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Atomic force microscopy (AFM) and axisymmetric drop shape analysis-profile (ASDA-P) were used to
investigate the mechanism of self-assembly of peptides. The peptides chosen consisted of 16 alternating
hydrophobic and hydrophilic amino acids, where the hydrophilic residues possess alternating negative and
positive charges. Two types of peptides, AEAEAKAKAEAEAKAK (EAK16-1I) and AEAEAEAE-
AKAKAKAK (EAK16-1V), were investigated in terms of nanostructure formation through self-assembly.
The experimental results, which focused on the effects of the amino acid sequence and pH, show that the
nanostructures formed by the peptides are dependent on the amino acid sequence and the pH of the solution.
For pH conditions around neutrality, one of the peptides used in this study, EAK16-IV, forms globular
assemblies and has lower surface tension atvadter interfaces than another peptide, EAK16-Il, which
forms fibrillar assemblies at the same pH. When the pH is lowered below 6.5 or raised above 7.5, there is
a transition from globular to fibrillar structures for EAK16-1V, but EAK16-1I does not show any structural
transition. Surface tension measurements using ADSA-P showed different surface activities of peptides at
air—water interfaces. EAK16-Il does not show a significant difference in surface tension for the pH range
between 4 and 9. However, EAK16-1V shows a noticeable decrease in surface tension at pH around neutrality,
indicating that the formation of globular assemblies is related to the molecular hydrophobicity.

Introduction From a physicochemical perspective, there may be three

major inter- and intramolecular forces that drive molecular

There is considerable interest in the relationship betweenself-assembly, namely, hydrogen bonding, hydrophobic, and

protein conformation and function® In particular, the state  electrostatic interactions. Hydrogen bonding is thought to

of aggregation or assembly of proteins may have a seriousbe a determining factor in the formation of protein secondary

impact on their function. Numerous studies have revealed structure. On the other hand, a number of processes in

that a common mechanism of various types of protein-relatedagueous solution, such as protein folding or molecular

physiological disorders, such as Alzheimer’s, Parkinson’s, recognition processes, strongly rely on the hydrophobic

Down’s syndrome, Huntington’s, prion diseases, and amy- interactions. Electrostatic interactions can induce different

loidoses, appears to be related to abnormal protein folding protein conformations by changing the ionic state of the
and aggregatiofr.1° Alzheimer’s disease, for example, is amino acid components.

characterized by the presence of amy|0|d fibrils from the To understand the mechanisms of protein/peptide Self-
p-amyloid protein and the assemblies of fibrils and plaques assembly, we chose a model peptide that is simple but
in the brain. Prion diseases are thought to be due topossesses all three physicochemical interactions. This peptide
conformational changes arising from the self-assembly of EAK16 is known to form unusually stablg8-sheet

the prion proteins in the brain. A common feature of these strycturet4%’ This peptide has alternating hydrophobic
conformational diseases is that they seem to result from the(ajanine (A)) and hydrophilic (glutamic acid (E) and lysine
conversion of soluble and functional proteins into insoluble (K)) amino acids, where the hydrophilic residues form
f-sheet-rich quaternary structures that are often fibrillar. This ajternating negative and positive charges. This amino acid
fact has motivated extensive research on the general mEChsequence was originally found in zuotin, a yeast protein,
anism off3-sheet formation and its aggregation or assembly which binds left-handed Z-DNA preferentiaffyIt is known

to fibrillar quaternary structures. However, there is no study that peptides with alternating polar and nonpolar amino acid
that has clearly demonstrated the mechanismf-sheet  residues are able to adgpisheet structure’$ this suggests
formation and its aggregation or assembly: that EAK16 may be useful as a model system for the study
of fibril formation of s-amyloid.
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Figure 1. Schematic three-dimensional molecular model of EAK16-Il, AEAEAKAKAEAEAKAK (A), and EAK16-1V, AEAEAEAEAKAKAKAK
(B). Carbon atoms are cyan, oxygen atoms are red, nitrogen atoms are blue, and hydrogen atoms are white. In this conformation, all of the
hydrophobic alanine side chains face in one direction, and all of the lysine and glutamic acid side chains face in the other direction to create two
distinct faces. On the polar face, glutamic acid alternates with lysine.

peptide, (iv) pH of the solution, (v) temperature, (vi) the sodium carbonate buffer were used for the pH 4.0 and 11.0
medium composition, such as solvent or substrate, (vii) ionic solutions with a concentration of 40 mM, respectively. The
strength, and (viii) presence of denaturation agents, such aEAK16s were incubated in buffer fo4 h prior to AFM
sodium dodecyl sulfate (SDS) and urea. This paper focusesimaging. For surface tension studies, the same sample
on two factors: amino acid sequence and pH. The former is preparation methods were applied. To test possible effects
an intrinsic property of the peptide itself, and the latter is an of impurities present in the peptide sample, peptides with
environmental factor. By adjusting these two factors, the high purity (>95%) were tested and the results were
assemblies and conformational changes of EAK16 were companied with those of the normal samples (see Results).
investigated. Two types of EAK16 were used: EAK16-I| Atomic Force Microscopy (AFM). Approximately 1QuL

that has an amino acid sequence of AEAEAKAKAEAE- of the peptide solution was placed on the surface of a freshly
AKAK (N terminal to C terminal) and EAK16-IV that has  cleaved mica sheet that was glued to a steel AFM sample
a sequence of AEAEAEAEAKAKAKAK. The differencein  plate. The sample was incubated fioh under the ambient
the amino acid sequence makes these two EAK16s differentconditions, then washed with approximately /40 of pure

in their charge distribution and hence polarity,— + + — water to remove unattached peptides and buffer components.
— + + for EAK16-Il and— — — — + + + + for EAK16- After air-drying for 3 h, AFM imaging was performed at
V. room temperature using the tapping mode on a PicoScan

The nanostructures of peptide assemblies were observedAFM (Molecular Imaging, Phoenix, AZ). All images were
using atomic force microscopy (AFM). The AFM tapping acquired by using a 22&m silicon single-crystal cantilever
mode was used in order to reduce sample surface distortion(type NCL, Molecular Imaging, Phoenix, AZ) with a typical
as a result of AFM tip and sample interactidn&long with tip radius of 10 nm and frequency of 165 kHz. A scanner
AFM, axisymmetric drop shape analysis-profile (ADSA-P) with a maximum scan size ofgdn was used. Data sets were
was employed to measure surface tension at the interfacesubjected to a first-order flattenifg®
between water and air. By doing so, one can quantify the Axisymmetric Drop Shape Analysis-Profile (ADSA-P).
hydrophobicity, which is related to the conformation of the A pendant drop of the peptide solution was formed at the
peptide assemblies. Surface tension can also be used to assetip of a vertical Teflon needle, connected to a motor-driven
the surface activity of peptid€sand kinetics of peptide  microsyringe. The sample was placed in a temperature-
adsorption. controlled environmental chamber, saturated with water
vapor. The entire system was placed on a vibration-free table.
The image of the pendant drop was acquired using an optical
microscope and a CCD camera and then transferred to a

Materials. EAK16-1l and EAK16-IV (GoH12:N2105s, computer. Software was used to digitize the image and
molecular weight 1657) were purchased from Researchgenerated a profile of the pendant drop. A theoretical curve,
Genetics (Huntsville, AL), stored at*€, and used without ~ governed by the Laplace equation of capillarity, was then
further purification. The N-terminus and C-terminus of these fitted to the profile, generating the surface tension value as
peptides were protected by acetyl and amino groups, a fitting parametef!
respectively. Stock solutions of the peptides were prepared
at concentrations of 0.2 mg/mL in water (L&NIMillipore
Milli-Q system) and stored at 4C before use. The stock
solutions were diluted with pure water or buffer solutionto  Self-Assembly of EAK16 in Pure Water.Figure 1 shows
a final peptide concentration of 0.1 mg/mL for AFM imaging. the three-dimensional structures of EAK16-Il and EAK16-
For pH studies, 40 mM phosphate buffers (sodium dihydro- IV using ChemSketch based on energy minimizaffon.
gen phosphate/sodium hydrogen phosphate pair RaiA Hydrophilic amino acid residues (lysine and glutamic acid)
NaHPQ,) in the pH range of 6.258.50 were used and are located on one side, and hydrophobic amino acid residues
mixed with the peptide stock solution to give a final peptide (alanine) are located on the opposite side, generating two
concentration of 0.1 mg/mL. Disodium phthalate buffer and distinct hydrophilic and hydrophobic faces. Although the two

Materials and Methods

Results
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sectional profiles. The error signal is the difference between
the force setpoint and the actual deflection of the cantil&ver.
This error signal matches with the topographic images. The
EAK16-II fibril shown in the profile from the topographic
image has a height of 0.5 nm and a width of 3040 nm
(Figure 3A). If the fibril is assumed to have a circular cross
section, the observed widthW,,s can be calculated with,
4(RRm)*2. Using the typical radius of the AFM tip of 10
nm and the height of the sample of 0.5 nm, the calculated
value is 8.9 nm for the observed width. However, this value
is much smaller than the actually observed value (30 nm).
Therefore, the fibrils in the AFM image are not circular in
cross section. When assuming that the fibrils are flat, like a
sheet, an estimated width of 23 nm was obtained from the
correction equation mentioned above. The corrected dimen-
sions are used for all dimensions mentioned hereafter.
Although the assemblies of EAK16-II are more like sheets,
the term fibrils will still be used for consistency in terminol-
ogy.

In the case of EAK16-IV assemblies, shown in the profile
(Figure 3, parts C and D), the height and diameter are 2 and
60 nm, respectively. Using the same analysis as done for
EAK16-II, the corrected diameter of the globular assembly

& was 48 nm, almost twice the width of the EAK16-II sheet.
Figure 2. AFM images of EAK16-Il (A) and EAK16—IV (B). EAK16- EAK16-IV forms very flat globular assemblies, like disks.

Il forms fibrilar assemblies, whereas EAK16-IV forms globular as- There are also many smaller assemblies (white arrow in
semblies. The width and height of each fibrilar assembly in part A is

around 23 and 0.5 nm, respectively. The diameter and height of each Flgur,e 2B)in the, background. These smaller assemblies have
globular assembly in part B is approximately 56 and 3 nm. Careful a height and diameter of 1 and 34 nm (corrected value),
analysis of part B reveals that there are smaller globular assemblies respectively. The height information does not require cor-
(white arrow) in the background with a diameter and height of 34 rection from the tip convolution effect. The height of the

and 1 nm, respectively. The scale bars are 200 nm. All lengths are

corrected by considering the tip convolution effect. EAK16-1V assemblies is close to 2-fold of that of the

EAK16-Il assemblies. The accuracy in the height information

peptides have the same amino acid composition, their amino®f AFM images was verified using lipid bilayef3.
acid sequences are different. EAK16-11 has a charge sequence Self-Assembly of EAK16s at Various pH ValuesThe
of — — + + — — + + at neutral pH, whereas, EAK16-IV  pKa values of the side chains of glutamic acid and lysine
has a charge sequence-of- — — + + + +. AFM images are 4.25 and 10.53, respectively. Because the pH of the pure
of these samples in aqueous solution are shown in Figure 2 water is around 7, the carboxylic acid groups would be
A significant difference in nanostructure is seen between the negatively charged and the amino groups positively charged.
two. EAK16-1l forms fibrillar assemblies (Figure 2A), To test the effect of different ionic states of the amino acids
whereas EAK16-1V forms globular assemblies (Figure 2B). on the formation of self-assembled nanostructures, a wide
The fibrils of EAK16-11 were observed repeatedly, regardless pH range was used, from pH 4 to pH 11. Two extreme pH
of the concentration of the peptidéln addition, the fibrils conditions were tested first: pH 4 below thi€ of glutamic
of EAK16-I1 were also observed from the peptide with high acid, and pH 11 above theKp of lysine, so that either
purity (>95%). Because high purity peptide did not show glutamic acid or lysine was neutralized. At these two pH
significant differences compared to samples without purifica- values, both types of EAK16s showed the fibrillar assemblies
tion, peptides were used as received without further purifica- (Figures 4 and 5AN).
tion. The nanostructures resulting from the self-assembling
In the analysis of dimensions of the assemblies, the widths process were also observed at intermediate pHs (Figures 4
may be broadened because of the convolution effects arisingand 5B-M). Regardless of the values of pH, EAK16-II
from the finite size of the AFM tig:202425Thus, the observed  forms fibrils. However, EAK16-IV shows changes in nano-
dimensions have to be corrected. For a spherical sample withstructure as a function of pH. EAK16-IV forms globular
a radius ofR, the observed width of the sample has a assemblies at pH between 6.5 and 7.5 but changes to fibrils
relationship Wops = 4(RRy)Y2, whereR, is the radius of the  at pHs below 6.5 or above 7.5.
AFM tip.?6-28 When the sample is assumed to be a sheet, To analyze the AFM images of EAK16-1V where globular
the real width of the sheet can be obtained by the following assemblies were observed, the nanostructure was approxi-
equation,W = Wops — 2(2RH — H?)¥2, whereH is the  mated as an ellipse with a major and minor axis. For a short
observed height segment of fibrils such as ones shown Figure 5, parts D, K,
Figure 3 shows typical topographic images and their error and L, the length of a short fibril was regarded as the length
signal (amplitude) images for both EAK16s with cross- of its major axis and the width was regarded as the length
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Figure 3. Typical AFM images of EAK16 and cross-section profiles for selected lines. (A) Topographic image (B) and error signal image for the
corresponding area shown in part A for EAK16-Il. C and D are for EAK16-IV. The error signal is the difference between the force setpoint and
the actual deflection of the cantilever.?! The heights are shown in the horizontal profile, which are 0.5 and 2 nm, respectively. The scale bars
are (A) 100 nm and (C) 200 nm.

of its minor axis. The ratio of the length of the major axis to measurements. The large error limits at pH 6.55, 7.60, and
that of the minor axis was calculated from AFM images 7.90 suggest that at these pH values, short fibrillar segments
shown in Figure 5 and plotted, to determine if a structural coexist with long fibrils.

transition was present. If this ratio was calculated for the  The dimensions of both EAK16 assemblies at various pH
long fibrils EAK16-11, it would be infinity at every pH value.  values are summarized in Table 1. For the EAK16-II
The plot of the ratio for the assemblies of EAK16-1V is given assemblies, the average height and width of the fibrils is 0.66
in Figure 6. It is apparent that the nanostructure resulting 4+ 0.12 and 29.65t 2.37 nm, respectively. For the globular
from the self-assembly of EAK16-1V undergoes a transition EAK16-IV assemblies, the average height, and the ratio of
from globular assemblies at moderate pH values to fibrillar the major length to the minor length are 2.220.25 and
networks at pHs below 6.5 or above 7.5. Errors were obtained1.26 + 0.17 nm, respectively. The fibrillar assemblies of
from the ratio calculations on different assemblies for a given EAK16-IV at pHs below 6.5 or above 7.5 have a height and
pH. Standard deviations of 10% were typical from the width of 0.54+ 0.06 and 28.69t 2.27 nm, respectively,
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Figure 4. AFM images of EAK16-Il at various pH values. (A) pH 4, (B) pH 6.25, (C) pH 6.40, (D) pH 6.55, (E) pH 6.70, (F) pH 6.85, (G) pH 7.00,
(H) pH 7.15, (1) pH 7.30, (J) pH 7.45, (K) pH 7.60, (L) pH 7.90, (M) pH 8.50, and (N) pH 11. AFM images of EAK16-II at various pH values. All
of the scale bars represent 200 nm.

which are very similar to those of EAK16-11 assemblies. The the fibrils of EAK16-1V at pH 4, which are like twisted
assemblies of EAK16-IV at pH 4 (Figure 5A) were not taken ribbons. Some of the fibrillar assemblies appear to be from
into account, because they showed different features fromthe linear assemblies of the globules (Figure 4, parts G and
the rest. These assemblies are like twisted ribbons so that). There are also double or triple strands of fibrils, which
their heights are significantly larger than the others. The pair to form bundles (Figure 4, parts B and 1), resembling
twisted structures of ribbons may be related to the chirality DNA bundling and collagen triple helix formation. Although
of the amino acidg? 3! the fibrillar assemblies are predominant, the small globules
The fibrillar assemblies show several variations, including can be found in the background of the fibril networks or



1438 Biomacromolecules, Vol. 4, No. 5, 2003 Hong et al.

& * = : 1
Figure 5. AFM images of EAK16-1V at various pH values. (A) pH 4, (B) pH 6.25, (C) pH 6.40, (D) pH 6.55, (E) pH 6.70, (F) pH 6.85, (G) pH
7.00, (H) pH 7.15, (1) pH 7.30, (J) pH 7.45, (K) pH 7.60, (L) pH 7.90, (M) pH 8.50, and (N) pH 11. AFM images of EAK16-IV at various pH
values. The white arrow in part A shows the conformational feature of the twisted ribbon (note the different contrast in color). All of the scale
bars represent 200 nm.

inside the fibrillar assemblies (Figure 4, parts C, G, H, K, near neutral pHs. These relatively high globules (height
and M). These small globular assemblies may function as a10 nm) resemble the aggregates of buffer components, when
seed or nucleus for fibril formation, which was observed for the AFM images of buffer solution without peptides (data
Alzheimer's f-amyloid peptide? not shown) are compared.

For EAK16-IV at low or high pHs, many large globules Surface Tension of EAK16-11 and EAK16-IV Solution.
(bright spots in Figure 5, parts B, L, and M) are found. They Surface tension of the peptides can give information on their
are different from the globular assemblies of the peptide at hydrophobicity in solution. It is expected that increased
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Table 1. Dimensions of EAK16 Assemblies?

EAK16—II EAK16—IV
PH shape? height width shape® height ratio®

4.00 F 0.68 £+ 0.08 35.22 £ 4.22 F 3.20 £ 0.49 infinite
6.25 F 0.47 £ 0.06 19.67 = 7.74 F 0.48 £ 0.08 infinite
6.40 F 0.40 £ 0.05 24.63 + 3.19 F 0.41 £ 0.04 infinite
6.55 F 0.36 £ 0.06 3751+ 1.75 M 0.57 £ 0.05 473 +£1.81
6.70 F 0.59 £+ 0.08 24.36 + 6.05 G 2.02 +£0.25 1.28 + 0.15
6.85 F 0.63 + 0.06 32.09 + 2.02 G 2.48 +0.86 1.20 +£ 0.16
7.00 F 0.55 £+ 0.07 29.07 +3.43 G 2.35+ 0.69 1.17 £ 0.12
7.15 F 0.72 £ 0.06 28.06 + 6.59 G 2.05+0.31 1.32 +0.21
7.30 F 0.42 £ 0.06 26.33 + 4.15 G 2.12 £ 0.45 1.28 +0.19
7.45 F 0.64 + 0.09 30.40 + 3.06 G 2.32+0.45 1.32+0.16
7.60 F 1.90 +0.29 30.88 +3.93 M 0.43 £ 0.09 269+ 1.12
7.90 F 0.47 £ 0.09 23.52 +£2.68 M 1.18 +£0.19 6.70 + 2.88
8.50 F 0.53 +0.09 27.16 +£4.59 F 0.64 + 0.08 infinite
11.00 F 0.78 £0.12 37.78 £ 3.37 F 0.66 + 0.12 infinite
average F 0.66 + 0.12 29.65 + 2.37 Fd 0.54 + 0.06 infinite

G 2.22 +£0.25 1.26 + 0.17

295% confidence intervals are shown. Heights are obtained by AFM software, and the widths and other lengths are measured and corrected. All units
are in nanometers (top panel). Average dimensions of EAK16-Il and -IV assemblies in buffer solution; 95% confidence intervals are shown. The ribbonlike
assemblies of EAK16-1V at pH 4 are not taken into account because of these unique nanostructures (bottom panel). © F, fibrilar assemblies; G, globular
assemblies; and M, short fibrilar aggregates, which are not long enough to be regarded as fibrilar assemblies. ¢ Ratio = the ratio of the major to minor
length of globular assemblies. ¢ The fibrillar assemblies of EAK16-1V have an average width of 28.69 + 2.27 nm.
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Figure 6. Plot of the ratio of the major to minor length of nanostruc-
tures of EAK16-1V with respect to pH from the data in Table 1. Error
bar shows 95% confidence interval.

pH
Figure 8. Surface tension of EAK16-1l and EAK16-IV as a function
of pH. The average method was used to estimate surface tension
from dynamic surface tension measurement. Straight and dotted lines
are used to guide the eye for the trend for EAK16-Il and -IV,

& g O EAK16-I respectively.
E 70 o, O BAK1E-V a plateau that corresponds to the equilibrium state within a
% 65 | %b DDEIEDE‘:‘ reasonable experimenta_ll duration, an gpproximation method
§ o0 o o - was necessary to estimate equilibrium surface tension.
2 g0 | OOOOOOOOOO . PP000ooongg o Among several known methods to estimate the equilibrium
8 ©00000000060000 surface tensiof} % the average method was used. In the
a %% average method, the final 15 data points were averaged to

5 give a representative surface tension value. Because the

600 1200 1800 24‘00 30‘00 3600 surface tension of each EAK16 solution was measured for
1 h, this averaged value for the final 15 data points is thought
to be comparable to each other. Using this method, the
oo 355 i o e o S i oo rg | CUullium surface tension of EAKLE- s 69.7660.035
i?e:slured for 1 h. Standard de\./iat)ilon of each experiment is less than m‘J/n?’ whereas that of EAK16-1V is 56.578 0.028 mJ/m
0.2 mJ/m2. Figure 8 shows the estimated equilibrium surface tensions
of EAK16-Il and EAK16-1V at different pH values. EAK16-
hydrophobicity would lead to increased surface activity at Il does not show a significant change in surface tension over
the air-water interface, resulting in decreased surface the range of pHs, whereas EAK16-1V shows significantly
tension®® This information on hydrophobicity makes it lower surface tensions at pHs around 6.7. The nanostructures
possible to speculate on the conformation of the assembliesof EAK16-11 do not show any significant change with respect
of peptide. Figure 7 shows surface tension measurements as pH, which may be related to the almost constant surface
a function of time for EAK16-Il and EAK16-1V aqueous tension that is observed. In contrast, EAK16-IV shows
solutions; EAK16-IV has a lower surface tension than globular assemblies at pHs between 6.5 and 7.5, and fibrillar
EAK16-Il. Because EAK16-1l and EAK16-1V do not reach assemblies at pHs below 6.5 or above 7.5. Correspondingly,

o

Time (sec)



1440 Biomacromolecules, Vol. 4, No. 5, 2003 Hong et al.

the surface tensions of EAK16-1V are lower at pHs between and the mica surface. This may explain why networks of
6.7 and 7.0 than those at pHs below 6.5 or above 7.5. fibrillar assemblies of EAK16-Il are observed on mica
Because the surface tension was tested in buffer, it issurfaces. In contrast, the globular assemblies, being more
necessary to consider the effect of buffer components onhydrophobic, seem to have stronger interactions with each
surface tension of the solution. Surface tensions of the pureother compared to the interactions with the hydrophilic mica
buffer solutions showed the same value as pure water (datesurface. Thus, the clustered globular assemblies of EAK16-
not shown). Therefore, the buffer does not affect the surfacelV that form in bulk are observed on the mica surface. This
tension measurements; the differences in surface tension ar@bservation also implies the unfavorable interaction between
attributed to the innate properties of these peptides. globular assemblies and the hydrophilic mica substrate.
The surface tension results show that EAK16-1V in pure
water has a lower surface tension than EAK16-Il, indicating
that EAK16-1V assemblies are likely more hydrophobic. The
AFM observations and surface tension measurementsdifference in assembled nanostructures can be found in the
suggest that changes in pH of the environment causeAFM images. Those images show that EAK16-1l forms
significant differences in the resulting peptide nanostructures. fibrillar assemblies, whereas EAK16-IV forms globular
Moreover, different amino acid sequences give different assemblies in agueous solution of near neutral pH. The height
nanostructures as well as different surface activity. Both of Of the fibrillar assemblies of EAK16-II is approximately 0.5
the EAK16s studied in this work have the capability of NM, measured from the AFM images. This value is similar
hydrogen bonding and hydrophobic interactions, as well as to the molecular width of EAK16-Il and also close to the
electrostatic interactions. Thé-sheets of self-assembling intersheet distance betwegrsheets of poly(lysine), which
peptides are believed to form through hydrogen bonding andiS known to be 0.760.85 nm2 Therefore, it may be
to be stabilized by hydrophobic and electrostatic inter- postulated that EAK16-1I assemblies observed in the AFM
actions!-17 However, there are differences in nanostructure images correspond to a single layer f@isheet, because
between EAK16-1l and EAK16-1V, even though both are EAK16s are known to forng-sheets:+°
known to formpB-sheetd#1%In this study, the different charge The height of the globular assemblies of EAK16-1V is at
distribution or polarity of the peptides appears to play the least 1 nm based on AFM images, which corresponds to the
most important role in forming different structures of height of two layers ofi-sheet, or a folde@-sheet. Based
assemblies. According to the experimental observationson these experimental observations, we can speculate on the
regarding nanostructures, it can be concluded that thepossible differences in the self-assembly mechanisms of
reduction of electrostatic interactions does facilitate nanofiber EAK16-1l and -IV. At intermediate pHs, EAK16-IV appears
formation with certain amino acid sequences, which is to have stronger intramolecular electrostatic attractions
comparable with what has been observed in other stddfés. between the carboxylic acid groups of glutamic acid and
In the case of EAK16-1V, for example, the reduction or amino acid groups of lysine than EAK16-Il. This can occur
removal of electrostatic interactions at pH 4 or pH 11 becauseas a result of the charge distribution, which develops toward
of the neutralization of one of the ionizable side groups of the two ends of the molecule. Consequently, the EAK16-1V
amino acids, glutamic acid, and lysine, induced the confor- molecule may be able to bend or fold by such intramolecular
mational change from globular assemblies at near neutralattractive electrostatic interactions. In addition, Fourier
pHs to fibrillar ones at low (e.g., pH 4) or high pHs (e.g., transform infrared (FT-IR) spectrum of EAK16-IV at neutral
pH 11). In contrast, EAK16-II formed fibrillar assemblies pH indicated potential presence @fturn structured? As a
within all pH ranges we used (pH 4 pH 11). Although result, the hydrophilic amino acids, glutamic acid, and lysine,
both peptides have considerable similarity in the degree of form a hydrophilic core of the assembly because of strong
hydrogen bonding and hydrophobic interactions, the slight electrostatic attraction, and the hydrophobic alanine groups
increase in electrostatic interactions because of the differentare exposed outside. The hydrophobic exterior of EAK16-
charge distribution appears to prevent EAK16-1V from IV assemblies tends to lower the surface tension more
forming nanofibers at neutral pHs. These observations showsignificantly than the less hydrophobic exterior of EAK16-
that the nanostructure can be modified by rearranging thell assemblies. Furthermore, this unfavorable exposure of
amino acid sequence to give different charge distributions. hydrophobic groups in aqueous solution makes EAK16-1V
In addition to the different conformations, the assemblies Molecules or assemblies grow into larger globular assemblies
of EAK16-1l and EAK16-1V show different adhesion patterns  through hydrophobic interactions with each other. Because
on a mica surface. The fibrillar assemblies form networks Of their larger size, fewer globular assemblies form. The
that are evenly distributed over the mica surface, whereasglobular assemblies of EAK16-1V are, therefore, not detected
the globular assemblies show localized clusters of globules.as frequently as the fibrillar assemblies of EAK16-1I on mica
The fibrillar assemblies that are formed in bulk appear to surfaces (compare part E to I in Figures 4 and 5).
adhere on hydrophilic mica surfaces preferentially possibly At pH 4, the carboxylic acid group of the glutamic acid
through the favorable interaction between hydrophilic- becomes neutralized and the electrostatic attraction between
hydrophilic surfaces. Because the surface tension measureglutamic acid and lysine becomes significantly weaker than
ments show that the fibrillar assemblies are more hydrophilic that at pH 7. Thus, EAK16-IV may not have sufficient
compared to the globular assemblies, there may be aelectrostatic attraction to cause bending of the molecule.
favorable interaction between hydrophilic fibrillar assemblies Consequently, the straight EAK16-1V molecules form fibril-

Discussion
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lar assemblies, rather than globular assemblies (Figure 5A).and hydrophobicity of peptide assemblies by selecting amino
Similarly, at pH 11, the amino groups of lysine are acid components to have the desired pl. For example, the
neutralized, reducing the electrostatic attraction betweenuse of arginine (K, = 12.48) instead of lysine i = 10.53)
glutamic acid and lysine. This reduced electrostatic attraction would be expected to make the peptide undergo the confor-
is insufficient to cause the molecular bending; as a result, mational transition at a higher pH than EAK16-IV (pH
fibrillar assemblies are formed (Figure 5N). The surface ~ 7.5). The observations here suggest that the nanostructure
tension of EAK16-1V at pH 4 is higher than those at nearly and organization of these peptides can be controlled and
neutral pHs and shows no significant difference from that modified by the adjustment of the amino acid sequence or
of EAK16-Il (Figure 8). This also implies that EAK16-IV  the pH of the solution.
forms fibrillar assemblies at pH 4 like EAK16-Il. It is
significant that the surface tension of EAK16-1l remains
almost constant over a wide range of pHs, which is consistent
with the nanostructures observed by AFM, where fibrils  |n this study, the effects of the amino acid sequence and
alW&yS exist. It is also Significant that the surface tensions pH on the nanostructures resumng from the Se|f-assemb|y
of EAK16-IV at pHs below 6.5 and above 7.5 do not show of peptides were investigated. Under moderate pH conditions,
any noticeable variations. Nanostructures of EAK16-IV at pHs between 6.5 and 7.5, EAK16-IV forms globular as-
these pHs are fibrillar. However, EAK16-1V does show lower semblies, whereas EAK16-II forms fibrils. When the pH of
surface tensions when the pH is between 6.5 and 7.5, whichthe solution is below 6.5 or above 7.5, the nanostructures
correspond to the formation of globular nanostructures. The formed by EAK16-IV change from globules to fibrils. In
surface tension differences are in good agreement with thecontrast, the nanostructure of self-assembling EAK16-11 does
nanostructure differences. not show a drastic change within the entire pH range of 4.0
Our speculations regarding the formation of fibrillar and to 11.0. In addition, the globular assemblies of EAK16-IV
globular assemblies seem to be contradictory to the mech-show lower surface tension than the fibrillar assemblies. The
anism proposed by Altman et ¥l They proposed a mech- different shapes and properties of the assemblies are due to
anism of peptide self-assembly based on fiber formation of differences in charge distribution between EAK16-1I and
peptides. In their proposed mechanism, the peptides adopEAK16-1V. These results illustrate that the nanostructures
an extended-strand conformation that undergoes self-resulting from the self-assembly of EAK16 can be controlled
assembly, which can be used to explain the fiber formation. and modified readily by adjustment of amino acid sequence
With this mechanism, however, it is difficult to explain how and pH. The differences in amino acid sequence also are
the globular assemblies form, which we observed with reflected in the surface activity of the peptides. The formation
EAK16-1V at neutral pHs. To explain the difference nano- of different nanostructures can be further explored to modify
structures formed by the two peptides, EAK16-1l and -1V, and design various forms of nanostructures using self-
it is necessary to consider the difference in the structural assembly of peptides.
properties of two peptides, which has not accounted for in
Altman et al. proposed mechanism. Of the differences Acknowledgment. We thank Dr. Jean Duhamel, Shane
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EAK16-Il. This result would suggest the possibility of
molecular bending of EAK16-1\#? in contrast to the

conformation for EAK16-11, which showed predominately
B-sheet structur®’. Incorporating this additional information
into the present observations on the globular assemblies, we

Summary
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