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CRITICAL SELF-ASSEMBLY CONCENTRATION OF
AN IONIC-COMPLEMENTARY PEPTIDE EAK16-I

Yooseong Hong
Lue Shunn Lau
Raymond L. Legge
P. Chen

Department of Chemical Engineering, University of Waterloo,
Waterloo, Ontario, Canada

Understanding the process of self-assembly of peptides has been important in vari-
ous biomedical engineering applications. This work focuses on the effect of peptide
concentration on the molecular self-assembly of an ionic-complementary peptide,
EAK16-1 (AEAKAEAKAEAKAEAK), in aqueous solution. The surface tension
and self-assembled nanostructures were determined for a wide range of peptide
concentrations using axisymmetric drop shape analysis-profile (ADSA—P) and
atomic force microscopy (AFM), respectively. Surface tension measurements
revealed a critical self-assembly concentration of 0.3 mg peptide/ml water, below
which the surface tension decreased rapidly with increasing peptide concentration,
and above which the surface tension remained at a constant, plateau value. There
were two structural transitions observed with increasing peptide concentration:
the first was from globular nanostructures to fibrils, and the second from the
fibrils to relatively thick fibers. The second structural transition occurred at the
critical self-assembly concentration as determined by the surface tension measure-
ments. The nanostructural behavior of EAKI16-I was compared with that of
EAKI16-1I, which has the same amino acid composition but a different charge dis-
tribution. Salt effects were also examined by adding NaCl to the peptide solution.
The salt addition facilitated the formation of peptide fibrils at low peptide concen-
trations but increased the critical self-assembly concentration, which occurred at
0.8 mg peptide/ml water in the presence of 20 mM NaCl. The structural transitions
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involved in the self-assembly of EAK16-I resemble those from protofibrils to fibrils
observed with numerous naturally occurring peptides. An understanding of this
structural transition may have relevance in the analysis and treatment of pepti-
de/protein conformational diseases and have application in the production of
self-assembled protein nanostructures.

Keywords: Self-assembly; Peptides; Critical self-assembly concentration; Surface
tension; Nanostructural transition; Atomic force microscopy; Axisymmetric drop shape
analysis—profile

INTRODUCTION

The ability of nature to direct the assembly of biological components
into organized and sophisticated supramolecular structures has moti-
vated research into the fundamentals of biomolecular self-assembly.
Self-assembling peptides, which are relatively easy to design and syn-
thesize, have been found to have versatile biomedical applications,
including scaffolding for tissue engineering [1-3], controlled drug
delivery [4, 5] and surface engineering [6—11]. More recent applica-
tions include the use of self-assembled peptide monolayers for biosen-
sors [8, 9] and molecular electronics [10, 11]. However, the application
of peptide self-assembly has been hampered by lack of control meth-
ods, largely due to a poor understanding of the molecular mechanisms
governing self-assembling.

To understand the self-assembly mechanisms of a given peptide, it
is important to understand the factors that govern the peptide’s self-
assembling behavior. The physicochemical factors that influence the
self-assembly process may include: (1) amino acid sequence, which
determines the primary structure of a peptide; (2) concentration of
the peptide; (3) molecular size, such as the length or molecular weight
of the peptide; and (4) solution conditions (e.g., pH and ionic strength,
temperature, solvent composition, and substrate). Of these factors,
amino acid sequence, pH [12], and peptide concentration [13] have
been investigated for the ionic-complementary peptides, EAK16-II
(AEAEAKAKAEAEAKAK) and EAK16-IV (AEAEAEAEAKAKAKAK).
Recently, Fung et al. studied the effect of peptide concentration on self-
assembly behavior using several independent techniques, such as sur-
face tension measurement, atomic force microscopy (AFM), and light
scattering [13]. The results indicated that there is a critical aggre-
gation concentration, or “critical self-assembly concentration,” for
the self-assembly of this series of peptides.

The critical self-assembly concentration can be understood by analogy
to the critical micelle concentration (CMC) of surfactants. This well-
known phenomenon is related to the chemical and structural properties
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of surfactant molecules. A typical surfactant molecule has a hydrophilic
head and hydrophobic tail, which makes the molecule amphiphilic.
When enough surfactant molecules exist in a polar solvent, they will
form a micelle to minimize entropically unfavorable interactions of
hydrophobic tails with the polar solvent molecules. A peptide can also
be amphiphilic because of the presence of hydrophobic and hydrophilic
amino acids and thus is expected to show similar concentration-
dependent self-assembly, leading to the formation of nanostructures.
For the ionic-complementary peptides of interest, Hong et al. [12]
recently found that the self-assembly process is dependent on the
charge distribution along the peptide backbone. Further work by
Jun et al. [14] confirmed that the charge distribution is the determin-
ing factor in single molecule conformation, which in turn dictates the
resulting nanostructure formation for a series of ionic-complementary
peptides EAK16-1, IT and IV. Therefore, it is critical to understand how
the charge distribution affects the critical self-assembly concentration.
The peptide used in this study was EAK16-I (AEAKAEAKAEA-
KAEAK), one of the self-assembling, ionic-complementary peptides
[3, 7, 15—17]. This peptide is simple yet possesses all the major
physicochemical interactions for self assembly, including hydrogen
bonding between peptide backbones, hydrophobic interactions
between hydrophobic amino acid residues (Ala), and electrostatic
interactions between amino acids with charged side groups (Glu and
Lys). It is known that the presence of alternating hydrophobic and
hydrophilic amino acids (see Figure 1) favors the formation of f-sheets
[18]. The presence of alternating opposite charges on the hydrophilic
face gives this peptide ionic self-complementarity [16]. The purpose
of this study was to examine: (1) how peptide concentration affects
the self-assembly of this ionic-complementary peptide in water; (2)
how the self-assembled nanostructures correlate with the surface
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FIGURE 1 Three-dimensional molecular structure of EAK16-1 (AEAKAEA-
KAEAKAEAK). Two distinct faces can be present because the hydrophobic
(Ala) and hydrophilic amino acids (Glu, and Lys) alternate. In addition, nega-
tive-(Glu) and positive-(Lys) charged amino acids alternate along the hydro-
philic face. Carbon is in blue, hydrogen in white, nitrogen in purple, and
oxygen in red (See Color Plate I).



08:55 22 January 2011

Downl oaded At:

916 Y. Hong et al.

properties of the peptide solution; and (3) how the self-assembling
behavior of EAK16-I compares with that of a similar ionic-complemen-
tary peptide, EAK16-II. The effect of an ionic salt on this process was
also studied, as various salts have been known to affect the solubility,
denaturation, and association and dissociation of macromolecules
[19—22]. For example, ionic salts are known to affect the formation
of micelles by surfactants, often decreasing the CMC by charge screen-
ing of the hydrophilic heads of the surfactants [23—25]. The presence
of ionic salts has also been shown to affect biomolecular self-assembly,
such as the effect of multivalent salts on DNA condensation [26, 27].

MATERIALS AND METHODS
Materials

EAK16-I (C;0H;21N21025, molecular weight 1657) was purchased
from Invitrogen (Huntsville, AL, USA), and used without further puri-
fication. The N-terminus and C-terminus of the peptide were protected
by acetyl and amino groups, respectively. Peptide solutions were pre-
pared at concentrations from 0.01 to 4.0 mg/ml of pure water (18 QM;
Millipore Milli-Q system). In the case of experiments examining the
effect of NaCl, peptides’ were added to a 20 mM NaCl solution at the
various final peptide concentrations from 0.01 to 4.0mg/ml. Salt
effects over a range of 0.1 to 20mM were also examined at a peptide
concentration of 0.01 mg/ml. All peptide solutions were stored at 4°C
before use.

Axisymmetric Drop Shape Analysis—Profile (ADSA—P)

Axisymmetric drop shape analysis—profile (ADSA—P) was used to
measure the surface tension of EAK16-I solutions at an air—water
interface. A pendant drop of the peptide solution was formed at the
tip of a vertical Teflon®™ capillary, which was connected to a motor-
driven microsyringe, producing an axisymmetric drop boundary. This
was done in a temperature-controlled environmental chamber satu-
rated with water vapor. The entire system was isolated on a
vibration-free table. The image of the pendant drop was acquired
using an optical microscope and a CCD camera and digitally recorded
for 1h after the pendant drop was formed. Software was used to digi-
tize the image and generate a profile of the pendant drop. A theoretical
curve, governed by the Laplace equation of capillarity, was then fitted
to the profile, generating the surface tension value as a fitting para-
meter [13, 28]. The typical standard deviations of all measurements
were less than 0.2 mdJ/m?.
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Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) was used to observe the nanostructure
of the peptide self-assemblies. Approximately 10 ul of the peptide sol-
ution was placed on the surface of a freshly cleaved mica sheet that
was glued to a steel AFM sample plate. The sample was incubated
for 10 min under the ambient conditions before being washed with
approximately 100 ul of pure water (18 MQ; Millipore Milli-Q system)
to remove free peptides. After air drying for 3h, AFM imaging was
performed at room temperature using the tapping mode on a Pico-
Scan™ AFM (Molecular Imaging, Phoenix, AZ, USA). All images were
acquired using a 225 um silicon single-crystal cantilever (type NCL,
Molecular Imaging, Phoenix, AZ, USA) with a typical tip radius of
10 nm and frequency of 165 kHz. A scanner with maximum scan sizes
of 6 x 6 um? was used (calibrated with a standard calibration grid con-
sisting of 1 x 1pm? squares). All AFM images had a resolution of
512 x 512 pixels. AFM imaging was also performed on a hydrophobic
substrate, graphite, and showed no significant differences.

RESULTS AND DISCUSSION

Critical Self-assembly Concentration by Surface Tension
Measurements

The effect of peptide concentration on surface tension is given in
Figure 2. At low peptide concentrations (0.01 mg/ml), the surface ten-
sion does not change significantly with time. At high concentrations,
greater than 0.3 mg/ml, the surface tension rapidly decreases with
time (between 0 to 200s) and then slowly reaches a constant, lower
equilibrium value. The surface tension profile of the EAK16-I solu-
tions at low peptide concentrations is characterized by an initial induc-
tion time, which is frequently found in biomolecular systems [13].

Because the time-dependent surface tension profiles do not reach
an absolute steady state after 1h, estimation of the equilibrium sur-
face tension is required. Two methods were used in this study to esti-
mate the equilibrium surface tension value from the time-dependent
surface tension profile [28]. The first method was the “end points”
method; the equilibrium surface tension is calculated by averaging a
certain number of data points at the end of the measurement, and
15 data points were averaged in the present study. The second method
is the “extrapolation” method; at the end of 1 h, a portion of the surface
tension curve that showed linearity with respect to 1/t°*> was fitted to
a straight line, and the y intercept was used as an estimate of the equi-
librium surface tension.
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FIGURE 2 Dynamic surface tension profile for selected concentrations; 0.01
(), 0.025 (A), 0.10 (V), 0.3 (<), and 1.0 mg/ml ([7), of EAK16-I obtained with
ADSA-P over a 1h time period. At low peptide concentrations (0.01 mg/ml) the
surface tension is close to that of pure water (72.8 mJ/m?).

Figure 3a shows the estimated equilibrium surface tension as a
function of the peptide concentration using the “end points” method.
The equilibrium surface tension plot shows that there is a depen-
dence of surface tension on peptide concentration. At the lowest EAK-
16-1 concentration, 0.01 mg/ml, the surface tension (ca. 71 mdJ/m?) is
similar to that of pure water (ca. 72mJ/m?). The surface tension
decreases with increasing peptide concentration until the peptide
concentration reaches 0.3 mg/ml. Above this concentration, the equi-
librium surface tension essentially remains constant. Figure 3b is a
plot of induction time versus peptide concentration. Induction time
was determined as the time when the surface tension decreased by
5% from the initial value. The induction time decreases as peptide
concentration increases, until the peptide concentration reaches
0.3mg/ml, above which there is essentially no induction time. This
change in induction time reflects a critical change in surface proper-
ties of the peptide solution. The peptide concentration, at which the
induction time showed a critical change, is consistent with the con-
centration at which the equilibrium surface tension showed a critical
change.
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FIGURE 3 (a) Estimated equilibrium surface tension and (b) the induction
time as a function of EAK16-I concentration. The equilibrium surface tension
was determined by the “end points” method (see text), and the induction time
was determined as the time when the surface tension decreased by 5% from

the initial value.

An induction time is commonly observed in dynamic surface tension
measurements for surface-active biomolecules [13]. It is proposed that
the induction time represents the time required for the surface mono-
layer to attain a certain minimum coverage, above which the surface



08:55 22 January 2011

Downl oaded At:

920 Y. Hong et al.

tension decreases [29]. It is also proposed that proteins do not change
the surface tension until they change conformation and rearrange at
the surface [30]. These propositions seem to be applicable to the
present results. When the bulk concentration of EAK16-I increases,
more EAK16-I molecules adsorb onto the air—water interface, result-
ing in a decrease in the induction time, as is shown in Figure 3b.
EAK16-I molecules that adsorbed onto the interface may rearrange
to form self-assembled f-sheet monolayers, providing effective surface
coverage, eventually significantly decreasing the surface tension.
When the concentration is high enough, above the critical concen-
tration, EAK16-I molecules can form self-assembled structures in
the bulk and then adsorb onto the interface. The adsorption of self-
assembled structures could be more effective than those of a single
molecule in reducing surface tension; therefore, a nearly zero induc-
tion time was observed.

Comparison of the Critical Self-assembly Concentration of
EAK16-1 with that of EAK16-I

It is useful to compare the critical self-assembly concentration of
EAK16-1 with that of a similar ionic-complementary peptide,
EAK16-11 (AEAEAKAKAEAEAKAK). Fung et al. [13] studied the con-
centration dependence of the self-assembly of EAK16-II and found
that the critical aggregation concentration of EAK16-II was around
0.1 mg/ml, whereas in the present study for EAK16-I it was found to
be 0.3 mg/ml. EAK16-I and II have the same amino acid composition,
Ala, Glu, and Lys, but a different charge distribution (— + — + — +
— + for EAK16-I vs.— — + + — — + + for EAK16-II) and thus
polarity. This seems to indicate that a slight decrease in the polarity of
the peptide caused an increase in the critical self-assembly concentration.

Fung et al. also observed that there was a small “dip” in the plot of
surface tension with peptide concentration for EAK16-II [13]. The
small dip in the surface tension plot has been known to occur in the
presence of hydrophobic impurities [31]. However, this small dip was
not observed for EAK16-I, although the EAK16-I sample was expected
to have impurities similar to those of EAK16-II. The absence of the
“dip” in the surface tension plot of EAK16-I may thus indicate that
the self-assemblies of EAK16-I are more surface active than the
impurities. In fact, the surface tension value of EAK16-I at plateau
(ca. 57md /m2) was lower than that of EAK16-II (ca. 60 mdJ /m2) and
also slightly lower than the minimum in the surface tension dip of
EAK16-II (ca. 58 mJ/m?; see Figure 3 in Fung et al. [13]), supporting
the hypothesis.
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Critical Self-assembly Concentration Determined
by Nanostructure Observations

In conjunction with the surface tension measurements, AFM images
were acquired to characterize the self-assembled nanostructures.
AFM images of the EAK16-I nanostructures at various concentrations
are shown in Figure 4. Two structural transitions were observed. The
first structural transition occurred at 0.05 mg/ml, where a transition
from globular (0.01 and 0.025mg/ml) to fibrillar structures (above
0.05mg/ml) was observed. Above this concentration, no globular
structures were observed, and therefore the transition from globular
to fibrillar structures appears to be 100%. This transition was not
observed in the surface tension data. The size of these fibrillar assem-
blies was roughly constant over the concentration range (0.05 to
0.2mg/ml). The second structural transition occurred at the peptide
concentrations of 0.3mg/ml, which corresponded with the abrupt
change in the surface tension (Figure 3). At this point, the fibrillar
structures underwent a transition to thicker fibers. To ensure that
the nanostructural transition observed is not induced by the substrate,
we used graphite (a hydrophobic surface), in addition to mica, as the
sample support during the AFM imaging. We found the fibrillar struc-
tures on both graphite and mica surfaces.

The change in fibril morphology is reflected in the quantitative
analysis of the AFM images. Various size parameters were plotted
as a function of EAK16-I concentration (Figure 5). The average width,
height, and equivalent radius of the fibrillar assemblies that were
observed above a peptide concentration of 0.05mg/ml were plotted
as a function of peptide concentration. The width observed by AFM
was corrected for the finite tip size of the AFM probe, following a pro-
cedure described by Fung et al. [13]. The equivalent radius calculation
was based on the assumption that the assemblies had a circular cross
section, although the nanostructures observed were more like twisted
ribbons (large widths compared with small heights in Figure 5). The
resulting radii were plotted as a function of the peptide concentration
(Figure 5c¢). The average widths of fibrils formed over the concentra-
tions between 0.05 and 0.2mg/ml were similar. When the concen-
tration reached 0.3mg/ml, however, the average width started to
increase and reached a plateau value, although with some variations.
The average height also showed a slight increase at concentrations
greater than 0.3 mg/ml (Figure 5b). Figure 5¢c shows that there is a
transition point in the equivalent radius at concentrations around
0.3mg/ml. The equivalent radii of fibrils that were formed between
0.05 and 0.2mg/ml are around 10 nm, whereas the equivalent radii
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FIGURE 4 AFM images of EAK16-I assemblies at various peptide concentra-
tions: (a) 0.01, (b) 0.025, (c) 0.05, (d) 0.075, (e) 0.1, (f) 0.2, (g) 0.3, (h) 0.5, (i) 0.8,
() 1.0, and (k) 2.0mg/ml . See Figure 5 for detailed dimensional analysis.
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FIGURE 5 Average dimensions of EAK16-I assemblies: (a) average width, (b)
average height, and (c) equivalent radius. The equivalent radius was determ-
ined based on an assumption of a circular cross section for the fiber (see text).
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of fibers that formed above concentrations of 0.3 mg/ml are close to
20nm, which is approximately double the size of those of fibrils
observed at concentrations below 0.3 mg/ml.

Comparison of Structural Transitions of EAK16-1 with EAK16-II

The presence of two structural transitions of EAK16-I is of interest.
Fung et al. [13] observed one structural transition in their AFM study
of EAK16-II, which occurred at a peptide concentration of ca. 0.1 mg/ml,
below which globular assemblies coexisted with short filaments and
above which globular assemblies disappeared and fibrillar structures
formed (see Figure 7 in Fung et al. [13]). Their observation resembles
the first structural transition of EAK16-I, from globular assemblies to
fibrillar ones at a concentration of 0.05 mg/ml (Figure 4). The size of
fibrils formed by both EAK16-I and II are comparable. The width of
the EAK16-II fibrils was found to be around 50—70 nm [13], whereas
the width of EAK16-I fibrils was around 80—90nm (Figure 5a). The
EAK 16-I fibril formation at a lower concentration seems to be related
to the charge distribution of the peptide. Recently, Jun et al. [14]
studied the single molecular properties of EAK16-I, II and IV using
Monte Carlo simulations; they showed that the least-polar EAK16-1
had the largest tendency to form stretched structures, which facilitate
fibrillogenesis. This tendency of EAK16-I may explain why fibrils
formed at a lower concentration for EAK 16-I than for EAK16-I1.

The second structural transition from fibrils to fibers appears
unique for EAK16-1. The surface tension of EAK 16-I solution reached
a constant plateau value only at concentrations above 0.3 mg/ml
(Figure 4), where the second structural transition from fibrils to fibers
occurred. The first structural transition from globular assemblies to
fibrils was not reflected in Figure 4. This is probably because the
self-assembled monolayers of peptide fibrils do not “saturate” the
air—water interface. Fibers of larger size compared with fibrils appear
to be more effective in saturating the interface, resulting in a surface
tension plateau. It should be emphasized that although the differences
in surface tension and nanostructure between the two peptides are
attributed to their different charge distributions, the exact molecular
mechanisms underlying these differences are still unknown.

The structural transitions involved in the self-assembly of EAK16-1
resemble those from protofibrils to fibrils observed with numerous nat-
urally occurring peptides. Thus, an understanding of this structural
transition has implications in the analysis and treatment of peptide/
protein conformational diseases; in addition, it can be applied to the
construction of self-assembled peptide/protein nanostructures.
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Effect of NaCl on the Self-assembly of EAK16-I

NaCl is known to decrease the CMC of typical ionic surfactants by
charge screening of the ionic headgroups [32, 33]. The estimated equi-
librium surface tension and induction time, as a function of EAK 16-1
concentration, are plotted in Figures 6a and 6b, respectively. The pep-
tide critical self-assembly concentration in the presence of 20 mM
NaCl was 0.8 mg/ml, above which the surface tension and the induc-
tion time reached a plateau. The surface tension value at the plateau
was ca. 55md /m2 in the presence of NaCl, compared with ca.
57md/m? without NaCl, indicating that the assemblies of EAK16-I
that formed in the presence of NaCl are slightly more surface active
than those formed without NaCl. This decrease in surface tension
may be explained by the fact that NaCl can screen the charge interac-
tion of the EAK16-I molecules or self-assemblies, making them less
hydrophilic or more hydrophobic overall.

The increase in the “critical self-assembly concentration” by adding
20mM NaCl was surprising, as the addition of salts has been shown
to facilitate the self-assembly of peptides [15—17] and decrease the
CMC of surfactants [32, 33]. It is also noted that the “critical self-
assembly concentration” reflected by surface tension measurements
corresponds to the second structural transition from fibrils to fibers.
The spectrum of EAK 16-I nanostructures in the presence of NaCl
is shown in Figure 7. At the lowest peptide concentration used
(0.01 mg/ml), EAK16-I formed fibrils that were different from the
globular structures that formed without NaCl at the same peptide
concentration. This observation indicates that the presence of NaCl
facilitates fibril formation, as has been shown in other studies
[15—17]. The fibrils were observed over a peptide concentration range
from 0.01 to 0.6 mg/ml. At 0.8 mg/ml, fibrillar assemblies of EAK16-I
underwent a structural transition to larger fibers. Quantitative
analysis of the AFM images is given in Figure 8. Relatively small
assemblies of EAK16-I were formed in the presence of NaCl. The av-
erage width of the fibrils was around 30—40nm, and the average
width of the fibers was around 100—120nm (Figure 8a), which are
smaller in comparison with 80—90 and 200—250 nm, respectively, in
the absence of NaCl (Figure 5a). The average heights of fibrils and
fibers did not change significantly in response to peptide concen-
tration changes and were around 1.5—2nm, corresponding to 2—3
layers of f-sheets (Figure 8b). The equivalent radius calculated from
the cross-sectional area, with an assumption of a circular cross
section, is given in Figure 8c. There is an abrupt increase in the
equivalent radius from 5 to 10nm at a concentration of 0.8 mg/ml.
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FIGURE 6 (a) Estimated surface tension and (b) the induction time for vari-
ous concentrations of EAK16-I in the presence of 20mM NaCl. The equilib-
rium surface tension was determined by the “end points” method (see text),
and the induction time was determined as the time when the surface tension
was decreased 5% from the initial value.

This abrupt increase in the equivalent radius correlates with the
structural transition from fibrils to fibers.

To confirm further the effect of NaCl on the fibril formation, various
concentrations of NaCl were added to an EAK16-I solution at a
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FIGURE 7 AFM images of EAK16-1 assemblies in the presence of 20 mM
NaCl at various peptide concentrations: (a) 0.01, (b) 0.025, (c) 0.05, (d)
0.075, (e) 0.1, (f) 0.2, (g) 0.3, (h) 0.6, (i) 0.8, (§) 1.0, (k) 2.0, and (1) 3.0 mg/ml.
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FIGURE 8 Average dimensions of EAK16-I assemblies in the presence of
20 mM NaCl: (a) average width, (b) average height, and (c) equivalent radius.
The equivalent radius was determined based on an assumption of a circular
cross section for the fiber (see text).
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concentration of 0.01 mg/ml. The nanostructures of each solution were
investigated with AFM (Figure 9). At 0.1 mM NaCl, EAK16-I only
formed globular structures (Figure 9a). In the presence of 5 mM NaCl,
short, thin fibrillar fragments of EAK16-I formed (Figure 9b), and long
fibrillar assemblies were observed at 10 or 20mM NaCl (Figures 9c
and 9d). NaCl facilitates the fibril formation, which has also been
observed for other peptide self-assemblies [15, 16, 34].

It is well known that ionic salts influence the stability and confor-
mation of various macromolecules by charge screening. EAK16-I has
a hydrophilic face with eight ionic side groups. When NaCl is added,
the charges of the ionic side of the EAK16-I are screened, and the
peptide molecule becomes less hydrophilic, allowing the peptide to
self-assemble into fibrils at lower concentrations. In the presence of

FIGURE 9 The AFM images of EAK16-I at 0.01 mg/ml at various concentra-
tions of NaCl: (a) 0.1, (b) 5, (¢) 10 and (d) 20 mM.
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NaCl the second structural transition from fibrils to fibers occurred at
a higher concentration, compared to that without NaCl. This may sup-
port the argument that the intermolecular forces governing the forma-
tions of fibrils and fibers are different: the fibril formation is related to
the hydrophobic interaction, and the fiber formation is more related to
the electrostatic interaction. Without NaCl, the fibrils can stack
together by electrostatic interactions between each other to form lar-
ger fibers. In the presence of NaCl, however, the charges of EAK16-I
are screened by NaCl, weakening the electrostatic interaction
between fibrils. Consequently, the fibers can form only at a higher con-
centration in the presence of NaCl.

CONCLUSIONS

The concentration dependence of peptide self-assembly of an ionic-
complementary peptide, EAK16-I, was investigated using surface
tension measurements and nanostructure observations. The former
revealed that the surface tension decreases with increasing peptide
concentration and that there is a critical self-assembly concentration,
0.3 mg/ml, above which the surface tension is unaffected by further in-
creasing peptide concentration. The morphology of the self-assembled
nanostructure as observed by AFM showed two structural transitions.
The first structural transition occurred at 0.05 mg/ml, where globular
nanostructures underwent a transition to fibrils, and this transition
was not reflected in the surface tension measurements. The second
structural transition occurred at 0.3 mg/ml, where the fibrils changed
to thicker fibers, which corresponded to the critical self-assembly con-
centration as determined by the surface tension measurements. These
structural transitions of EAK16-I are different from that of EAK16-I1.
The differences between EAK 16-I and II in self-assembly were attrib-
uted to their different charge distributions. The effect of ionic salt
NaCl on the peptide self-assembly was also investigated using the
same techniques. The addition of NaCl decreased the first critical con-
centration (0.05— 0.01mg/ml) where the morphological transition
from globules to fibrils occurred. The addition of NaCl increased the
second critical self-assembly concentration (0.3 — 0.8 mg/ml), where
the structural transition from fibrils to fibers occurred.
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