = exp(-E;™), E™ is the corresponding interaction energy, and cq, is the relative
concentration (mole fraction) of g-type lipids in the membrane. The parameter wy;, is the
cooperativity constant determined by the interactions between the neighboring lipids of types g
and 4. If g and & do not interact, we, = 1. Spp IS the statistical weight taking into account the
degrees of freedom of a membrane-bound polymer residue. Since the polymer may slide along
the membrane, and the lipids of the liquid membrane may move in the membrane plane, the
bound polymer residue is not fixed to a point in three dimensions but is restricted to motion in
two dimensions. Therefore, Sp is simply the coordination number of the two-dimensional lattice
model describing the membrane. In our calculations we imply hexagonal lattices with S,p =6
nearest neighbors in two dimensions and S3;p =12 in three dimensions (Figure 1.1B). Because
the behavior of the system is determined by the ratio S3p/ Szp rather than by their absolute

values, we may set S3p = 1 and S,p = 0.5.

4.4. Electrostatic Corrections to the Binding Constants

If modeling a polymer as a number of isolated noninteracting residues (beads on a string), Kl-g(”)
for individual beads would depend only on the type of the polymer residue i and the lipid type g,
but not on the residue position ». However, in our case the residue’s position should be taken
into account since the entropy depends on the polymer connectivity and the energy depends on
electrostatic interactions between the neighboring residues. For example, let us consider the

Debye-Hickel interaction between charged polymer residues and membrane lipids. Let us
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represent amino acid residues and head groups of membrane lipids as spheres with equal radii r,
as shown in Figure 1.1C. Then the electrostatic energy of interaction of an isolated amino acid

with an isolated lipid would be given as follows:

E, =zz1,[exp(—kr) 7], Ki" = exp(-Ey) (1.2)

where Ig = ¢* / (¢ - kgT), the Bjerrum length, and Ip = k™, the Debye screening length (the typical
value for the Debye length is £ =10 A and the typical distance between the centers of lipid
head groups is d = 2r = 8.66 A);'" e denotes the elementary charge, z; and z, are the charges of
the amino acid residue and the lipid, € is the dielectric constant, g is the Boltzmann constant,

and 7'is the temperature.

The first correction to eq 1.2 comes from the interaction of the lipid covered by the nth polymer
unit with polymer units at positions » - 1 and n + 1. Taking these interactions in the Debye-
Hickel form and using simple geometrical considerations shown in Figure 1.1C, we derive the

following correction for the binding constant:

K\ =K x%/Ki(g"’l) X Q/Kl.(g”*l) (1.3)

Here the binding constants on the right-hand side of eq 1.3 are calculated according to eq 1.2
for isolated amino acid residues. The binding constant on the left-hand side of eq 1.3 is the
corrected binding constant. The exponent 1/3 is determined by the Debye-Huckel interactions for
the geometry shown in Figure 1.1C, assuming that polymer residues » — 1 and » + 1 touch the
membrane. In a similar way, binding of the nth polymer residue is not only determined by the
lipid underneath but also affected by the nearest lipid neighbors (six neighbors for a hexagonal
lattice):

11



K(n)** K(n) (ZCOg\Fj (1.4)

4.5. Entropy of Lipid Sequestration
Let us consider a multicomponent lipid membrane. We assume that all lipid head groups are of
equal size and that the monovalent and multivalent lipids interact with charged peptide units
according to their charges. It is known from experiments on MARCKS binding to three-
component PC/PS/PIP, membranes that PIP, but not PC or PS lipids are sequestered by the
MARCKS(151-175) peptide.” PIP, sequestration transfers a lipid molecule from the membrane
region of average concentration cg3 to a membrane region covered by the bound peptide raising
its concentration to co3* This changes the lipid’s entropy by AS= -In(cos*/ cos).”
Correspondingly, the binding constant decreases by a factor of cos*/ co3. It is possible to find
* self-consistently, changing the input parameter coz* until it converges to the calculated
output value c3 of the lipid bound to the polymer. For example, for MARCKS(151-175) binding
to the PC/PS/PIP, membrane (89%:10%:1%) at physiological pH values, our calculation gives
~0.16 =4/ 25, which is equivalent to about four PIP, molecules sequestered by the 25-

residue peptide, consistent with the experimental results.”#%

4.6. Loops and Tails
The statistical weight of a loop is determined by the probability of loop formation. The
probability of formation of a polymer loop of ; units, starting and ending at the membrane points

separated by / membrane units, is given as follows:*®

P, n—jc exp(- —) (15)
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Here C is the normalization constant and j =0, 1, ..., N is the loop length. The accurate
estimation of the end-to-end loop distance is a delicate question.”® However, for our purposes,
we may simplify the loop model and treat the polymer as a random walk, and the average end-to-
end distance of a polymer of length j would be simply 7 = /*2. This brings the statistical weight
for the loop formation to the form P(j) = CLoop x j %, where CLoop is a constant dependent on
loop flexibility. In particular, setting C = 1, we get Croop = exp(-1/2) = 0.6 for an ideal flexible
chain. The loop exponent o depends on the geometry of the system: o = 1.5 for an ideal flexible

chain in three dimensions;®® o increases if self-avoidance is taken into account and is also

changed in the presence of an impenetrable membrane (see below).

Similar to end-grafted polymers, the membrane-bound polymer has one or two free ends. The
weight of a free polymer end of length j is given by (Ssp) x j *, where B = 0.3 for impenetrable
membranes.” The statistical weight of a polymer loop starting and ending on the membrane
surface should also take into account the impenetrability of the membrane. Thus, the statistical
weight of a first unit starting the membrane-bound polymer loop of length ; is finally given as

follows:

0,(i. j) = (Sap) x Croop x j **P (1.6)

4.7. Transfer Matrix Construction

The element Q,(i, j) of the transfer matrix Q, expresses the statistical weight corresponding to
the nth polymer unit in state 7, followed by the next unit in state ;. Note that only specific
combinations of states i and ; are allowed. Allowed states are characterized by statistical weights

depending on the concentrations and energetic parameters, as detailed above. Forbidden states

13



are characterized by zero statistical weights. We consider three types of membrane lipids as in

Table 1.1. The transfer matrices Qg,(”> are then constructed according to the following algorithms:

(1) Bound unit followed by bound unit (i =1, ..., 3,5 =1, ..., 3):

Qy(n) = K,/(n) X co; X S2p X Wij

(2) Bound unit followed by aloop (i =1, ...,3,/=4, ..., N+ 2):

Qij(n) = K,-j(n) x ¢oi X S2p X CLoop X (/ — 3)_(1_[3, If] —-4<N- (l’l + l)

(3) Bound unit followed by the free right polymerend (i =1, ..., 3,/ = N+ 4):

0" = K" x coix Sopx (N—n) P, if n < N

(4) Free left polymer end followed by bound unit i =4, =1, ..., 3):

0" =1,ifl<n <N

(5) Loop continues (i =5, ..., N+ 2,j=i-1):

0" =1ifn>landi-4<N-n

(6) Left end continues i =N+3,;=1, ..., 3):

0" =1,ifn<N-1

(7) Right end continues (i =N+ 4, =N+ 4):

0" =1,ifn>1

The remaining matrix elements are zeroes. Nonzero elements are shaded in Figure 1.2.

14



n 1 1 |2 |3 |4 |5 |..|N+2|N+3 | N+4 | Figure 2. The transfer matrix for a residue of
1 a polymer of length N, binding to a three-
2 component lipid membrane. The non-zero
3 .

4 matrix elements are shaded.

5

N+2

N+3

N+4

4.8. Calculating Binding Probabilities

The matrices constructed above correspond to regular polymer residues far from the ends and
from other obstacles. Close to the polymer ends, transfer matrices change according to boundary
conditions. For example, the loop cannot propagate beyond the polymer ends—thus the loop of
length j cannot start within the last j — 1 polymer units. Our boundary conditions also imply that
the first transfer matrix is preceded by the vector (1, 1, ..., 1), and the last matrix is followed by
the vector (1, 1, ..., 1)". This is required to get a scalar value of the partition function as a final
result of the matrix multiplication. The partition function Z and its derivatives are calculated

using the recursive multiplication of all transfer matrices according to the polymer sequence:*

1
Z=A,x| |, 4=4,%0, 4=0 1 .. 1) (1.7)
1
o7 od, |1| o4 o4, 00
02 _0Ay J 41 9 _ A iy % 411 1 1.8
o ax S|l e T <@t A A=l ) (18)
1
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The probability c,, that the nth polymer segment is bound to a lipid molecule of type g is given

by the following equation:*®

(n)
0z K{

cn (n) (19)
R SO/

The whole set of ¢,, values determines the map of lipid binding to the polymer. The probability

¢, that the nth polymer unit is bound to the membrane (to any membrane lipid) is ¢, = Zc
4

ng !

and the number of sequestered g-type lipids is ¢, = chg :

The membrane-polymer binding constant (also known as the partition coefficient) is given by the
ratio between the partition functions of free and bound polymer conformations: K = Zyound / Ziree,
where Zyoung 1S the partition function calculated as described above, and Zg.e is the partition
function calculated for the polymer of the same length, setting all the energies of polymer-lipid

interaction equal to zero.

5. Constructing the Matrix Model for the MARCKS Protein

Binding of signal proteins like MARCKS and related peptides to mixed lipid membranes was

studied previously by solving the Poisson-Boltzmann equation®***°

and using Monte Carlo
simulations.” In our recent work, we have applied the transfer matrix method to peptides
corresponding to the MARCKS effector domain and a series of related peptides.”’ Here we

provide matrix calculations for the whole sequence of the MARCKS protein.

5.1. Types of Elementary Units
16



The human MARCKS protein consists of 331 amino acids, as shown in Figure 1.3. It is possible
to distinguish six types of residues:

e i =1—neutral nonaromatic (Leu, Ser, Gly, Ala)

e [ =2—basic (Lys and Arg, charge = +1)

e [ =3—aromatic (Phe)

e [ =4—phosphorylated Ser (charge = -2)

e ;=5—acidic (Glu, charge =-1)

e i =6—myristate anchor (neutral, hydrophobic)
We focus on cell membranes composed of three types of lipids:

e g=1—neutral PC

e g =2—monovalent PS; charge =-1)

e g =3—multivalent PIP, (charge varies from -3 to -5 in different experiments; we take

charge = —4, corresponding to the physiological pH range)®

BAQESKTAAKGEAAAERPGEAAVASSPSKANGQENGH

VKVNGDASPAAAESGAKEEL QANGSAPAADKEEPAAA
GSGAASPSAAEKGEPAAAAAPEAGASPVEKEAPAEGE  Figure 3. Sequence of the human MARCKS protein
AAEPGSPTAAEGEAASAASSTSSPKAEDGATPSPSNE
TPKKKKKRESEKKSEK L SGESEKKNKKEAGEGGEAEA
PAAEGGKDEAAGGAAAAAAEAGAASGEQAAAPGEEAA
AGEEGAAGGDPQEAKPQEAAVAPEKPPASDETKAAEE
PSKVEEKKAEEAGASAAACEAPSAAGPGAPPEQEAAP

AEEPAAAAASSACAAPSQEAQPECSPEAPPAEAAE

5.2. Choosing Parameters

We set to zero the interaction energy of neutral nonaromatic polymer units with the membrane.
Upon interaction with the membrane, aromatic residues are buried in the hydrophobic core of the
lipid bilayer, while charged units remain primarily in the water phase. Phe residues bind
membranes with energy ranging from 0.2 kcal/mol®® to 1.3 kcal/mol,®> depending on
experimental conditions. Fitting of experimental adsorption isotherms of the MARCKS effector
|.20

domain results in 0.8 kcal/mo

17



The energy of myristate binding to a lipid membrane is well determined experimentally.®
Experiments give energy of 0.8 kcal/mol per each carbon of the 14-carbon myristate, and finally
the binding constant for the myristoyl “anchor” is 10* M. It is interesting to note that the
0.8 kcal/mol value of each carbon of the myristate is similar to the energy of each Phe residue
mentioned above. This similarity is explained by hydrophobic mechanisms, which dominate in

both cases.

The strength of electrostatic interactions depends on our choice of the effective dielectric
constant near the membrane (ranging between ¢ =78 in water and ¢ = 2 inside the membrane).
Our fitting of experimental data on the MARCKS(151-175) peptide gives an effective dielectric
constant of ¢ =55 We use these values of electrostatic and hydrophobic interactions in
calculations without further fitting. The choice of the reference experimental data set does not
affect the relative changes in the binding affinities arising because of the changes in the
membrane composition and polymer sequence. We assume that the distance between the centers
of lipid head groups is d =8.66 A, which is also used to model the bond length between the
neighboring polymer segments.’” The charged lipids and Lys and Arg polymer residues interact

through the Debye-Hickel potential corrected according to eqs 1.2 through 1.4.

6. Calculating MARCKS-Membrane Binding

Figure 1.4 shows the binding map calculated for the human MARCKS and a three-component
PC/PS/PIP; (89%:10%:1%) lipid membrane. The binding map plots the probability for each
polymer residue to be bound to each type of membrane lipid. Protein residues are numbered

from left to right according to Figure 1.3. The calculated binding map in Figure 1.4 shows the

18



following features: (1) the polymer is preferentially bound to the membrane at the myristoylated
end and several nearby residues; (2) the farther the polymer region is situated from the myristate
anchor, the less the probability of binding; (3) a second strong binding center is at the basic
effector domain in the middle of the protein; (4) the effector domain contains three strong sites
for PIP, sequestration; and (5) an additional PIP, molecule may be bound outside the effector

domain, delocalized among the small green peaks in Figure 1.4.

—Eg Figure 4. The map of binding of the MARCKS

O 08 PIP, protein to the PC/PS/PIP,  (89% : 10% : 1%)
i~ —— PC+PS+PIP,
c
'-g 0.6 membrane. Each protein residue is characterized
<
5 os by a probability to be bound to a PC lipid (black
> 0.
= line), PS (red), PIP, (green) and any of these
8 02 -
o lipids (blue).
o

0.0 R —

0 50 100 150 200 250 300
Site number

Figure 1.5 shows our calculation of the protein-membrane binding constant. Here we again take
a three-component PC/PS/PIP, membrane containing 1% PIP, but change the percentage of the
monovalent lipid PS. We have performed calculations for different mutations of the MARCKS

protein.
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Figure 5. The effective binding constant

3 2
10*%4 L calculated for different mutations of the
10" 4 MARCKS protein to the PC/PS/PIP2
12
10 (89/10/1) membrane. 1 - the human
' 10
; 10 ] MARCKS sequence; 2 — Glu residues are
=
«® 10% 3 . _ . .
s Z substituted by Ala; 3 — the myristate moiety
10%4 /
1 has been deleted; 4 — one Ser residue inside
10*4 6
3 , ; , the effector domain is phosphorylated; 5 —
0 10 20 30
mole % PS three Ser residues are phosphorylated; 6 —

the 25-residue effector domain is removed.

Curve 1 in Figure 1.5 corresponds to the native human MARCKS protein. The curve starts at a
high value determined by the hydrophobic anchoring of the myristoyl moiety and further
increases upon loading negatively charged PS lipids. Our previous calculations for the 25-residue
peptide corresponding to the MARCKS effector domain showed a linear increase of K with
increasing PS fraction.?’ That the increase is not linear for the native MARCKS protein indicates
that there are two opposite electrostatic contributions. Negative lipids attract basic Lys residues
of the effector domain, but they repel acidic Glu residues randomly scattered through other parts
of the protein. We have checked this by substituting all acidic Glu residues by neutral Ala. Curve
2 in Figure 1.5 shows the calculation for the MARCKS protein with the Glu—>Ala substitution.
Now there is no repulsive effect, and the binding constant indeed increases linearly with

increased content of negative lipids in the membrane.

Curve 3 corresponds to the MARCKS mutation when the myristate has been deleted from its
end. The trend of this curve is similar to the native MARCKS protein but is shifted down by

about three orders of magnitude. The shift value is comparable to the value of the myristate-
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membrane binding constant but is not exactly equal to it, reflecting the fact that the binding

constants of different polymer parts are nonadditive.

Curve 4 in Figure 1.5 shows calculations for the MARCKS protein with one phosphorylated Ser
residue. This covalent modification adds a charge of —2, which is not a large change for a protein
whose total charge is around -30. However, as we can see from the figure, this shifts the
effective binding constant by an order of magnitude. This shift is because a single
phosphorylation changes the local charge distribution inside the highly charged basic effector
domain. A decrease in the binding constant of three orders of magnitude is induced when three

Ser residues are phosphorylated (curve 5).

Curve 5 corresponds to the situation of three out of four Ser residues inside the MARCKS
effector domain being phosphorylated. This situation has direct biological implications, since
PKC usually triply phosphorylates membrane-bound MARCKS. It is this chemical modification
that leads to MARCKS dissociation from the membrane followed by the release of sequestered
PIP, lipids. Our calculations predict that phosphorylation of three Ser residues decreases
MARCKS binding constant by three orders of magnitude, possibly explaining its desorption
from the membrane. Monte Carlo simulations provide a similar estimate.®’ Interestingly, the
effect of phosphorylation (curve 5) is similar to the effect of deletion on the myristate moiety

(curve 3).

Curve 6 corresponds to the most dramatic mutation of the MARCKS sequence, when 25 residues
of the effector domain are removed. This modification changes the MARCKS binding constant
by six orders of magnitude, which practically guarantees its desorption from the membrane. The
electrostatic attraction now turns to repulsion. Only the myristoyl anchor can attach the protein,

which by itself is not enough to compensate for the entropy decrease due to protein confinement.
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The deletion of the effector domain also makes the protein less sensitive to membrane
composition. Since now there is almost no electrostatic contribution to the binding energy,
increasing the percentage of charged membrane lipids causes negligible changes in the binding
constant. Although the deletion of the effector domain by itself is not a biological event, it may
help us to estimate nonelectrostatic results of PKC-induced MARCKS modifications. Indeed, in
addition to the changes in electrostatics, phosphorylation may cause structural changes in the
effector domain that are mediated, for example, by salt bridges between phosphorylated serine
and lysine,® which would prohibit its binding to the membrane. We see, therefore, that Figure
1.5 adequately explains the action of PKC on MARCKS-membrane binding and unbinding

behavior.

7. Potential Applications to More Complex Systems

We have presented a general method for calculating sequence-specific binding of flexible
peptides and unstructured proteins to mixed lipid membranes. The calculations for the MARCKS
protein allowed us to determine relative changes in the binding constant arising because of the
changes in the peptide sequence and membrane composition, in agreement with experiments.
The matrix method may be easily extended to consider the binding of second-layer molecules to
the proteins already bound to the membrane.”® We therefore hope that it is not only applicable to
study signal transduction through single-protein binding to a membrane but also may be
extended in future to include multiprotein assemblies on the membrane. This could help in
studies of, for example, the membrane-cytoskeleton attachment® and its regulation by binding of
small ligands such as adenosine 5'-triphosphate (ATP) and Ca®*. Multilayer matrix models may

be also applicable to lipid-templated amyloid-type protein fibril formation.*®
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