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ABSTRACT: Aggregation and micelle formation in dilute solutions of amphiphilic oligopeptides (Ala,,z
Asp,p) is considered theoretically. It is shown that the peptides can self-assemble forming micelles of different
morphologies in the regime where Asp units are negatively charged. The micelles are stable thermodyna-
mically if a sufficient amount of monovalent salt is added (the “salting in” effect). The thermodynamic
stability of the micelles also strongly depends on pH and on the size 6 of added cations. The micelles get
destabilized as their surface charge (due to Asp units) decreases at low pH or low ionic strength 7... A larger
cation size 0 also results in aggregation (precipitation) of the micelles. The aggregation process can be
kinetically arrested due to electrostatic repulsion even in the regime of weakly charged Asp units. The
kinetically defined size R of the aggregates strongly depends on the effective peptide/water interfacial tension
y and on the Debye length rp: R decreases as either y or rp is increased.

1. Introduction

It is well-known that protein molecules often assume compact
robust conformations (a collapsed molten globule or a specific
three-dimensional structure of a native state).! Native protein
globules are stable and do not precipitate; these features are
important for many biological processes (e.g., enzymatic acti-
vities). In some cases, however, proteins have a tendency to
aggregate and form various self-assembling structures instead
of separate globules. The aggregation can play important
positive roles in biosystems (collagen or actin fibrils, microtu-
bules, etc.),z‘3 but it can also lead to undesirable structures
(amyloid fibrils, prions) resulting from a protein misfolding.*~°

An important challenge is to find a relationship between the
structure of protein assemblies (fibrils, micelles) and the primary
structure of the protein molecule (the aminoacid sequence)
together with the solution conditions. This general problem
seems to be extremely difficult. Trying to shed some light on it,
we chose to analyze self-assembly in simpler model systems:
aqueous solutions of rather short identical oligopeptides. Such
systems are also interesting in their own right since peptide
assemblies play important roles both for biological processes’
and in technological and biomedical applications.® ">

The peptides considered mostly in the present paper involve
just two types of aminoacid residues: alanine (Ala) and aspartic
acid (Asp). The peptides are strongly amphiphilic as Ala is
hydrophobic, and Asp is hydrophilic (it is polar and charged in
a wide range of conditions). Such peptides can form aggregated
core—shell structures in water. We focus on the Ala-Asp co-
polymers with the same molecular weight and composition, [Asp:
Ala]=np:nywithnp=2 and ny=24 (see Figure 1 where each open
circle represents three Ala units). It is assumed that the condensed
hydrophobic core is amorphous. The present theory is therefore
not applicable to aggregates with crystalline or semicrystalline
cores. The choice of the Ala and Asp units is arbitrary to
some extent. In principle, the general theory developed in this
paper is applicable to many systems of oligopeptide copolymers
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involving neutral and charged units whose molecular structure
can be described in terms of a few basic essential parameters
including the interaction energies, the degree of charging and
geometrical parameters of aminoacid units.

We find that self-assembling properties of these peptides
strongly depend on the sequence. On the other hand, our analysis
shows that high amphiphilicity as such does not guarantee
formation of well-defined thermodynamically stable soluble
micelles. It is predicted, however, that the studied oligopeptides
can form kinetically stable finite aggregates whose size depends
on the Debye screening length rp and other solution parameters.
We also reveal some general features of the kinetic stabilization of
peptide assemblies.

2. The Model Systems and the Free Energy

2.1. The Model. Let us consider aqueous solutions of
relatively short peptide molecules consisting of two kinds
of monomer units, Ala and Asp. The examples of such
26-residue peptides with four distinct chemical sequences
(marked as P1, ..., P4) are shown in Figure 1. In the more
general case the molecules consist of n; Ala-units and np
Asp-units (7, =24 and np=2 in Figure 1); the P1 structure is
telechelic with two Asp units at the ends, P2 is diblock
copolymer Ala,, -Asp,,, etc.

Hydrophilic Asp units are polar and charged, so their
interactions are controlled by pH and ionic strength. Hydro-
phobic Ala units are neutral; their interactions are tempera-
ture sensitive. The model peptides therefore possess one of
the main properties of proteins, the amphiphilicity, which is
also inherent in surfactants (both low-molecular'® and block
copolymer'*!%) and polyelectrolytes.'* 2> It must therefore
be expected that the Ala-Asp peptides have a tendency for
formation of micellar structures involving an Ala core
protected by Asp units located at the Ala/water interface.
Specific interactions of Ala units in the hydrophobic core
may or may not result in a periodic ordered (crystalline)
core structure. We assume, for simplicity, that the core is
free from any crystalline regions, i.e., that it is entirely
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Figure 1. Ala,;Asp,p peptides with n;; = 24 alanine (Ala) units and
np = 2 aspartic acid (Asp) units. Each open circle corresponds to 3 Ala
units. The number of Asp “blocks” is np, = 2 for P1 and P4, and
npp = 1 for P2 and P3 structures.

amorphous. This is not impossible in view of the reports that
short Ala-homopeptides tend to adopt random-coil con-
formations in aqueous environments.>’* The coil con-
formations may define (perhaps, metastable) disordered
amorphous internal structure of aggregates formed by Ala-
Asp peptides in aqueous solution (see also the Discussion,
point 7 of section 7).%

The Ala/water interfacial energy depends on the surface
concentration ¢ of Asp units in a nonmonotonic way: the
energy is increasing both for low and large surface concen-
trations of hydrophilic units (at low o the effect is due to
unfavorable Ala/water contacts, at high o it is due to Asp/
Asp repulsion). Thus, there is some preferred surface con-
centration defining the optimal surface area of the aggregate
(proportional to the total number of Asp units). This selected
surface area essentially defines the micellar geometry as
shown below.

The energy penalty for an Asp unit located inside the Ala
core is typically high in the regime of interest (where micelles
are formed at all, see section 5). It is therefore reasonable to
assume that most Asp units are located at the peptide/water
interface. This condition implies that Ala-fragments must be
extended away from the surface inside the core. Generally,
poly-Ala chains show various conformations defined by
intra- and intermolecular H-bonding, involving a-helical
or 3-sheet motifs (including 3-hairpins and -bends) depend-
ing on the environment; S-structures dominate in the case of
shorter chains, in more polar environments and at higher
temperatures.*'*” S-structures are rather compatible with
random-coil conformations;?’ such conformations must be
therefore anticipated in disordered amorphous aggregates
(micelle cores) of oligomeric poly-Ala. A short Ala-chain
with ng ~ 20 can be stretched rather easily (see the next
section), hence the core size along the direction normal to the
surface must be defined by the maximum extension length of
the Ala-fragment.

2.2. The Free Energy. A micellar aggregated structure can
be described basically in terms of amorphous hydrophobic
domains (aggregates of hydrophobic Ala units) and inter-
faces stabilized by hydrophilic (Asp) units. Accordingly, the
free energy of a micelle can be written as (cf. the theoretical
approach of ref 23)

F%Fcor‘e+Floc+Fs+Evend+Fel (]-)

Here and below F= 7 /Q is free energy per peptide molecule
with n Ala monomers and 7p Asp units (& is the total free
energy, Q is the aggregation number). The terms in the rhs
account, respectively, for the following: (i) the bulk of
Ala—core; (ii) the entropy of localization of Asp units on
the surface; (iii) the surface energy (including the Coulomb
interactions); (iv) the energy contribution due to surface
bending; (v) the conformational elastic energy of Ala blocks.
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Fopre = —ngey in eq 1 is the free energy gained upon
aggregation of Ala fragments. The energy ez (the effective
energy of attraction per Ala monomer) depends on tempera-
ture 7, but it is assumed to be independent of the micelle
geometry since the core is characterized by disordered amor-
phous internal structure. We also assume that the density pg
inside the micelle is independent of the micellar geometry and
is nearly eczlual to the density of undiluted poly-alanine, py ~
1.3 g/em®.** Hence, the micelle volume ¥ per peptide mole-
Cule iS alSO ﬁXed: V= V* = (M]HnH —+ M]pnp)/(poNA) (MlH:
71, M p= 115 are molecular weights of Ala and Asp units,
respectively; N4 is Avogadro’s number).

The free energy F),. corresponds to the ideal-gas entropy
of localization of Asp groups at the interface,

F, kgTnpp 1 - 2
loc = KBLnpp HE ( )
where A is the interfacial thickness, A4 is the interfacial area
(per peptide), and np, is the number of Asp “blocks” in the
peptide molecule (np, =2 for peptides P1 and P4, and np, =1
for P2 and P3).

F is the free energy of the plane peptide/water interface. It
depends on the surface area A per peptide molecule and on
the surface concentration o of polar (Asp) units:

Fy = Alyy +fin(0)] (3)

where y, is the surface tension at the Ala/water interface (in
the absence of Asp units), ¢ is the number of Asp units per
unit interfacial area (surface concentration of Asp units), and
fine 18 the free energy of interactions between charged Asp
units at the surface including the free energy of proton
dissociation (from carboxylic groups), the electrostatic inter-
actions of counterions in the diffuse screening layer near the
surface and the entropy of their redistribution. Below we will
largely consider the regime when nearly all Asp units are
located at the surface. In this case o = np/A4, hence the
minimum of F with respect to 4 defines both the optimum
interfacial area 4* and the optimum surface concentration of
Asp units 0* = np/A*.

Flenq is the free energy contribution due to the interfacial
curvature. For small curvatures the elastic bending energy
can be approximated by the Helfrich expression:

1
Frend = A<—KC+§KC2+KGC1C2> (4)

where C= C; + C, is the sum of the two principal curvatures
Cy, C, (C > 0 for convex interface, e.g. for a spherical
micelle), K is the mean bending modulus, K is Gaussian
bending modulus and « is another elastic constant reflecting
an asymmetry of the interface (Ala units inside and Asp units
and ions outside). It is important that « is positive and large
due to strong lateral repulsion of ions in the electrical double
layer (Gouy—Chapman layer®®) favoring convex surface of
the peptide aggregate. Therefore, Fj,,;decreases as C > 01is
increased; this monotonic decrease persists up to high
curvatures C ~ C* > 1/L, where L is the peptide length.'
Finally, F,; is the conformational elastic energy of Ala-
blocks that are anchored to the micelle surface by Asp
groups, and are elongated away from the surface toward
the micelle core center, F,; = (U,;), where U, is the elastic
energy of elongated Ala-blocks in a peptide and <-> means
averaging over all molecules. The conformational statistics
of Ala-oligopeptides with polymerization degree =15 + 20
was studied in ref 42 by Monte Carlo modeling. They found
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that end-to-end distance r distribution is markedly non-
Gaussian for peptides with n; =10 = 20: the distribution is
strongly asymmetric and its maximum is significantly shifted
toward extended chains (see Figure 3a in ref 42). The
function f{r) shown in thlS figure is related to the elastic
energy U,(r): f{ir) = const r?e” V(%51 The elastic energy

U,(r) obtained from the data** for nH 20 shows a weak
variation (AU, < kgT) for 0. ISr,,m < r < 0.75r,,4.» Where
Fmax = L=nyl, defines the maximum cham end-to-end (/1 ~
3.6 A is the main-chain contour length per amino acid
residue).”® The typical elastic energy variation AF,; < kT
is small compared with other free energy contributions (of
many kT per chain), in particular, those due to the
electrostatic interactions of Asp units (see the end of section
4.1). The Ala blocks with n ~ 20 can thus be easily stretched
almost up the maximum allowed length r,,,, due to the
electrostatic effects that often strongly favor larger core size.
To simplify the model, in what follows we adopt the follow-
ing simple approximation: U.(r) =0 for r < r,,,, Upfr) =oco
for r > r,,,.. In other words, we neglect the conformational
energy F,; of Ala-blocks simply replacing its effect by the
condition r < 7y,

The micelle structure is therefore essentially defined by the
surface effects and by the geometrical packing (density)
restrictions applied to its hydrophobic core.

3. The Interfacial Energy

3.1. Coulomb Effects. An Asp unit can be either neutral
(with polarized COO™~ H™ group) or charged (with COO™
anion and dissociated proton). Let us denote the energy
difference between the neutral (0) and charged (1) states as
AE = E|; — Ey. AE depends on interactions of an Asp unit
with the surrounding molecules, i.e. it depends on the
environment. This dependence is pronounced: the energy
of'acharged Asp unit in the hydrophobic Ala-domain (E, ) is
significantly higher than in water (E;,). To a very crude
approximation AE is inversely proportional to the dielectric
constant ¢ of the surrounding medium, so

AEh - Ey
AEW ~ Ep

()

where ¢,, ~ 80 and ¢, ~ 4 are dielectric constants of water and
of hydrophobic bulk Ala region, respectively. While this
relation is far from being precise (mainly because it is the
local dielectric constant g, rather than macroscopic € that is
relevant; in the case of water ¢, is much lower than ¢), it still
shows that AE;, > AE,,..

The statistical weight wy of a neutral (protonated) Asp unit is

wy = wp CAECP Vhbond

where wy is the statistical weight of the charged (dissociated)
Asp state

— 10 PH m_OI

is the concentration of protons (H"), and v, is the effective
volume available for H" in the associated state in COO~ H™
group. (kzT'is considered as the energy unit in this section.) The
fraction of charged Asp units is

wy 1
wo+w;  1+4

where 1 = wo/w; = vb[,,,dcpeAE. The parameter A is related to the
pK of the carboxylic group defining the reaction constant for its
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deprotonation:
A =10 Pk (6)
Hence
pK = ln 0 ——[AE +In (vpoua[M]) (7)
where
mol .
M] = T = Na/(10% cm?®)

The pK for Asp in water is>’

pK =pK, =4 (8)

pK is slightly higher for Asp at the water/Ala interface (see
below) and it is much higher for Asp in Ala domains. In fact,
assuming that vy,,s ~ 1 A3 (the precise value of v,  is not
important), we get from eqs 7 and 8 that AE, =~ 17kzT.
Formally applying eq 5 leads to AE),, ~ 340kzT and pK), =
140 in Ala environment. While thus obtained pKj, is strongly
overestimated (for the reason indicated below eq 5), it clearly
shows that Asp units located inside the Ala core must be practi-
cally neutral. (This conclusion is supported by high experi-
mental pK, pK = 10, for Asp in nonpolar environment™).

Let us now estimate the difference between pK at the Ala/
water interface and pK,,. We assume that COO™ subgroup of
Asp is exposed to water at the distance 4 from the Ala/water
interface. The dielectric constant of Ala (~4) is much smaller
than that of water (=80). Hence there is a repulsive interac-
tion of COO™ with the interface which is nearly equivalent to
the interaction with 1ts mirror-image char rge. The corres-
pondmg energy is Ae ~ ' /4(Ig/h), where lg=e"/(e kgT )~ A
is the Bjerrum length. For 7~ 4 A (the typical length of Asp
monomer) we get Ae 0.5, hence pK — pK,,=Ag/In 10~ 0.2,
i.e. pK=pK; ~ 4.2 at the interface.

An Asp unit is polar and hydrophilic even in the neutral
state: its statistical weight (activity) at the interface with
water, wy,, is larger than its activity wy, inside Ala domain:
won = € Pwy,, where the free energy difference &» = 1 (in
kgT units). On taking into account also the favorable
charged state of Asp at the interface we get an even higher
total activity there (ﬂ. = Wi/ W) wi=wo; + w1, = woi(1 + 1/4,)

= woi1 + 10P"7PX) The free energy change on deprotona-
tion (charging) of an Asp-unit at the surface is

Au; = —In(1+1/4;) = —In(1 + 101 7PK) (9)
This decrement is large for high pH (pH above pK;). The
strong preference for the charged state simultaneously means
a strong affinity of an Asp unit to the surface. Hence, it seems
that nearly all Asp units must be charged and located at
the surface of a peptide aggregate at high pH. We return

to these statements and analyze their validity in the next
section.

4. The Interaction Energy

Let us consider a plane interface between aggregated peptides
and water. The energy f;,, (see eq 3) is associated with interactions
of Asp units and counterions at the surface. It consists of several
contributions:

ﬁnt :fdllx‘ +fch +.fst (10)
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Here

Jas = olalna+ (1—o) In(l —a)+oln i (11)

is the free energy change on deprotonation of a fraction a of
Asp units at the surface (o is surface concentration of Asp units).
f.n accounts for electrostatic interactions of charged Asp units and
counterions, and f;, is the free energy of nonelectrostatic (excluded-
volume) interactions of Asp units at the surface.

At the end of the previous section we argued that the surface
Asp units must be fully charged (o = 1) at high pH > pK;. In this
case the probability that Asp units are in the interior of the micelle
is very low, so we can assume that nearly all Asp units are located
at the micelle surface. Although an analysis shows that these
assumptions are not always true (see sections 4.2 and 4.3), it is
instructive to first adopt the condition o = 1 and then to consider
its consistency. This is done below.

4.1. Electrostatic Surface Energy: Fully Charged Asp. Let
us calculate the electrostatic energy f,, for a flat peptide/
water interface with a known surface concentration of Asp
units, o. The interface can be approximated by a uniformly
charged surface (x =0, where x is the coordinate normal to
the surface) with surface charge density { = —eoa = —eo
since a = 1. The surface is separating the peptide phase
(x < 0) and water (x > 0). There are no charges inside the
peptide (Ala) phase, hence electric field =0 there. The
electric field in the other half-space (x > 0) is screened by
ions dissolved in water; the ionic strength in the bulk of water
is I, (for example, I, = 10" P"[M] in the case of no salt and
pH < 7). The ion distribution in water is predicted by the
classical mean-field theory (the Gouy—Chapman theory?>).
The relevant Poisson—Boltzmann (PB) equation is

2
dj = 4.7'[13@ (12)

where ® =—eq/(kgT) is the reduced electric potential (¢ =
¢(x) is the local electric potential), o = I(e® — ¢ ®) is the
reduced density of charge in the diffuse ion layer (all ions are
assumed to be monovalent), and

62

B SWkBT

Ip

The boundary condition is

dg = 4dme ¢
dx evkgT

=~ —dnlgo atx = 40 (13)
The solution to the PB eq 12

14 e/

(14)
where rp, is the Debye length (rp > =8x/31..), and 8 is defined
by the boundary condition (the approximation sign “="is
replaced by “=" here):

2B D
=A, A=2lgrpoc =— 15
1—p Brp hae (15)

Here hge is the characteristic thickness of the diffuse ion
layer (the Gouy—Chapman length):

1

hge = —— 16
6C = gns (16)
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The electrostatic interaction free energy (per unit area) is

fn/kT = /cb(o) do — 20{lnijg—ﬂ}

Using eq 15 we get in the regime A > 1 (i.e., higc <rp)

dnl
fon = 20 lny (17)

Next we note that f;,, eq 11, simplifies for a = 1 as
Jais = oAy,
where Ay, is defined in eq 9.

Using eqs 1, 2, 3, 10, 17 we obtain the free energy per
peptide in a micellar structure AF=F — F,,,, (in kgT units):

AF = F.v + F/oc
4mlgrpo Vo
~ A k};—OT—#oA,ui+2o lnﬁﬁ-fs, +npg,lnﬂ
(18)

where A ~ 0.4 nm is the interfacial layer thickness. Note that
the energy F,,,. is irrelevant here as it does not depend on o.
Taking into account that 4 = np/o (since all Asp units are
assumed to be at the surface), neglecting the excluded-
volume term f;, (the steric repulsion of Asp), and minimizing
F with respect to o we find the optimum surface concentra-
tion (note that the parameters yq, Au;, V*, A are independent
of 0)

S (N

g g kBT2+npb/np (19)
The poly-alanine/water interfacial tension is y, &~ 45 dyn/cm,**
yielding o* ~ 3.7 nm ™ for peptides P1, P4 (np/np,=1) and
o* ~4.4nm > for peptides P2, P3 (np/np,=2). The obtained
densities o are high: in fact, they are higher than the maxi-
mum density 0,,, in a monolayer of close-packed Asp-
units.'” Hence, the f;, term cannot be neglected. The precise
dependence f;,(0) is not known (and is not universal); how-
ever, a reasonable approximation can be provided by the
lattice—gas theory:

f5:(0) & (Omax —o)ln(l— g ) (20)

max

(A similar expression accounts for the excluded-volume
interaction in polymer mixtures in the framework of the
classical Flory—Huggins theory.”®)

Minimization of AF including f;,, eq 20, shows that the
latter term essentially leads to a reduction of o* down to a
value slightly below 0,,,,, for P1, P3 and P4 peptides, i.e.

0% ~ Opax ~ 3nm > (21)

The corresponding Gouy—Chapman length is

1
hee = Tnlgo* ~ 0.075 nm (22)

The predicted electrical double layer of counterions is thus
very thin (A > 1). The layer thickness is much smaller than
both rp and the radius of curvature of the interface (which is
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of the order or longer than the peptide contour length L=n/j,
n=ng+ np). Hence the surface curvature effects are likely to
be small.

We are now in a position to estimate the main surface
contributions to the free energy F per peptide for the optimal
o=0*. The yp-term in eq 18 amounts to

np
while the electrostatic term is

4.71’13}”00’ N 9(kBT)

2np In
for rp 2 1 nm. Both energies are therefore much larger than
the conformational (elastic) energy of a peptide molecule,
AF,; < kgT (see the end of section 2.2).

The results considered above imply that concentration of
counterions near the surface (x =0) is high. This leads to the
following problem if all the cations are protons (which is the
case for pH < 7, no added salt): a high concentration of pro-
tons near the surface (corresponding to a low local pH|x—¢ =
pH;) means that most Asp units at the surface can be neutra-
lized (protonated) if pH; < pK;. The assumption . = 1 must
be lifted in this regime as considered in the next section.

4.2. pH < 7, No Salt. Let us consider the regime when
there are no other cations in the water phase except protons,
i.e. pH < 7, no salt. In the presence of electric potential ¢ the
concentration of protons increases to ¢, = 10 PHe®M],
where @ = —eq/(kgT), e is the proton charge. The degree
of charge of Asp units at the surface, ., changes as a result:

1
T 1+ 2¢®0

where 1 = 10P57PH o gets lower for ®(0) > 0 leading to a
lower surface charge density = —eoa. In this case 0 must be
replaced by oa in eqs 13, 15, 16. Equation 14 stays valid,
hence

o (23)

B 1+p
where £ is defined by
2
1 ﬁﬁQ = AO., A = QJTZBVDO (25)

In the previous section, we showed that A > 1. Equations 23,
24, and 25 can now be solved for § and a. In the most interesting
regime, Aa > 1, we get the following equation for o

1
o=—->5—
1+ 4AA 2
The parameter 4AA% = 27107 10P%1 5/[M] is very large (~10°) for

0 ~ Oy (note that rp> = 8 alpl., and L. = 10 PH[M]).
Therefore, to a good approximation

(26)

a = (4AA%) 7 = (2r0”10°K 1/ M]) TP (27)

It is remarkable that the fraction of charged Asp units is
independent of pH in this regime. Using the last equation we
get ot~ 1072 for 0 ~ 0y, i.€. the Asp units are just very weakly
charged at the surface (only about 1%, or less, of Asp units are
charged). This also leads to a lower affinity of Asp units to the
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surface (as most of these units are neutral). Such low fraction of
charged Asp units is very unlikely to induce a significant
reduction of the surface tension required for micelle stabiliza-
tion (see sections 5.2 and 5.3).

4.3. The Effect of Salt. A high degree of charge (a close
to 1) is generally necessary for micelle stability (see section
5.3). Clearly, this regime is accessible only if there are a lot of
cations other than protons in the water phase, i.e. if either a
sufficient amount of salt is added or pH is significantly
higher than 7. Accordingly, below we consider the regime
of relatively high ionic strength: I.,> ¢, = 10"PH[M] (thisis in
contrast to the previous section where /., = ¢,). In this case it
is necessary to take into account that added cations have
finite size (~ 0), so that there is a dead layer near the charged
surface (0 < x < ) which is inaccessible for the cations (the
charge due to protonsin this layer can be neglected since their
concentration must be low there to avoid neutralization of
Asp units). Such a d-layer was introduced long ago in the
Stern generalization® of the Gouy—Chapman model.>> The
solution to the PB equation then modifies as

1
4mlgoo (0 —x) +2 In 1t§’ x<o
D(x) = 14 fe (=0
2 IHW, x>0

where f is still defined in eq 25. In particular

1
(I)(O) = 4.7'[]30(1(3 +21In 1ig (28)
Assuming Ao > 1 as before, we get instead of eq 26:
1
o= 29
14 4AA%eveq? (29)
where v = 47lz00. The solution for a is oo = 1 if
4AN% < 1
ie.
L, > 2me’™0ls0 521 opki ~pH (30)

The latter condition (defining the strong charge regime) is
satisfied if ionic strength and/or pH is high enough. For
example, o~ 1 for I, 2 0.1 [M]if6=3 A, c=2nm 2, and pH
=09.

In order to obtain the total electrostatic free energy f =
Jfen + fais We use the theorem on small variations®! saying that

af B
de

oo

where ¢ is the deprotonation energy associated with pK
(e =10P%). Obviously =0 for & = oo (neutral system), hence

f = —O/m(xde (31)

Evaluating the integral in the strong charge regime (ot = 1 for
the actual €) we get:

4.71’[3071)

f/o=1n10(pK—pH)+2In +v/2
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hence

. 47l
/o = 2 TBOTD

+ 27lgod (32)
For point-like cations (0 =0), the last equation coincides with
eq 17.

The total free energy per peptide molecule AF=F — F,,,.
in the strong charge regime, a = 1, is (in k3T energy units)

Azl
AF = F,+ Fipo = np {%“n 10 (pK, — pH) + 2 In 229D

*
+ 27l3od +&} +npp In (OV ) (33)
o I’IPA

The optimum surface concentration o* of Asp units can be
obtained by minimizing F with respect to 0. Neglecting the
steric term f;, we find:

2y,

o* =~
s+ /8% +8xlpdy,

(34)
where s = 2+npp/np. In particular, the last equation gives

0% )Omax = 0.65for 6 =3 A, = 0.55ford =5A
with yo &~ 45 dyn/cm, np, =np (P1 and P4 peptides). Taking
into account the steric term (using eq 20) we find that its
effect is to slightly reduce, by 6% and 4%, respectively, the
above values of o*.

5. Equilibrium Results

5.1. Micellar Shape. Let us consider a dilute peptide
solution in the high salt regime where micelle formation is
expected (the critical micelle concentration is discussed
below in section 5.2) and where nearly all peptidic Asp
groups are located at the micelle surface and are charged
(o= 1, the strong charge regime). What are the main factors
defining the micelle morphology in this regime? It turns out
that the micellar shape is largely determined by simple
geometrical parameters: the optimum volume of the hydro-
phobic (H) core I'*, the optimum interfacial area A* and the
maximum distance R from a point in an H-domain to the
nearest interfacial point (for example, R is just the radius for
a spherical or a cylindrical micelle; in the case of peptide
bilayer R is half-thickness of the layer). The optimum area
per peptide, A* =np/o*, can be treated as a constant since the
curvature effects are negligible in the first approximation:
while bending energy Fj,,  is significant for high interfacial
curvature C ~ C* ~ 1/A, Fp,q provides just a small correc-
tion to F for micellar structures characterized by either C=0
(for plane layers) or C ~ 1/R << C* (for nonplanar structures
with the characteristic micelle size R ~ L =nl; > A).

The crucial nondimensional parameter is the reduced area
6= A*R/V*. A simple geometrical consideration shows that
6 = 3 for spheres, 6 = 2 for cylinders, and 6 = 1 for planar
layers. (Inverse micellar structures of solvent microdomains
in the peptide precipitate are not considered here for
simplicity.) Let us estimate 0 based on the peptide molecular
structure. Since all Asp (P) units are at the surface, and Ala
(H) units are in the core, some hydrophobic fragments have
to span the distance R from the surface to the core “center”.
Therefore, R cannot exceed the maximum contour length
L,,..x between an H-unit and the nearest (along the chain)
P-unit. It is obvious that L,,,. = L/n;, where n;=2, 1,2, and 2
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for P1, P2, P3, and P4 peptides, respectively (L = n/; is the
peptide contour length). A simple analysis shows that the
geometrical and packing restrictions (namely, the conditions
that all H-units are uniformly distributed in the core respect-
ing chain connectivity, while all P-units are at the surface) do
allow formation of micellar structures of any of the 3 shapes
(spherical, cylindrical, plane layer) with almost any R below
L, for any of the 4 peptides with only one exception: The
plane membrane structure of P4-peptides with half-width
R > 2/3LmaX is not possible. The reason is that although the
second H-block of P4 (with free H-end) can be extended to
L,.ax the first blocks (terminated by P-units) must form loops
giving rise to tripling of H-density in the core layers adjacent
to the surface as compared to the central core layer. A
homogeneous core is possible only for R < R,,,,.= L/3. Thus

1/3 for P4,layers
Ruae/L = :
1/n; in all other cases

The important parameter is

0 _ A*Rmax _ np Rmax
max V* = e Al L

where
L PUNAll

Ay

is the effective cross-section of the peptide chain. Note that
1/6 .4« 1s distinct from, but is akin to the classical surfactant
packing parameter> (one difference is that R, is not simply
the molecular length).

If 6,,,c > 3, then optimum micelles (with o = 0*) of any
geometry (spherical, cylindrical or plane layer) are possible.
The main contributions to the free energy per molecule
(namely, the core contribution and the surface energy Fy)
are the same for all three structures. However, the curvature
is more favorable for spherical micelle. Indeed, the bending
energy, eq 4, is dominated by the first linear term

Fpena = —kKCA = —KCI’IP/G*

where C is the mean curvature and ¥ > 0 (convex interface is
favorable). Now, C=2/R=2A4/(3V) for spherical micelle, C=
1/R = A/(2V) for cylindrical micelle, and C = 0 for layers.
Therefore, the spheres are characterized by the most favor-
able bending energy, while the layers are least favorable.
Hence, it is the spheres that are predicted for 6,,,. > 3. Fora
similar reason the cylinders are favorable if 2 < 0,,,. < 3,
and the plane membranes if 1 < 6, < 2. A structure with
the optimum surface concentration of P-units (i.e., with o=
o*) is not allowed for 6,,,,, < 1:in this case the membranes
with 0= 0,,,.0%, 0 < o*, are favored.

Thus, for P1, P3, and P4 peptides the spherical micelles are
predicted for 6¥4, < '/5, cylinders for '/, < 0%4, < '/5, and
plane membranes for 6* 4, > !/,. The critical values of 6% 4,
('3, '/5) change to (*/3, 1) for the P2 peptide.'® The phase
diagrams in variables y,, 0 obtained using eq 34 for the four
peptides are shown in Figure 2.

Compact spherical micelles of radius

_30%A4,

np

L

are formed if either the cation size 0 is large enough, and/or if
the reference Ala/water surface tension vy, is low enough (see
the regions above the solid lines marked Pi, i=1, 2, 3, 4, in
Figure 2). In other words, the equilibrium may be shifted
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Figure 2. Phase diagrams for the peptides P1—P4 in variables: y, (the
reference surface energy at the interface between hydrophobic units and
water, in dyn/cm) vs ¢ (the characteristic cation size, in nm). For a
solution of Pi-peptides (i = 1,2,3,4), spherical aggregates are predicted
above the solid line marked as Pi; the region of cylindrical filaments is
between the lines marked as Pi and P/; membranes are predicted below
the P/-line.

H20
‘,Asp

(@)
()

Figure 3. (a) Plane bilayer membrane of Pl-peptides. (b) Closed
membrane forming a vesicle.

from layers (membranes; see Figure 3) to cylindrical and
spherical micelles by decreasing y,, i.e. by decreasing hydro-
phobicity of Ala fragments. The number of peptides in a
spherical micelle is

N 47 R?
Y

0

so the aggregation number for Ala,4Asp, peptides amounts
to QO ~ 500 for 6 = 3 A. Plane membranes (or vesicles),
Figure 3, are formed in the opposite regime of small d, high
Yo (below the lines marked as Pi'). The membrane thickness is

~ 20*A1L
np

Long cylindrical aggregates are predicted in the intermediate
regime between the Pi and P/ lines; the cylinder radius is

20’*141
np

L

~
~

Generally, the P2-peptides have the strongest tendency to
form spherical micelles, and the P3-peptides rather tend to
form membranes or cylinders, while the P1 and P4 peptides
show an intermediate behavior. For example, for 6 =3 A and
Yo~ 45 dyn/cm, it is predicted that P2-peptides self-assemble
in spheres of radius R ~ 2.8 nm, P3-peptides form layers of
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thickness H~ 1.9 nm, and P1 and P4 peptides are close to the
boundary between membrane and filament morphologies in
the same conditions.

5.2. Critical Micelle Concentration. Generally, the micelles
are formed if the peptide volume fraction ¢ exceeds the so-
called critical micelle concentration (CMC) ¢¢: ¢ > ¢c. The
latter is roughly defined by the following equation:

1n¢C ~ Fmic _Fdi.\' (35)

where F,,;,. — Fuy is the excess free energy per peptide
molecule in a micelle as compared with dissolved peptides.

Fmic' ~ Fc()re + AF (36)

where F.,.. = —nyéey, and AF is defined in eq 33 with o
defined in eq 34. The strong charge regime (. = 1, see eq 30) is
considered here since micelles are hardly formed otherwise.
(The steric term F,, = fynp/o in eq 33 is neglected in what
follows for the reasons outlined below eq 34.) The case of
monovalent ions is assumed as before. Note that eq 36 is
applicable whatever is the micelle geometry: the free energy
difference related to the micellar shape is small and is
neglected here.
The free energy in the dissolved state is

Fus = np(—ep+Au)

where ¢p is the free energy gained when a neutral P-unit is
transferred from micelle interface to the bulk water, and Au
accounts for the effect of ionization of a P-unit in water. Au
in water can be found in analogy with eq 9:

Au = —In(1+ 10P" Ky ~ In 10 (pK,, — pH)

The micelles are formed at all if F,,. < Fy. Using
equations above we get

In ¢ ~ const + 2np Inrp +np %Jr 21n o+ 2nlgdo

V*o

I’lpA

+npp In (37)
where const = —ngey + npep + npln 10 (pK; — pkK,,) + 2np
In (47/g/e) (all the parameters involved in const are treated as
fixed). It is not our aim to quantitatively predict CMC for
AlarsAsp, peptides. This is not possible since CMC strongly
(exponentially) depends on unknown parameters like €7 and
ep. It is clear that CMC exponentially decreases with the
length of hydrophobic part, ny, so it can be made however
small. Below we discuss qualitatively, based on eq 37, how
CMC depends on the main solution parameters (pH, ionic
strength 1., cation size d), on the surface tension y, and on
the peptide structure.

CMC, as defined in eq 37, does not depend on pH. This
feature is true in the strong charge regime (a = 1). More
precisely, CMC starts to decrease as pH drops down to the
regime where o ~ 0.5, i.e. where the strong charge condition
30 ceases to be valid and micelles get readily destabilized with
respect to precipitation. The CMC decrease is moderate
unless 7p is large.

Let us turn to the dependence of CMC on other para-
meters. CMC always decreases with 7., as

b1, (38)

CMC increases with 9, and it also formally increases with y,,
i.e., with the degree of hydrophobicity of Ala units (formally,
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since the effect of y, increase is likely to be masked by the
parallel increase of e leading to lower CMC). For low y40

2np +npp
b

be < Vh Y00 < 1/(27lp) (39)

s0 ¢ just slightly depends on ¢ in this regime. For high y0,
the CMC dependence on both parameters is strong:

b o enp\/m’ 700 > 1/(27lp) (40)

Turning to the CMC dependence on the peptide structure:
It is clear that CMC is significantly lower for P2 and P3
peptides than for P1 and P4 peptides due to a lower Asp-
localization free energy (lower np,) for the former pair. In
addition, we expect a slightly lower CMC for P2 than for P3
peptide. This difference (which is not reflected in eq 37) is due
to the effect of steric free energy F;, neglected before: In the
case of P2 the Asp-Asp dimer at the chain end can be oriented
perpendicular to the interface thus reducing the “excluded
area” per Asp unit. Such dimer conformation is not likely for
P3:in this case the dimer is expected to be oriented parallel to
the interface due to the presence of two Ala-tails. As for the
pair P1, P4, we expect a slightly lower CMC for P4 peptide
due to a bit smaller Asp-localization energy contribution: the
two Asp units are connected by a shorter bridge in the case of
P4, hence once one Asp unit is localized at the surface, the
other is less free (more confined by the connecting bridge) in
the case of P4 than for P1 peptide (this effect is not captured
in eq 37).

5.3. Precipitation vs Micellization. Formation of micelles
may be suppressed due to peptide precipitation (macroscopic
phase separation). Micelles are favorable only if their free
energy F,,;. 1s lower than the free energy of the precipitate
F,, Fie < Fp,. Assuming the homogeneous precipitate, we
write

F,, = —eyny +epnp (41)

where € p is the free energy required in order to transfer an
uncharged Asp unit from Ala/water interface to the interior
of the precipitate (the sum &p + ¢p is thus the free energy
increase when one neutral Asp unit is transferred from water
phase to the precipitated peptide phase; note that Asp units
in the Ala environment are always neutral, see section 3.1).

In the strong charge regime (see eq 30) the condition F,,,;.
< I, reads:

47l
np %—l—ln 10 (pK; —pH)+2 In ﬂBmD—}—QnZBo(S
olV*
1 ; 42
+ npp Il(nPA> < gpnp ( )

The approximations involved in this expression are out-
lined at the beginning of section 5.2. Using the condition 42,
we find that micelles are stable if Z.10P" is high enough:

L.10°" > 11, (43)

where

V*Oe) npy/np ,
- e —¢

I, = 2:'5130210"1(’634”’”6"( y P (44)

(for o= 0%*). The threshold IT,, increases with pK;, 0, npp, Yo
(since larger vy, leads to higher o = 0*), and it decreases with
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&p. I1,,,is higher (less stable micelles) for P1, P4 peptides than
for P2, P3. As an example we get:

I1,, ~ 0.8 x 10°[M]

for &p =1 (kgT), npp/np=0.5 (for P2, P3 peptides), yy =~ 45
dyn/em (ie., yo =~ 1lkgT/nm?), 6 =3 A, A =4 A, and
o = o*. Therefore, in this case micelles can be stable,
for example, in the region pH > 10 and 7., > 0.01[M]. A
slightly higher threshold, IT,, ~ 1.2 x 10*[M], is obtained for
npp/np = 1 (for P1, P4 peptides) with otherwise the same
parameters.
Equation 44 somewhat simplifies for yo0 < 1/(27lp):

, s 2\ 572
I, = 275l 0PKies ~o =2 (@) (—V >
K npA

where s=2 + np,/np. In the opposite regime, yo0 > 1 /(27lp),
we get:

Y /2 7\ ¢ -2 ,
11, = Qn[BlopKf _r0 eV8alsoyy [ L oS 2¢h
2.7'[136 npA

Obviously, IT,, strongly increases with both 6 and vy in this
regime.

The general condition of micelle stability, eqs 43 and 44,
are rather similar to the strong charge condition, eq 30: the
latter can be rewritten as 7..10P™ > II,., where

V*oe) “ne/ne
e’

M, =10, (——
SC (}’ZPA

The difference between IT,. and II,, is not great. For
example, for &p =1 (kgT), npy/np=0.5 (P2, P3 peptides),
yo ~ 45 dyn/em, 6 =3 A, A =4 A, we get: I, =~ II,,.
Therefore, as a rule of thumb, micelles get destabilized as
soon as the degree of charge of their surface Asp units
drops to a moderate level a ~ 1/2. Micelles with weakly
charged Asp units can remain stable if ¢/ > kzT which is
however rather unlikely since neutral Asp (P) units are not
expected to be strongly hydrophilic (recall that &5 is the
difference between the chemical potentials of a neutral
Asp unit in the Ala environment and at the Ala/water
interface).

Indefinite aggregation of peptides (rather than micelle
formation) becomes favorable in the regime where the
condition 43 is violated. Formation of large aggregates
(peptide droplets that grow in size) is expected in this
regime. The driving force for the growth of peptide aggre-
gates is the positive effective surface tension y§ (the free
energy increment corresponding to a unit area increase of
the total surface area). The renormalization of vy, is due to
the effect of Asp units: although most of Asp units have to
be located inside a large peptide aggregate (since the
aggregate’s size R is larger than the peptide length L), still
some Asp units can reach the surface and stay there in the
favorable charged state. The tension y§ can be easily
obtained:

X . n V*o
Yo = Yo~ 0&p + fini +ni: In (m) (45)

where the last term reperesents the localization free energy,

Sfine = f + fu» and fis defined in eq 31. The equilibrium

effective tension y = y§ corresponds to the minimum of y§
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with respect to o:
y = min y, (46)
o

It is easy to show that the condition y < 0 is equivalent to
the condition of micelle stability, F,,;,. < F,. On the other
hand, y > 0 in the precipitation regime roughly correspond-
ing to 710°" < TI,,,. (Note that at the threshold y = 0 the
equilibrium concentration of Asp units at the surface of a
large aggregate is o0 = o*: y§(0*) =0 for y =0.) The effective
tension y decreases at higher pH or /.. (following the varia-
tion of f; eq 31, and a, eq 29, with these parameters); y can be
much lower than yif 7,10°" is close to the threshold IT,,,. On
the other hand, y ~ vy, for low enough 7.10°" when the
peptide/water interface is just weakly charged.

The macroscopic peptide phase (the precipitate) is formed
in the regime y > 0 if ¢ > ¢cpe, Where the critical
precipitation concentration (CPC) is defined by (compare
with eq 35):

In ¢pcpe = Fypr = Fais

Hence

In pepe = —epny + (ep+ep +1In(1 4+ 10°7PEY))pp (47)
Note that CPC strongly depends on pH for pH > pK,,:

Gepe o 1OP?

In this regime, CPC decreases by a factor of 100 when pH
is decreased by 1 (for np=2).

6. Kinetic Stabilization of Finite Aggregates

Let us consider the regime where precipitation is thermodyna-
mically more favorable than micellization (i.e., pH < log;o(I1,,/
L.)). In this regime finite micelles are not stable thermodynami-
cally: they tend to further aggregate. However, micelles can still
repel each other in this regime since their surfaces are charged,
and this repulsion is rather long-range (it extends to rp 2 1 nm).
Micelle aggregation can be significantly slowed down due to their
electrostatic repulsion, i.e. aggregates of finite size can be kine-
tically stabilized against further fusion. This electrostatic stabili-
zation mechanism is considered below.

The main part of the repulsion energy between two aggregates
comes from the interaction between their closest (and nearly
parallel) surface parts. Therefore, by virtue of the Derjaguin
approximation, the problem can be reduced to the interaction of
parallel Gouy—Chapman layers. Below we will focus on the regime

hGC <rp (48)
where
1
h =
e 2mlgoo.

and a is the fraction of charged Asp units at the surface (compare
with eq 16). a can be obtained solving eq 29 which, in the weak
charge regime (o < 1), simplifies as

pH —pK;
300 o 1.10 '

49
202l (49)

The condition 48 is valid (for o ~ 0,,,4x ~ 3 nm”2, see eq 21)if
I./IM] < o, for example, if the ionic strength I, ~ 10~*[M] and
the degree of surface charge o ~ 0.1.
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6.1. Interaction of Two Gouy—Chapman Layers. Consider
two parallel Gouy—Chapman layers® separated by distance d:
one layer at x=0and the other at x=d. The reduced electrostatic
potential @ satisfies the PB equation (compare with eq 12):

e 1

@ = r.?s]nh ‘b
with boundary conditions

do

a = +4ml BOQL

atx=d, 0.

The repulsion force per unit area (pressure) 7 is propor-
tional to the excess pressure of ions in the middle plane
between the layers:

7 = 2[.(cosh ®,, —1)

where @, = ®(d/2). Integrating the PB equation and using
the boundary conditions one gets:

d
i}
2

/fp/hoc dy
0 \/(Qy2 +cosh ®,,)* —1

This equation implicitly defines ®,, as a function of d. The
upper limit of integration can be set to e for d > hgc (since
rplhge > 1). The following asymptotic behaviors of the
electrostatic force can be obtained as a result:

T
— hoe <d <r
kgT | 242 e P
=7 (50)
ls | —5e~dm, d>rp
JTVDZ

The corresponding energy of electrostatic interaction per
unit area is

T
— hge <d<r
w(d) ~ kgT zg GC D -
lB 76_‘1/’% d > D
JTrp ’

The above equations constitute the classical results ob-
tained within the frameworks of Gouy—Chapman® and
DLVO® theories.

6.2. Kinetic Stabilization of Spherical Aggregates. Using
the Derjaguin approximation® we relate the interaction
energy F(dy, R) of two spherical droplets (of radius R, with
the minimum distance d, between their surfaces, dy < R) to
the interaction of two parallel Gouy—Chapman layers, with
energy w(d) per unit area:

F(dy, R) = R /w w(d) dd

dg

Using the last equation and eq 51 for dy < rp we find

The activation energy F* corresponds to the minimum
(cutoff) dy ~ hgc:
2

R
F* = %l— In(2lpoarp) (52)
B
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Figure 4. (a) Two spherical aggregates just touching each other. (b) The
aggregates develop fwo fingers approaching each other.
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Figure 5. Two aggregates connected by a neck of size a; the neck is
characterized by the zero-mean-curvature surface, eq 56.

For oo~ 0.3nm ™ ?and r, ~ 3 nm we get F* ~ 10R(kgT/nm).
Therefore, F* 2 30(kgT) for droplets of radius 23 nm; that
high activation barrier is certainly enough to stabilize the
droplet system for 24 h (as can be verified by estimating the
droplet collision rate).

6.3. Deformable Aggregates. In the previous section we
implicitly assumed that the droplets (peptide aggregates) are
spherical and cannot be deformed. This approximation is
lifted in the current section. The picture of undeformable
spherical aggregates approaching each other is of course
justified if the aggregates are rigid (solid-like). However, in
this paper we assume that rather the aggregates are liquid-
like. In this case the state when two aggregates just touch
each other (Figure 4a) is not the proper activation state for
their fusion. There are two reasons supporting this state-
ment:

(1) The opposite surfaces of the merging aggregates can be
deformed, for example, like it is shown in Figure 4b: rod-like
protrusions are emerging toward each other from the ag-
gregates’ surfaces. The energy of electrostatic repulsion can
be strongly reduced if the protrusions are long enough;
simultaneously, the surface area and energy increments can
be made however small if the protrusions are thin. (We
neglect the bending energy contribution in this argument.)

(2) The state with point-like contact between the aggre-
gates is not exactly relevant: the fusion process requires
formation of a neck with finite thickness between the aggre-
gates (Figure 5). As the neck thickness is increased, the free
energy first increases, then starts to decrease after reaching
the critical state. As it is shown below, the neck contribution
to the activation energy barrier is expected to be particularly
high in the regime of high surface tension y in accordance
with the fact that the aggregates with high y are reluctant to
change their optimal spherical shape. Note that it is the
effective surface tension y defined in eq 46 that is relevant in
this section; v can be close to y, in the weak charge regime, o
< 1.

Let us consider the activation state of two aggregates
connected by the critical neck. The thermodynamic potential
is stationary at this critical state implying mechanical (static)
equilibrium of the peptide system, in particular, of its sur-
face. There are 3 main forces acting on a surface element (per
unit area): (1) the electrostatic force 7; (2) the capillary force
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Jeap = vC, where C = C; + C5 is the sum of the principal
curvatures of the surface; (3) the excess pressure IT inside the
aggregate. The force balance (along the surface normal, the
positive direction being chosen toward the condensed phase)
reads:

+yC =11 (53)

where IT = const . This equation defines the aggregate’s
surface shape for the activation state. As it is shown below,
the characteristic neck size a is typically comparable with the
Debye length, a ~ rp. In what follows we consider suffi-
ciently large aggregates, R> rp. In this case, IT = 2y/R since
7 is negligible far from the contact region between the
aggregates while C = 2/R there.

Let us focus on the region r > a (see Figure 2; r is the
distance to the vertical z-axis) where the opposite surfaces are
nearly parallel. The force 7 in this region is defined in eq 50
with d = 2z, where z = z(r) defines the upper branch of the
surface (z = 0 is the symmetry plane cutting the neck in the
middle; r,z are cylindrical coordinates). In particular,

kT
lB"DZ

for z ~ rp. It is shown below that a ~ rp is the main
characteristic length-scale of the neck. This natural length
scale can be used to define the dimensionless curvature

C = Crp. Using eq 53, we find

=~ 21’[) _ kBT

R [BI‘D‘}/

(54)

The last term in this equation defines the reduced magnitude
of electrostatic repulsion. Below we consider the regime of
weak repulsion, 7 < y/rp

JTIBVD‘}/

I'=—
8 kT

> 1 (55)

This condition is valid if y is not too low, or if rp is long
enough. It also ensures that the bending energy can be
neglected. In fact, the bending energy per unit area is Fye,g
~ K;C ~ K;/rp, and K| ~ yoA. Hence, the condition Fj,,,; <
y is nearly equivalent to I' > 1 (if

kgT
Yo ZBA

which is roughly the case for the peptide system we consider).
Equation 54 thus shows that the reduced curvature is low,
|C| <1, in the regime, condition 55 (recall also that R>>rp).
Therefore, the neck can be approximated by a saddle-like
surface of zero mean curvature, C = 0. Assuming the axial
symmetry (i.e., that z = z(r)), we thus arrive at the following
surface shape:>

r = acosh(z/a) (56)

Below we argue that this equation is applicable everywhere
(rather than merely for the neck region, r ~a) in the limiting
case R — oo. To see this let us consider the far region, r>a. In
this case eq 56 can be approximately rewritten as

z=aln(2r/a), r>a (57)
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Let us see whether this shape can be derived using the force
balance, eq 53, which, for r>a~ rp, z> a (and R — ), can
be represented as C = —7/y with

. 1 d dZ - - kBT 8 —2z/rp
¢= r dl’(rd}")’ t= 7(22) - IB J'L'I‘D2 ¢

We thus arrive at the following equation

1 d dZ o 1 *ZZ/I‘D
;a("a) B (58)

This equation can be also obtained by minimization of the
relevant energy F = G+F;,,, where

1 [T /dz\ 2
Gy = yAex = Y3 4 27t dr (59)

is the excess surface energy (A, is the excess surface area),
and

1 Fmax
Fi = 5/ w(2z)27r dr (60)

Fmin

is half the interaction energy (the other half must be formally
attributed to the lower surface branch with z < 0). Here

keT 8 .
w(d) :_Z Eefd/'f> (61)

is the energy of electrostatic interactions per unit area (see eq
51). The upper limit of integration in eqs 59, 60 is the cutoff
length r,,,.. The boundary condition corresponding to the
minimum of Fis simply

@ _
dr

In order to solve eq 58, we change variables: (r, z) — (z, ),

0 at ' = Fyax (62)

r=rpVTe', z =rp(t+0) (63)
This yields
d’¢ o
Eri

The latter equation is equivalent to the following “con-

servation law”:
de\ 2
(df) =cyt+e %

where ¢y = const is a parameter. The constant ¢, can be
obtained imposing the condition 62 and then taking the limit
F'max — o (Which is consistent with R — o). Thus, we get: ¢y =
0. Hence

.
a €

and

E=I(i+a) (64)
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where ¢; = const. Introducing the lower bound r,,;,, ~ a and
demanding that z ~ a at r =r,,;, we find 7,;, = —l/zln T and
c;~+/T.Hence, L=In(t + ¢;) = 1/21n I'=constfort << ¢, i.e.
for rmin < 1 << 1o~ rpev'. The range r,,;, < r < r. is
exponentially wide since I' > 1. Using eqs 63, 64 we get in
this range

zZ=rp <lan+const> L > (65)
D

which is consistent with eq 57. Hence

a =Tp, I'pax — (66)

Therefore, the neck shape is indeed defined by the zero-
mean-curvature surface, eq 56. This approximation certainly
remains valid if the upper cutoff length r,,,. is finite, r,,,, >
rp. In this case both the neck energy F,,..« and the neck radius
a can be obtained by the minimization of F .. =2(G,+ F;,,)
with respect to the parameter a (the factor of 2 in the last
equation accounts for two equivalent parts of the system,
with z > 0 and z < 0). The free energy F,... is calculated
using eqs 59, 60, where the precise value of the lower cutoff
I'min ~ @ 18 Unimportant since the lion’s share of the integrals
comes from the region r > r,,;,. The critical parameters
obtained as a result are

U PR S % N (67)
- D 2 ln(rmax/rD)
; 1 T ]
F*. ~9 QILmaX 1—= 68
neck 7TYrp” i p |: 2 ln(rmax/rD):| ( )

[T30% L)

where “x” marks the activation state (note that although
F¥. 1s a minimum with respect to the parameter «, it
corresponds to a saddle point in the space of all parameters
defining the neck shape). Eqs 67, 68 are valid if

rmax/rD > \/I: (69)

Let us turn to the general case of finite aggregate radius R,
R > rp. In this case the general eq 53 is applicable, i.e. C=—1/
¥ + 2/R. Then eq 58 must be modified as

1 d dZ 1 672:/”) + 2
—_—\ T — = - — —
rdr\ dr Trp R

For small r the solution to this equation is z =z, + 0z, where z,
corresponds to R— co and is defined in eq 65, and 8z = r*/2R is
a perturbation. The unperturbed solution z = z, is applicable if

d dZ()
%) <G

and 0z < rp. Both conditions are equivalent to r < r,,,,, with

Fmax = RrD (70)

For r> r,,,. the surface shape becomes nearly spherical:

2
B
z = ﬁ—i— const, rypax <1 << R
The electrostatic interaction is exponentially weak in this
region. It is easy to show that the region r 2 r,,, provides a
subdominant contribution to the excess neck energy, hence
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the latter is defined in eq 68 with the cutoff r,,,., eq 70,
obtained above:

" R Inl 7°
Frog = ayrp’In—|1— —— 1
neck YD nI”D |: ln(R/rD)} (7 )
The corresponding critical neck radius is:
InT
* = 1l——F—- 2
o = o[ 1=t "

Eqs 71, 72 are valid for large enough aggregates, R > I'rp (cf.
eq 69).

6.4. Discussion of Results on Fusion of Liquid-Like Aggre-
gates. 1. It is the renormalized (effective) surface tension
y (defined in eq 46) including the effect of electrostatic
interactions in the Gouy—Chapman layer that is involved
in eq 71. The parameter I' is proportional to y, therefore the
neck radius a = a* decreases as the surface tension y is
increased. On the other hand, the neck activation energy
F* = F}, . increases with .

II. An increased amphiphilicity of unimers (peptide
molecules) leads to lower surface tension y, hence to lower
activation energy for fusion F* = F}, ., i.e. to weaker kinetic
stabilization. On the other hand, as y drops below 0, finite
aggregates become thermodynamically stabilized. It is there-
fore predicted that the aggregation behavior can change in a
nonmonotonic way as the degree of amphiphilicity (the
fraction of charged units) is increased: from precipitation
at low amphiphilicity (too low surface charge) to kinetically
stabilized finite aggregates (moderate positive y), then to
precipitation again (low positive y), and then to thermody-
mically stable finite aggregates (negative y).

I11. The results are valid provided that the Gouy—Chapman
length /i is smaller than the Debye length: fige <rp, i.e.

oo >

2.71'13}”0

This is not a strong condition for the surface charge;
essentially it demands that rp is sufficiently long, i.e. that
ionic strength is not too high. Using eqs 49, 34 this condition
can be represented as (for cation size 0 < 5 A)

L. < 10°PE78 M)

which is possibly true if pH 2 16/3.

IV. Equation 71 shows that the kinetic stabilization
of finite aggregates with charged surface can be always
achieved if either rp or y are sufficiently large. A long-
term stability (on the time-scale of days) of nanoaggregates
is ensured if the activation energy for their fusion F* =2
30 kgT.*° Such high F* is achieved with yr3 2 10 kzT; for
rp 2 3 nm (this corresponds to a wide pH range, 2 < pH <
12 without salt) thisis true if y 2 4.5 dyn/cm ~ 0.1y, which
is likely to be the case.

V. So far we neglected the energy of the van der Waals
attraction which reduces the activation barrier for fusion:

*

F :F7eck+FVdW

Ti

For the deformed spherical aggregates connected by the
critical neck, the negative van der Waals energy is
A R

FV w 2 S
< 6 rp In(R/rp)

where A is the Hamaker constant (typically 4 ~ 1 kgT for
organic particles in water). For R ~ I'rp this energy, F gy, 1S
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negligible (as compared with F}i, ;) if rp > 5. This condition
is satisfied for rp = 3 nm since /z = 0.7 nm.

VI. The general result that the critical neck radius «a is
comparable with rp can be qualitatively explained in the
following way: There are two contributions to the neck
energy: Gy due to the excess surface area, and Fj,, due to
electrostatic interactions. G, is roughly proportional to «?.
Equations 60, 61, 57 show that F,, o< rp. ~“'. There-
fore, F;,, is small for a > rp, while G, is increasing with a in
this region. On the other hand, F;,, gets very large fora < rp,
hence the optimum must correspond to a = a* ~ rp. In a
similar manner one can show that the neck energy for a = a*
is dominated by the surface area contribution G, more
precisely, Gy/F,; = In(r,,../rp) for a = a*.

VII. We therefore find four conditions necessary for
kinetic stabilization: (i) lgrpy > kgT; (i) rp = [p; (ill) rp >
hee; (iv) wyrp® 2 30kgT. The last condition (iv) essentially
follows from conditions i and ii. Condition iii is not too
restrictive (see point III above). The main conditions are
therefore i and ii.

7. Discussion and Conclusions

1. Aggregation is solutions of oligopeptides is considered
theoretically in the present paper. Each peptide molecule consists
of ny hydrophobic (Ala) units and np << ny charged hydrophilic
(Asp) units. In section 3.1, we argue that charged Asp units
strongly prefer to be located at the surface of a peptide aggregate.
This is in accordance with the well-known fact that charged Asp
residues in proteins are almost exclusively found at the surface of
protein globules. We show that the amphiphilic peptides can self-
assemble in micelles of different geometries (spherical, cylindri-
cal, plane layer, or vesicle). The following main parameters
defining the morphology of peptide aggregates are identified:
the length of hydrophilic “block™ m = np/np,; the degree of
hydrophobicity of the H-units (Ala-units in the present paper)
which can be quantified by the H/water interfacial tension y; the
H-tail cross-section A;; the cation size 6. The present theory
shows (see section 5) that an increase of m or o0 shifts the
equilibrium morphology toward the spherical micelles, while an
increase of y, or A4 shifts it to the bilayer membrane structure.

2. The micelles are stabilized primarily by the charged (Asp)
units that accumulate at the interface between hydrophobic
peptide core and water. The mean charge per hydrophilic (Asp)
aminoacid residue depends on pH and ionic strength I, of the
solution. Weakly charged micelles are normally not stable ther-
modynamically: they tend to precipitate as the homogeneous
peptide macro-phase has lower free energy than an ensemble of
micelles. The main driving force for the peptide precipitation is
related to the effective surface tension y of peptide particles (see
eq 46). Macroscopic phase separation of peptides is predicted for
y > 0; equally sized micelles are stable if y < 0. It is found that
micelles are stable against aggregation if 7.,10”" exceeds a certain
threshold (see eq 43) depending on pK for protonation of COO™
group of Asp unit, cation size o, the energetic affinity ¢p of a
neutral Asp for the aqueous environment, and the hydrophobic
core surface tension . The threshold increases with pK, d and y,,
and it decreases with &p.

3. Four AspAla peptide structures (see Figure 1) with different
positions of hydrophilic units in the molecule, but with the same
numbers 1z, np of Ala and Asp units, are considered. It is found
that the double-tail peptide (P3) have the strongest tendency to
form flat membranes (or vesicles), the head—tail peptide (P2)
rather tends to form cylindrical or spherical micelles, and the
peptides P1, P4 (with Asp units separated by Ala-fragments)
show an intermediate behavior. For example, for =3 A and y,=
45 dyn/cm, it is predicted that P2-peptides self-assemble in
spheres of radius R ~ 2.8 nm, P3-peptides form layers of
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thickness H ~ 1.9 nm, and P1 and P4 peptides in the same
conditions are close to the boundary between membrane and
filament morphologies.

4. The approximation regarding the chain elastic energy
F,; described at the end of section 2.2 is directly applicable to
P2 peptides. In the case of, say, P1 peptides with Asp end-units
located close-by at the core surface, the Ala block, which is
stretched away from the surface, has to form a hairpin with a
sharp U-turn near the middle (where the chain direction is
reversed). Such turns are common in protein globules (they are
known as reverse turns or f-bends); the -turns normally involve
just four aminoacid units and are stabilized by internal H-bonds.'
It seems plausible to assume that reverse turns in Asp-Ala peptide
micelles and protein globules must be similar. Each turn increases
the free energy of the system by some energy Eg. However,
this energy penalty can be avoided for P1 peptides by placing
their Asp ends at the opposite core/water interfaces in the case of
layer morphology, or at the opposite (or distant) points of the
cylindrical or spherical surface. Thus, the reverse turns can be
disregarded for all the peptides studied here as they nearly does
not change the balance between different micellar morphologies
(P1 and P2 peptides need not form such turns at all, while each P3
peptide has to form one U-turn near the surface, and each P4
peptide forms 2 U-turns, one near the surface and one in the
middle of Ala-block connecting its Asp units).

5. A micelle formation starts above a certain critical concen-
tration (CMC) if the hydrophobic fragments are long enough.
The CMC decreases at lower pH (before micelles transform to a
macro-segregated peptide phase); CMC always increases with the
cation size 0, and CMC strongly decreases with the ionic strength
I... The critical micelle concentrations for P1 and P4 peptides (with
Asp units separated by Ala-fragments) are predicted to be signifi-
cantly higher than CMC for P2 and P3 peptides (with Asp dimers).

6. The present theory involves a few essential molecular (n,
np, m=np/np,, Ay, pK) and solution (pH, L., 6, T) parameters,
and as such is rather universal: it can be applicable not only to
AspAla two-letter peptides, but also more generally to aggrega-
tion of amphiphilic molecules (oligomers or short polymers)
consisting of two types of units: mainly hydrophobic (H) units,
and a small fraction of charged (P) units. For example, Asp (or
Ala) units can be replaced by other charged (or, respectively,
hydrophobic) aminoacid units.

7. The theory is based on the assumption that hydrophobic
core of a peptide aggregate (micelle) is amorphous (liquid-like).
There is no general proof of this ansatz. It is well-known that
peptides often tend to form regular structures, in particular
crystalline or pseudocrystalline structures, stabilized by multiple
hydrogen bonds. The assumption of amorphous core is primarily
dictated by the logic of the theoretical development: self-assembly
of charged amphiphilic molecules (like peptides or copolymers) is
a very complicated process, governed by many factors (in
particular, the electrolyte effects) apart from the core structure,
and the role of these factors is assessed in the present theory. The
effects of the secondary or tertiary core structure come on the top
of the electrolyte effects, and, in our opinion, must be studied
separately.

Is the theory of the present paper directly applicable to real
Alas4Asp, peptide systems? The answer is yes and no. Bio-
logically inspired chirally pure peptides are likely to form regular
H-bond structures provided the chains are long enough, so it
is a matter of an experimental verification if such structures are
formed for peptides with ny = 24 Ala-units aggregated from
aqueous solution. If yes, then the core free energy (the energy
ey gained by an Ala unit upon aggregation) must certainly
depend on the micelle morphology. While a regular hydrogen-
bond-assisted structure is, in principle, compatible with any
core geometry, the strongest (perhaps, pseudocrystalline) core
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structure is expected for bilayer micelles where hydrophobic
molecular fragments can be arranged in parallel arrays (parallel
arrangement of Ala-strands favors f-sheet structure). Hence, a
higher effective energy ey may be expected for the layered
structures. The peptide membranes must be strongly favored
over other micelle geometries in this case.

On the other hand, the amorphous core assumption is likely to
be valid for achiral peptides synthesized based on a racemic
mixture of aminoacids. In would be therefore extremely interest-
ing to experimentally study self-assembly of achiral peptides
complementing it by a parallel study of their chiral analogues
(with otherwise the same chemical structure). Such study would
permit to elucidate the roles of the core-structure-effects and
other (electrolyte) effects separately (not to mention that it would
help to advance the theory).

8. While it is predicted that peptide aggregates are not stable
thermodynamically in the weak-charge regime, finite peptide
particles can still be kinetically stabilized due to electrostatic
repulsion of their surface charged groups. We consider kinetic
stabilization of two types of peptide aggregates: undeformable
solid-like (pseudocrystalline or glassy) and liquid-like. The acti-
vation energy barrier F* for fusion of two rigid weakly charged
spherical aggregates (see eq 52) is essentially proportional to the
particle size R. A lower barrier F* is predicted in the case of liquid-
like aggregates (see eq 71): here the activation energy increases
with Rin a logarithmic manner: F* < In R. In addition, the energy
F* is proportional to the effective surface tension y and to the
Debye length rp. Formally, a fusion of sufficiently large aggre-
gates is always suppressed by the electrostatic repulsion in both
cases (rigid and liquid-like aggregates). However, in practice, this
stabilization mechanism for liquid-like surface-charged particles
can be turned off if the tension y or rp are small enough.

9. We thus predict that weakly charged liquid-like peptide
aggregates do not grow indefinitely, but rather their growth is
arrested when their size R reaches a few rj, provided that yrp* 2
10kgT and that the critical precipitation concentration (CPC) is
very low which is true for 7> 1 (see eq 47; low CPC ensures that
the Lifshitz-Slezov droplet growth mechanism is suppressed).

10. Itis shown that the activation state for fusion of two liquid-
like peptide aggregates implies formation of a rather thin critical
neck between the merging particles. The neck shape is approxi-
mately defined by the zero-mean-curvature (hyperbolic-cosine)
surface. The neck radius a = a* is defined in eq 72. It is typically
close to the Debye length rp.

11. The proposed mechanism of kinetic electrostatic stabiliza-
tion of peptide particles appears to be rather universal, generi-
cally valid for systems of amphiphilic molecules (surfactants,
copolymers, peptides) bearing charged groups. In the case of
liquid-like metastable aggregates the activation barrier for the
fusion is inversely proportional to I.. Therefore, the kinetic
stabilization of finite aggregates could be easily turned on or
off by changing the ionic strength.

12. A nonmonotonic aggregation behavior is predicted as, say,
pH of the solution is increased. At low pH the surface charge of
self-assembling peptide particles is very low (see eq 49), so they
precipitate forming a macro-phase. At somewhat higher pH the
surface charge increases and the electrostatic stabilization me-
chanism comes into play as soon as the Gouy—Chapman length
hgc becomes smaller than rp, while the effective surface tension y
is still positive and high enough. The surface tension y becomes
very low (being still positive) at even higher pH, so the electro-
static energy barrier for fusion strongly decreases (see eq 71); this
leads to almost unlimited peptide precipitation in this regime.
Finally, at higher still pH, the tension y becomes negative (see eq
45) defining the regime of thermodynamically stable micelles.

13. The molecular self-assembly in aqueous solutions of
surfactant-like peptides was experimentally studied recently.*
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The following peptides were considered:* (a) AlagAsp, (b)
ValgAsp, (c) ValgAsp,, and (d) LeugAsp,. All these peptides have
the hydrophobic tail—charged head structure roughly corre-
sponding to the structure of P2-peptide considered in the present
paper. The phase diagram obtained for the P2-peptide is qualita-
tively applicable also for a shorter AlagAsp, peptide. According
to this diagram (shown in Figure 2) it is possible that AlagAsp,
peptides form cylinders (for 0 ~ 1 A corresponding to Na™ cation
radius). Note that all the peptides (a—d)*® are characterized
by a parameter 6,,,, which is lower than that for the reference
AlagAsp, peptide since (i) the Val- and Leu-tails of ValgAsp, and
LeugAsp, peptides are more hydrophobic than Ala-tails, hence
higher y, and higher o for these peptides as compared with
AlagAsp, peptide; (i) np is smaller for the other 2 peptides,
AlagAsp and ValgAsp, than for AlagAsp, peptide (recall that 6,,,,,.
increases with np). Therefore, the peptides (a—d) may fall in the
membrane region 6,,,. < 2. This conclusion is in qualitative
agreement with the data®® showing that similar structures with
the basic bilayer motif are formed by all the four peptides (a—d).
The bilayer peptide structures can be favored also for other
reasons (see point 7 above).

14. We found that peptide micelles are not stable in low-salt
conditions: a significant amount of added salt is required for their
thermodynamic stabilization. This result is reminiscent of the
well-known “salting in” effect for protein globules." Simulta-
neously, this result shows that strong amphiphilicity of surfac-
tant-like peptides does not guarantee the micelle stability. For
example, lone P2-peptides are strongly amphiphilic at pH =7, no
salt conditions (a P2-peptide has hydrophobic Ala-tail and
charged Asp-head in aqueous environment), however micelle
formation is inhibited at these conditions due to much lower local
pH near the micelle surface leading to Asp neutralization
and precipitation (macrophase separation) of the peptide (see
sections 4.2 and 5.3).

15. So far we did not take into account that the terminal groups
of a peptide chain can be charged. The theory developed in this
paper is directly applicable to AspAla peptides with chemically
modified (neutralized) terminal ends (with uncharged C and N
termini). Let us turn to an unmodified peptide molecule having a
positive charge (NH;" with pK =~ 9.6) at one terminus and
negative charge (COO ~ with pK ~ 2.3) at another terminus. A
reconsideration of the micelle formation taking into account the
end charges yields the same equations but with different 1, n;:
now np, = 2,2,3,3 and n; = 2,2,4,4 for P1, P2, P3, P4 peptides,
respectively. The corresponding values of 6, for =3 A and y,
~ 45 dyn/cm are 0,,,. ~ 2, 2, 1.1, 1.1. Hence the following
micellar morphologies are predicted with end-charges: cylinders
for P1 and P2, and layers (membranes) for P3 and P4 peptides.
(Instead of cylinders for P1 and P4, spheres for P2, and layers for
P3 peptides predicted for the same parameters in the case of no
end-charges.)
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