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Previously we have shown that the recombinantly produced SA2 amphiphilic oligopeptide (Ac-Ala-Ala-Val-
Val-Leu-Leu-Leu-Trp-Glu-Glu-COOH) self-assembles into nanovesicles (van Hell et al. 2007). In this study,
the intermolecular interactions that contribute to the formation of such peptide vesicles are examined. First,
analysis of a 3-hydroxyflavone fluorescent probe inserted into the peptide assemblies demonstrated that the
peptide self-assembly is based on hydrophobic clustering. The polarity of this hydrophobic microenvironment
was comparable to that of negatively charged lipid bilayers. A substantial level of hydration at the
hydrophilic-hydrophobic interface was detected, as was further confirmed by tryptophan fluorescence analysis.
However, organic solvents such as acetonitrile, tetrahydrofuran, or ethanol could not disrupt SA2 oligopeptide
vesicles, whereas these solvents fully disintegrated lipid vesicles. Instead, the SA2 assembly immediately
disintegrated in hydrogen breaking solvents such dimethylsulfoxide and dimethylformamide, suggesting the
involvement of additional intermolecular interactions via hydrogen bonding. Circular dichroism and Fourier
transform infrared spectroscopy excluded well-defined patterns of intramolecular hydrogen bonding and
indicated the polyproline type II as the dominant SA2 peptide conformation, which enables intermolecular
hydrogen bonding. All-atom computational simulations were used to confirm the presence of such
intermolecular hydrogen bonds and degrees of hydration. On the basis of the experimental and computational
data presented, we propose a model of an interdigitated peptide assembly that involves intermolecular hydrogen
bonding in addition to hydrophobic interactions that stabilize SA2 oligopeptide vesicles.

Introduction

Self-assembly of peptides is a route to obtain new, functional
materials suitable for various applications, including tissue
engineering and drug delivery.1–7 One class of peptides that is
particularly interesting for self-assembly is the surfactant-like
peptides first described by Zhang et al.8–10 These peptides
consist of a hydrophobic stretch of amino acids, followed
by 1-2 charged amino acids. Upon self-assembly, they
predominantly form nanotubes in addition to nanovesicles.
Although the mechanisms underlying the self-assembly of
these peptides were not studied in detail, it was demonstrated
that these short surfactant-like peptides lacked a clear
secondary structure.8,10 On the basis of these data a model
of self-assembly was proposed, in which both hydrophobic
clustering and intermolecular hydrogen bonding were sug-
gested to be important for self-assembly. Recently, we have
designed and recombinantly produced the surfactant-like
peptide SA2 (Ac-AAVVLLLWEE-COOH).11,12 In contrast to
previously described surfactant-like peptides, the molecular
design of the peptide involves a built-in conical geometry that
should favor spherical essembly. Indeed, SA2 peptides were
demonstrated to exclusively form vesicles with sizes varying
between 40 and 120 nm in diameter when dispersed in aqueous
media. The process of SA2 vesicle formation is reversible and
depends on the environmental pH.

In this study, the intramolecular organization of the SA2
peptides and its intermolecular interactions when assembled into
vesicles were studied in more detail, showing that the peptides
predominantly adopt a polyproline type II (PPII) conformation

when assembled into vesicles. The results of this study could
support further rational design of self-assembling surfactant-
like peptides.

Results and Discussion

Fluorescence Analysis of 3-Hydroxyflavone Probe. To
obtain insight into the polarity and level of hydration of the
hydrophobic domain within SA2 peptide vesicles, a membrane
probe from a 3-hydroxyflavone family13,14 was used. 3-Hy-
droxyflavone probes have been applied for independently
assessing the polarity and the hydration of hydrophobic domains
in lipid bilayers.15,16 Due to intramolecular proton transfer in
their excited states, the probes exhibit emission of both the
normal (N*) form and a strongly red-shifted tautomeric (T*)
form. The efficiency of proton transfer depends on the microen-
vironment of these probes, therefore, the ratio of their two
emission band depends on solvent polarity.17 Moreover, when
the probe is bound to a water molecule via a single hydrogen
bond, a third emission peak (H-N*) appears, in between the
N* and T* peaks. The H-N* emission is independent of the
rate of N* to T* transfer, providing an additional information
channel to the probe.14 4′-N,N-Dimethylamino-3-hydroxyflavone
(probe F) was used for examining the SA2 assembled structure.
Whereas below the critical aggregation concentration (CAC)
of the SA2 peptides only minor probe F fluorescence was
observed, probe F in the presence of the SA2 vesicles showed
a characteristic dual emission profile (Figure 1). The emission
profile is very similar to that found in lipid bilayers.15 In view
of the high sensitivity of such probes to environment, a
comparable molecular ordering as in lipid bilayers can be
deduced from these data.* Corresponding author. E-mail: e.mastrobattista@uu.nl.
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Subsequently, deconvolution of the fluorescence spectrum into
three bands;normal (N*), hydrated normal (H-N*), and
tautomer (T*);was used to extract the hydration and polarity
parameters from the data.15 The polarity of the assemblies was
estimated as the intensity ratio IN*/IT*, while the hydration
parameter was calculated as a relative contribution of the H-N*
band, namely, IH-N*/(IN* + 0.5 × IT*).15 The results of the
analysis presented in Table 1 were compared with previous data
in organic solvents and large unilamellar vesicles (LUVs).

According to the previously detailed solvatochromic studies
in organic solvents, the observed value of IN*/IT* ratio (0.915)
corresponds to aprotic environment, because in protic solvents
this value is systematically >2.4.17 Thus, the nonhydrated species
of the dye do not form hydrogen bonds neither with water nor
with the amide groups of the peptides. Using the previously
established correlation of IN*/IT* versus polarity,17 we can
estimate the dielectric constant ε ) 15, which corresponds to a
medium polarity environment.

The obtained value of polarity is significantly larger than that
for LUVs composed of the neutral/zwitterionic lipid, egg yolk
phosphatidylcholine (EYPC), while it is remarkably close to
that observed for the vesicles composed of the anionic lipid,
egg yolk phosphatidic acid (EYPA; Table 1). It has been
previously shown that polarity parameter, in addition to solvent
polarity (defined by dielectric constant), correlates with the
surface charge in lipid membranes, which is larger for negatively
charged vesicles.14 Therefore, the observed larger polarity for
SA2 vesicles compared to EYPC vesicles and its similarity to

that in EYPA vesicles can be attributed to the presence of
anionic glutamic acid residues in SA2 molecule, which, like in
the case of EYPA lipid, may contribute to a large negative
surface charge at the membrane-water interface. Moreover, the
close match of both polarity and hydration for SA2 and EYPA
vesicles indicates common structural features between the
organization of lipid membranes and SA2 membranes: the
presence of an aprotic hydrophobic domain and a hydrated
membrane-water interface.

Induction of large, disordered SA2 peptide aggregates by
exposure to low pH (<3) or by organic solvents showed
considerably different emission profiles of the embedded
3-hydroxyflavone probes (Figure 2B). In the aggregated as-
semblies, the position of the short-wavelength band was
considerably shifted to the blue as compared to the SA2 vesicles.
Deconvolution analysis confirmed that the aggregation resulted
in strong dehydration of the assemblies (Table 1), while the
polarity parameter was modified only to a minor extent. It can
be rationalized that in the large aggregates the access of the
probe binding sites to water is much lower than in the bilayer
membranes.

Intrinsic Tryptophan Fluorescence. The Trp in the hydro-
phobic block of the SA2 peptides is located between polar
glutamic acids and the hydrophobic domain of apolar amino
acids (Ac-Ala-Ala-Val-Val-Leu-Leu-Leu-Trp-Glu-Glu-COOH).
In order to further investigate the microenvironment at the
hydrophobic-hydrophilic interface, fluorescence emission of the
Trp was recorded. The SA2 peptide below the CAC showed a
Trp emission maximum of 368 nm (Table 1) close to N-acetyl-
tryptophan-amide (NATA) in water (365 nm), which is in
agreement with full hydration of the Trp in the monomeric
peptide. Upon assembly into vesicles, the fluorescence was blue-
shifted with an emission maximum at 355 nm, indicating a
decrease in its exposure to the bulk water. However, the extent
of the observed blue-shift suggests that the environment of Trp
at the water-membrane interface is still rather polar,18,19

corresponding to the data observed with probe F. Interestingly,
the fluorescence quantum yield of SA2 vesicles (0.05) was found
to be rather low, being less than half of that of NATA in water
(0.14), which suggests self-quenching of Trp residues due to
their spatial proximity within the membrane.

When the peptides were precipitated by acidification (Figure
2, gray line) a more pronounced blue shift of Trp emission was
observed (332 nm), accompanied by further decrease in the
fluorescence quantum yield (0.02). These spectroscopic effects
indicate a significant decrease in the Trp exposure to the bulk
water18,19 and additional self-quenching of Trp within the
aggregates. Characterization of Trp fluorescence after aggrega-
tion in organic solvents was unsuccessful, most likely due to a

Figure 1. Fluorescence spectra of the 3-hydroxyflavone-based probe
F in SA2 peptide vesicles (dotted line), aggregated peptides by decrease
of the pH values (solid line), and organic solvent-induced aggregation
(gray line). The spectra were normalized at the T* band maximum.
The spectrum of probe F in the presence of SA2 below the CAC (dashed
line) is shown relative (1.3%) to the intensity of probe F in SA2 vesicles
for comparison. Excitation wavelength was 400 nm.

TABLE 1: Values of Polarity and Hydration Estimated
from Spectra of Probe F and Tryptophan Emission Peak
Maxima in Assemblies of SA2 and in LUVs of Lipidsa

Probe F tryptophane

sample polarity hydration λ (max), nm

SA2 vesicles 0.915 0.429 355
SA2 pH-aggr 0.858 0.141 332
SA2 organic solvent-aggr 0.710 0.168
SA2 monomeric 368
EYPCb 0.382 0.874
EYPAb 0.895 0.398

a Polarity ) IN*/IT*; hydration ) IH-N*/(IN* + 0.5 × IT*), where
IH-N*, IN*, and IT* are the peak intensities of the three bands
obtained by band-separation analysis of the fluorescence spectra of
probe F. b EYPC, egg yolk phosphatidylcholine; EYPA, egg yolk
phosphatidic acid. Data on probe F in EYPC and EYPA LUVs were
reported elsewhere.15

Figure 2. Tryptophan fluorescence emission spectra of SA2 peptides
assembled in vesicular (solid black line) and in pH-aggregated (solid
gray line) forms as compared to NATA in water (dashed line).
Excitation wavelength was 280 nm.
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further decrease in quantum yield and the large size of the
formed aggregates. The Trp characteristics support the data as
obtained by analysis of probe F fluorescence, showing much
higher values of hydration in SA2 vesicles compared to the
aggregates.

Solvent Effects. To verify whether hydrophobic clustering
is the single force in keeping SA2 peptides in vesicular
assembly, we examined the colloidal stability in different organic
solvents (tetrahydrofuran (THF), acetonitrile, or ethanol). Dy-
namic light scattering showed that the peptide vesicles persisted
in all of the above used solvents, with preservation of light
scattering intensity, small mean particle sizes, and little particle
polydispersity (Table 2). These particle size and polydispersity
values were maintained over prolonged incubation periods
(>48 h) at ambient temperature. As a reference, all of the
selected solvents disrupted negatively charged lipid vesicles
instantaneously (data not shown).

In contrast, when hydrogen bond breaking solvents such as
DMF or DMSO were used to dilute the peptide vesicle
dispersions, the assemblies disintegrated immediately, and light
scattering intensities dropped to background values (Table 2).
The solvent characteristics suggest that intermolecular hydrogen
bonding among peptides also stabilizes the SA2 assemblies.

Secondary Peptide Conformation. Secondary peptide con-
formations such as the �-sheet or R-helix have well-defined
patterns of hydrogen bonding. In order to further examine the
presence of SA2 peptide hydrogen bonding, we studied the
conformation of the SA2 peptides in vesicular assembly. Circular
dichroism (CD) measurements were performed on the SA2
peptide in its self-assembled, vesicular form (6000 times above
the CAC) (Figure 3). The spectrum shows a steep, negative peak
around 200 nm (Figure 3), excluding either a substantial
involvement of the R-helix or a dominant �-sheet conformation.
CD spectra similar to that in Figure 3 of the SA2 assemblies
have been found for small peptides that exhibit the PPII
conformation.20,21 Recently, it became apparent that the PPII
conformation is not restricted to proline-containing sequences;
it is increasingly described, for example, in so far undefined
protein regions or in short alanine peptides, of which some have
before been improperly assigned as unordered.20,22,23

As mentioned before, below pH 4, the SA2 peptide forms
large aggregates and precipitates from solution.12 As can be seen
in Figure 3, the disruption of the vesicular assemblies by
acidification was accompanied by a change of the observed CD

profile. The spectral minimum shifted from 200 to 219 nm, and
the x-axis is crossed at 205 nm, indicating a change toward a
�-sheet conformation.24–26

Characteristically, the tendency of peptide bonds to adopt the
PPII conformation increases at lower temperature, as detected
by a decrease in intensity of the (negative) peak around 200
nm and an intensity increase of the 220 nm signal.21,23,27 Thus,
in order to further examine the presence of the PPII conforma-
tion in the SA2 peptides, the temperature of the SA2 dispersion
was increased from 5 to 85 °C while monitoring CD and the
particle size characteristics by light scattering. Notably, the
peptide assemblies were stable upon heating to 85 °C and
subsequent cooling. No change in scattering intensity was
observed, and neither particle size nor polydispersity were
affected by the temperature trajectory (Figure S1, Supporting
Information). During the temperature trajectory, a gradual
change in CD intensities was observed (Figure 4A). The
negative slope of the 200 nm CD signal versus temperature and
the positive slope of the 220 nm signal reflect a characteristic
response of increased PPII conformation upon decreasing
temperatures.23,28

Guanidinium chloride (GndHCl) disrupts secondary structures
such as R-helix, 310-helix, and �-sheets, but it is known to
stabilize the PPII conformation in peptides and (denatured)
proteins.21,29,30 In order to further confirm the presence of the
PPII conformation in the SA2 peptides and exclude dominant
contributions of other peptide conformations, the SA2 peptide
assemblies were investigated by CD measurements in the
presence of increasing concentrations of GndHCl. Dynamic light
scattering analysis showed that concentrations up to 6 M
GndHCl could not significantly disrupt the peptide assemblies
(Figure S2). The scattering intensity was stable over time and
the vesicle radius only slightly increased with GndHCl
concentration.

The presence of GndHCl did not apparently affect the SA2
peptide conformation (Figure 4B), as no significant change in

TABLE 2: Stability of the Peptide Assemblies in Different Solvents Assessed with Dynamic Light Scatteringa

water THF acetonitrile ethanol DMF DMSO

scattering intensity (kcps) 850 650 1450 1540 70 65
radius (nm) 65 74 38 98 no correlation no correlation
particle polydispersity 0.28 0.23 0.24 0.12

a kcps ) kilocounts per second; THF ) tetrhydrofuran; DMF ) N,N-dimethylformamide; DMSO ) dimethylsulfoxide.

Figure 3. CD spectra of the SA2 peptides assembled into vesicles
(spheres) and in acid-induced aggregated form (blocks).

Figure 4. CD of the self-assembled SA2 peptides in relation to
temperature (A) and in presence of increasing concentrations of GndHCl
as compared to the peptide in phosphate buffer (PB) (B).
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shape or intensity of the CD spectrum down to 210 nm was
observed. In the case where peptides adopt the PPII conforma-
tion partially, GndHCl has been demonstrated to increase the
PPII content.10,29,30 The remarkable stability of the SA2 as-
semblies in GndHCl furthermore underscores the important
contribution of the PPII conformation to the overall stability of
the SA2 vesicles. Since GndHCl as a chaotropic agent weakens
hydrophobic effects, the decrease in hydrophobic interaction
within the SA2 assembly appeared efficiently counterbalanced
by the PPII preserving effect of GndHCl.

As a complementary technique, Fourier transform infrared
(FTIR) was performed on the SA2 peptides to substantiate the
findings obtained by CD so far. The infrared amide I′ region of
the infrared spectra is particularly sensitive to the secondary
structures. �-sheets absorb around 1620 cm-1, frequently
accompanied by a peak around 1680 cm-1,24–26 whereas the PPII
helix appears around 1645 cm-1, in proximity to the R-helix
position (1650 cm-1).22,24–26 The SA2 peptides in their self-
organized form, as characterized by a dynamic light scattering
peak of around 65 nm (Figure 5A), showed main infrared
absorption at 1645 cm-1 (Figure 5D and further clarified by
the second derivative spectra in 5G). This FTIR peak position
excluded the 310-helix conformation, which appears at 1660-1670
cm-1,24 and is in agreement with the CD results. The higher-
wavenumber shoulder (∼1655 cm-1, Figure 5G) is typically
observed for various peptides in the PPII conformation as
well.21,22

Acid-precipitated peptides, as is reflected by the 1 µm peak
in the size distribution graph (Figure 5B), showed a shifted FTIR
absorbance peak toward lower wavenumbers (Figure 5E).
Although a minor 1650-1645 cm-1 absorbance was still
observed (Figure 5H), the main IR absorbance was at 1620 cm-1

with an additional small peak at 1680 cm-1. The latter peaks
indicated that the aggregated SA2 peptides changed conforma-
tion toward predominantly �-sheets,24–26 which is consistent with
the CD data.

Another method to induce aggregation was also investigated
that was used as a control in the probe F studies as presented
above. SA2 peptide aggregation was established by injection
of a concentrated SA2 sample into near-boiling (68 °C)
acetonitrile. After removal of the acetonitrile by evaporation,
the peptides remained strongly aggregated in aqueous environ-
ment at pH of 8.0 (Figure 5C) and the aggregation could not
be reversed by restoration of the initial conditions, in contrast
to the pH-induced aggregation. The aggregated peptides showed
a strong shift of the amide I′ peak to a lower wavenumber as
compared to the peptide in vesicular assembly, resulting in a
peak in the �-sheet region at 1628 cm-1 and a shoulder around
1600 cm-1 (Figure 5F,I). Particularly, the 1600 cm-1 peak
represents extensively dehydrated and strongly intermolecular
hydrogen bonded strands of aggregated peptides,24–26 which is
in line with the irreversibility of this type of aggregation and
relatively low hydration values of these aggregates (Table 1).

Molecular Dynamics Simulations. So far, the secondary
peptide conformation analysis using CD and FTIR revealed PPII
as the dominant SA2 peptide organization, which is a peptide
conformation that lacks intramolecular hydrogen bonds and
allows interpeptide hydrogen bonding. We investigated whether
hydrogen bonding might be feasible in SA2 assemblies using
molecular dynamics simulations. With periodic boundary condi-
tions, 18 peptides were simulated for 15 ns at 300 K in the
all-atom Amber 99 force field,31 using the Yasara program.32

As a first test, in analogy to the classical lipid bilayer model, a
peptide bilayer in which two sets of nine parallel peptides face

Figure 5. Dynamic light scattering and FTIR spectra of self-assembled and precipitated SA2 peptides. Dynamic light scattering size distribution
graphs of the peptide in assembly (A), aggregated by acidification (B), and aggregated by organic solvents (C). Depicted in the row below: the
corresponding amide I′ FTIR absorption graphs of the vesicular peptide assemblies (D), acid-induced peptide aggregation (E), and organic solvent-
induced aggregation (F). Resolution enhancement by the second-derivative was used to denote the major infrared absorbance peaks of the peptide
vesicles (G), acid-aggregated (H), and organic solvent-aggregated (I) peptide.
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each other at the hydrophobic tail ends was simulated. This
particular peptide bilayer conformation appeared to be unstable
as both monolayers dissociated over time and individual peptides
became increasingly disordered (Figure 6 A,B). In contrast,
when peptides were arranged in an interdigitated manner (Figure
6C), the peptides remained stably associated throughout the
entire 15 ns of simulation (Figure 6D). After testing different
degrees of interdigitation, the insertion of the peptide tails
appeared to be optimal when the hydrophilic head protruded
4.5 Å out from the peptide membrane. During simulation, the
hydrophobic tails of the peptides retained a significant degree
of conformational freedom (Figure 6D). Lateral movement along
the peptide interdigitated layer surface, however, was minimal
within the simulated time period and seemed to be restricted
by the bulkiness of amino acid side chains.

Even though it is known that current force fields are
suboptimal for the simulation of the PPII conformation in
nonproline containing peptides,28,33,34 the PPII conformation in
assembled form was present for approximately one-third of the

amino acids throughout the simulations. In contrast, when a
monomeric SA2 peptide was simulated in water, the PPII
conformation was fully lost within 1.0 ns (data not shown),
underscoring the significance of the assembled state for the PPII
peptide conformation. Also, in agreement with experimental data
(Figure 3), the peptides lacked any form of extended R-helical
or �-sheet conformation.

In line with the experimental findings (Table 2), substantial
hydrogen bonding was observed among the peptides during the
simulations. For example, during the simulation presented in
Figure 6C,D, on average the total intermolecular hydrogen bonds
between hydrophobic parts (Ac-Ala-Ala-Val-Val-Leu-Leu-Leu-
Trp) of the 18 peptides fluctuated around 8 (Figure 7A).
Consequently, on average 16 out of 18 peptides were found to
be interconnected through hydrogen bonding. Besides the bulk
water in the simulations, water molecules were found within
the hydrophobic domain of the peptide assembly as well. This
number of water molecules stabilized after 7.5 ns of simulation
(Figure S3). In addition to the direct peptide-peptide hydrogen

Figure 6. Snapshots of 18 SA2 peptides before (A,C) and after 15 ns of simulation (B,D). SA2 peptides were ordered in a tail-to-tail bilayer
orientation (A,B) or in an interdigitated peptide layer orientation (C,D). Peptides are in a tube display, and water molecules are left out for clarity.
Glutamic acids are displayed in red, peptide ends (acetyl) are in green.
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bonding, water molecules were found to hydrogen bond to the
peptide backbones frequently, directly bridging two peptides
together (Figure 7C). Such peptide-water-peptide bridges were
markedly stable, lasting up to 3 ns (whereas the stability of
hydrogen bonds among water molecules at 300 K typically
switch positions within <0.5 ps).35 On average, 19 of such water
bridges were present (2.1 for each peptide) in the hydrophobic
domain (Figure 7B). Bridges involving two or more water
molecules were observed as well. Thus, in total, each of the
SA2 peptides involved 3.0 hydrogen bonds within the hydro-
phobic domain, either by direct intermolecular hydrogen bonds
or via single water molecules mediating intermolecular hydrogen
bonds.

The presence of water molecules that mediate such intermo-
lecular peptide backbone bridges might contribute to a stable
but highly dynamic SA2 peptide assembly. The obtained
simulation data are in line with the data on probe F. Indeed,
the intermolecular hydrogen-bonding interactions, peptide-
peptide and peptide-water-peptide, compete with the hydrogen-
bonding interactions of the probe, which explains the observed
aprotic environment of its binding site. Moreover, the presence

of either bound or unbound water molecules in the membranes
can explain relatively high values of polarity and the observed
levels of hydration, evidenced by probe F and the tryptophane
fluorescence, which decreased upon deeper insertion into the
hydrophobic domain (Figure S3). Finally, these molecular
dynamics simulations also confirmed the presence of PPII
peptide conformation, which was originally suggested by CD
measurements.

Conclusion

As might be expected from their design, hydrophobic forces
play a dominant role in the assembly of SA2 oligopeptide
vesicles. The hydrophobic domain was shown to closely
resemble the polarity of negatively charged lipid bilayers.
However, both Trp residues located at the hydrophobic-hydro-
philic interface as well as probe F partitioning into the SA2
hydrophobic domain also sense significant levels of hydration.
The intramolecular organization of the SA2 peptides is domi-
nated by the PPII conformation, which leaves the backbone
amide open for intermolecular hydrogen bonds. Both experi-
mental data and molecular dynamics simulations indicate that
peptide backbone hydrogen bonds within the hydrophobic
domain also contribute to oligopeptide vesicle stability by direct
backbone-backbone bonding as well as via a dynamic network
of hydrogen bonded water molecules that stably bridge peptides
together.

Materials and Methods

Materials. All the chemicals were from Sigma-Aldrich (St.
Louis, MO), unless indicated otherwise. Probe F was synthesized
as reported elsewhere.36

Peptide Production and Assembly. Peptides were recom-
binantly produced in Escherichia coli as described before.12

Briefly, BL21(DE3) cells were transformed with pET-SUMO-
SA2.2 Expression of the protein took place upon addition of
isopropyl �-D-1-thiogalactopyranoside (IPTG) (1.0 mM final
concentration) in 5 L fed-batch fermentation, and the fusion
protein was purified from cleared bacterial lysates by nickel
affinity chromatography. The purified fusion protein was
enzymatic cleaved by SUMO protease (LifeSensors, Malvern,
USA) for 1 h at 30 °C and overnight at 5 °C. The released
peptides were purified using a second nickel affinity purification
step and analyzed as reported previously (purity >98%). The
N-terminus of the peptides was acetylated in 25% acetic
anhydride (Fluka, St. Gallen, Switzerland), 50% methanol
solution, and 25% water (v/v). Solvents were removed by
reduced pressure evaporation, and the peptides were taken up
in water, precipitated by acidification with HCl (pH < 2.0), and
pelleted by centrifugation for 45 min at 17 000 g. After removing
the supernatant, peptide self-assembly was performed by restor-
ing the peptide pellet in a 20 mM sodium phosphate, pH 8.0,
incubating at ambient temperature for 4 h. The concentration
of the peptides was determined with UV spectroscopy (Nano-
drop, ThermoScientific, Wilmington, MA) using the absorbance
of tryptophan λmax(H2O)/nm 280 (ε/dm3 mol-1 cm-1 5690).

Fluorescence Spectroscopy. Fluorescence spectra were
measured using a Horiba Fluorolog fluorometer (Horiba Jobin
Yvon, Longjumeau Cedex, France). For probe F experiments,
the samples were prepared in 20 mM sodium phosphate, pH
8.0, at a 0.5 mM peptide concentration. Acidification was done
by addition of 1.0 M HCl until pH < 2.0. For acetonitrile-induced
aggregation, the peptide stock and the acetonitrile were pre-
heated to 68 °C, and 25 µL of 30 nmol peptide was injected
into 300 µL of acetonitrile solution. The solvents were removed

Figure 7. Intermolecular hydrogen bonding within the hydrophobic
domain of 18 SA2 peptides. (A) Time profile of the number of peptide
backbone-backbone hydrogen bonds in between the peptides. (B) Time
profile of the number of single water molecules bridging two peptide
backbones by hydrogen bonding. (C) Close-up view in the hydrophobic
domain of the peptide assembly. The depicted water molecule (arrow)
bridged two peptides by hydrogen bonding. For clarity, other water
molecules are not depicted. Coloring: red is oxygen, blue is nitrogen,
white is hydrogen, and hydrogen bonds are indicated as yellow dotted
connections.
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by reduced pressure evaporation, and the peptides were hydrated
in 20 mM sodium phosphate, pH 8.0. Probe F was added to a
4.0 µM concentration from a DMSO stock solution. The final
DMSO concentration was <1% (v/v). Deconvolution of probe
F fluorescence into three bands (N*, H-N*, and T*) was
performed as previously described18 using the Siano software
kindly provided by Dr. A.O. Doroshenko (Kharkov, Ukraine).
The program is based on an iterative nonlinear least-squares
method that is itself based on the Fletcher-Powell algorithm.
The individual emission bands were approximated by a log-
normal function.37 Tryptophan fluorescence was measured at a
75 µM peptide or NATA concentration, diluted from stock in
20 mM sodium phosphate, pH 8.0. Emission spectra were
recorded with excitation wavelengths at 280 nm. Quantum yields
were based on measurements with NATA as a reference
(quantum yield of NATA in water, 0.14).

Circular Dichroism. CD was measured in a double beam
DSM 1000 CD spectrometer (Online Instrument Systems,
Bogart, GA) using quartz cuvettes of 0.5 mm path length
(Hellma, Müllheim, Germany) and peptide dispersions (0.3 mM)
in 10 mM phosphate buffer, pH 8.0. Five measurements of 1.0
nm increments were averaged, and background spectra of the
buffer were subtracted. The results are expressed in terms of
molar residue CD.

Fourier Transform Infrared Spectroscopy. FTIR spectros-
copy measurements were performed on a BioRad FTS 6000
spectrometer (Varian, Inc., Palo Alto, CA) using a liquid sample
cell at a 10 µm path length with CaF2 windows. Peptides were
taken up in D2O at a peptide concentration of 2.5 mM or higher.
1024 scans were accumulated for a single spectrum, and an H2O
vapor spectrum was measured for background subtraction.

Dynamic Light Scattering. Dynamic light scattering mea-
surements were performed at a 90° angle in a Malvern ALV
CGS-3 goniometer (Malvern Instruments, Malvern, U.K.)
containing a HeNe laser source (λ ) 632.8 nm, 22 mW output
power). The sample preparation was performed as described in
the main text. The dynamic light scattering time-correlation was
analyzed with ALV Correlator 3.0 software (ALV, Langen,
Germany) taking into account the refractive indices of the
different solvents.

Molecular Dynamics Simulations. Molecular dynamics was
performed with the program YASARA version 8.3.332 in an
Amber-99 force field. In an aqueous continuous phase 18 SA2
peptides were studied in the presence of 54 sodium ions. The
peptides were positioned in boxes of 37 × 39 × 79 Å3 (opposing
layers) and 36 × 45 × 60 Å3 (interdigitated layers). Explicit
water molecules were placed at random positions within the
box until the water density was 1.00 g/mL. Periodic boundary
conditions were used, and every run was started with a steepest
descent energy minimization until the maximum atom speed
dropped below 2200 m/s, followed by 500 annealing steps. The
particle mesh Ewald method was applied for long-range
electrostatic interactions, with a 7.86 Å van der Waals forces
cutoff. Temperature was set at 300 K, and the density was
maintained at 1.00 g/mL. Simulations were run for 15 ns, and
coordinates were saved every 7.5 ps. The results were analyzed
using analysis programs written in our laboratory.

Supporting Information Available: Additional figures. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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