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ABSTRACT Interactions between biological membranes and disease-associated amyloids are well documented, and their
prevalence suggests that an inherent affinity exists between these molecular assemblies. Our interest in the molecular origins
of life have led us to investigate the nature of such interactions in the context of their molecular predecessors (i.e., vesicle-form-
ing amphiphiles and small peptides). Under certain conditions, amyloidogenic peptides or fatty acids are each able to form
ordered structures on their own; however, we report here on their cooperative assembly into novel, to our knowledge, highly
ordered structures. We first examined an amyloidogenic eight-residue peptide, which forms amyloids at pH 11, yet because
of its positive electrostatic character remains soluble at a neutral pH. In mixtures with simple fatty acids, this peptide is also
able to form novel, to our knowledge, coaggregates at a neutral pH whose structures are sensitive to both the fatty acid concen-
tration and identity. Below the critical vesicle concentration, the mixtures of fatty acid and peptide yield a flocculent precipitate
with an underlying b-structure. Above the critical vesicle concentration, the mixtures yield a translucent precipitate that consists
of tube-like structures. Small-angle x-ray scattering and fiber diffraction data were used to model their structures as hollow-core
two-shell cylinders in which the inner shell is a bilayer of fatty acid and the outer shell alternates between amyloid and bilayers of
fatty acid. The further analysis of decanoic acid with a panel of 13 other basic amyloidogenic peptides confirmed the general
nature of the observed interactions. The cooperativity within this heterogeneous system is attributed to the structurally repetitive
natures of the fatty acid bilayer and the cross-b-sheet motif, providing compatible scaffolds for attractive electrostatic interac-
tions. We show these interactions to be mutually beneficial, expanding the phase space of both peptides and fatty acids while
providing a simple yet robust physical connection between two distinct entities relevant for life.
INTRODUCTION
Historically, the ‘‘origin of life’’ field has been polarized by
competing and seemingly exclusive hypotheses, such as
replication first (1), metabolism first (2), and compartmen-
talization first (3) or RNA world (4), peptide world (5,6),
and amyloid world (7–11). It is evident that these hypothe-
ses tend to oversimplify the problem and that at one point in
the origin or evolution of early life, the primary molecules
of biology, namely nucleic acids, amino acids, aliphatic
compounds, and carbohydrates, became intimately inter-
twined. The emergence of these distinct molecular systems
could have been sequential, separated in space, or all at once
as it has been postulated recently (12,13). Physical interac-
tions between the distinct systems may have stabilized
them, strengthened their replication potential, and/or
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enlarged their chemical and structural space in a way that
would not be possible with a single type of biomolecule.
Such mutually beneficial effects have been shown for
DNA and peptide amyloids, for which DNA stabilizes the
amyloid fibers, and the amyloid supports DNA hybridiza-
tion (14). Furthermore, the encapsulation inside of vesicles
by amphiphilic membrane-like structures may be beneficial
to the encapsulated system by offering protection from
hydrolysis and by preventing loss of the system through
diffusion, as has been demonstrated for example by the
chemical replication of RNA inside fatty acid vesicles
(15) and by protein translation within vesicles that contain
the 80 different macromolecular species required for trans-
lation (16).

It is well known that there is an inherent association of
many disease-related amyloidogenic peptides with lipid
bilayer membranes (17–20). Such interactions may arise
from the fact that both can form periodic structures at
the subnanometer level, thereby enhancing the potential
for cooperative interactions. Within the framework of our
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Coassembly of Peptides and Fatty Acids
investigations on the origin of life, we hypothesized that
fatty acids and amyloidogenic peptides, both arguably pre-
biotic entities, could have cooperative interactions that sta-
bilize each other’s structures and thus enhance their
potential to undergo Darwinian selection. The sequence
space of amyloidogenic peptides and the structure space
of their fibers as well as the structure and phase space of
fatty acids could be expanded upon by cooperative interac-
tions between peptides and fatty acids. Interactions of this
sort in a simple system are demonstrated in the following.
MATERIALS AND METHODS

Materials

Sodium decanoate (Tokyo Chemical Industry, Tokyo, Japan), sodium

dodecanoate (Sigma-Aldrich, St. Louis, MO), nonanoic acid (NA) (Acros

Organics, Morris Plains, NJ), decanol (DOH) (Sigma-Aldrich), sodium

dodecyl sulfide (Sigma-Aldrich), Triton X-100 (Sigma-Aldrich), hydro-

chloric acid (Merck, Darmstadt, Germany), sodium hydroxide (VWR

Chemicals, Leuven, Belgium), potassium phosphate monobasic (Acros

Organics), sodium phosphate dibasic dodecahydrate (Acros Organics),

sodium metaborate (Sigma-Aldrich), citric acid (Sigma-Aldrich), acetoni-

trile high-performance liquid chromatography (HPLC) gradient grade

(Fisher Chemical, Loughborough, UK), trifluoroacetic acid (Fisher Chem-

ical), proteinase K from Tritirachium album (Sigma-Aldrich), and phenyl-

methylsulfonyl fluoride (Biochemica, Darmstadt, Germany) were used

without further purification.

The peptides (GL Biochem Ltd., Shanghai, China) were synthesized

using standard fluorenylmethyloxycarbonyl chemistry on a rink amide

resin. The crude peptides were purified to >98% by reverse-phase HPLC

on a Kinetex C18 5-mm 100-Å 250 � 10 mm column (Phenomenex,

Torrance, CA) in a gradient of acetonitrile in 0.1% trifluoroacetic acid

(TFA). The purified peptides were quantitated by their calculated extinction

coefficient at 214 nm (21). Pure peptides were stored in lyophilized aliquots

and dissolved in water just before use.
Fatty acid solutions

Decanoate-decanoic acid (DA) and dodecanoate-dodecanoic acid (DDA)

solutions were prepared by dissolving the corresponding sodium salts in

phosphate buffer at room temperature or at 50�C for decanoate or dodeca-

noate, respectively, and adjusting the pH of each solution to the desired pH

with 1 M HCl, using a SevenCompact Mettler Toledo (Columbus, OH) pH

meter fitted with a Hamilton BioTrode (Reno, NV). After each addition of

the pH titrant, the solutions were vortexed for 30 s to allow the solution to
TABLE 1 Measured CMC and CVC Ranges for NA, DA, and DDA So

Fatty Acid

CMC

Fluorescence (mM) DLSa NMR

NA 50–70 50–70 mM NDc

DA 20–22 22–30 mM 49–52 mM

DDA 3.6–4.5 NMd 4.7–5.6 mM

SDS 7–8 8–8.5 mM no

Triton-X 0.25–0.30 – no

aCMC was determined by the concentration at which signal began to fluctuate
bPublished CMC and CVC values were determined under different conditions an

doing the measurements under the conditions used in this study.
cNo transition was detected with this technique.
dDDA solutions were not measured by DLS due to issues with solidification du
equilibrate before continuing the titration. After titration, the volume of the

solution was adjusted to the desired concentration of fatty acid while keep-

ing the concentration of phosphate constant at 50 mM. Nonanoate-NA

solutions were prepared at room temperature by mixing NA in a molar ratio

of 1:1 with sodium hydroxide and a volume of 0.5 M phosphate buffer equal

to 0.1 of the final solution volume. Titration with HCl was carried out as for

DA and DDA solutions. To prepare DA/DOHmixture, DOH was added to a

sodium-decanoate solution and vortexed for 1 min. Subsequently, titration

and volume adjustment were done as for the other solutions.
Amyloid formation

Peptides were dissolved in water and then diluted to 0.5 mg/mL in buffer to

induce aggregation. The aggregation of VOVOVOVO-NH2 was induced in

50 mM borate buffer at pH 11, DFRFRF-NH2 was induced in 50 mM phos-

phate buffer at pH 7.8, and Ac-VDVDVDVDV-NH2 (V(DV)4) was induced

in 50 mM sodium citrate buffer at pH 3.5. The samples were incubated

at room temperature without agitation and analyzed after more than 24 h

unless otherwise noted.
Formation of peptide-fatty acid mixtures

Directly before use, aliquots of lyophilized peptides were dissolved in water

at 5 mg/mL and then added to a fatty acid solution in a 1:9 volume ratio to

give a final peptide concentration of 0.5 mg/mL. After peptide addition, the

solutions were vortexed for 30 s and then incubated overnight at room tem-

perature for NA and DA solutions or at 50�C for DDA solutions.
CD

Peptide-fatty acid mixtures were analyzed by circular dichroism (CD) spec-

troscopy on a Jasco J-815 (Easton, MD) in a 0.1-mm quartz cell. The

spectra were recorded from 260 to 190 nm at 50 nm/min, 2-nm band-

pass, with a 2-s integration, and averaged over five repetitions. Measure-

ments were done at room temperature for NA and DA solutions and at

50�C for DDA solutions.
CMCs and CVCs

We employed four different methods to estimate the fatty acid critical

micelle concentration (CMC) and critical vesicle concentration (CVC) un-

der the conditions used in this study. The results of these measurements are

in the Supporting Materials and Methods and are summarized in Table 1.

1) The fluorescence intensity of hydrophobic dyes as well as their fluores-

cence polarization can be used to measure the phase transitions of am-

phiphiles (22,23). We chose 1,6-diphenyl-1,3,5-hexatriene (DPH) as a
lutions at pH 7.8

CVC Literature

Turbidity Fluorescence CMCb (mM) CVCb (mM)

NDc 150–200 mM 110 85

55–60 mM 55–60 mM 28.8 43

5 mM 5–6 mM 1.58 22.5

transition to vesicles 8.2 –

transition to vesicles 0.25 –

widely.

d at different pH (29,42) and are tabulated to emphasize the importance of

ring samples preparation.
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reporter molecule because both its fluorescence intensity and polariza-

tion are sensitive to amphiphile aggregation (24). DPH is minimally sol-

uble in water and even at 5 mM remains mostly in aggregates that have

low fluorescence intensity but a relatively high fluorescence anisotropy.

Above the CMC, micelles of the amphiphiles can solubilize some of the

DPH leading to a moderate increase of intensity with a concomitant

decrease in the fluorescence anisotropy. However, we found that DPH

is significantly more soluble in vesicles than in micelles, such that above

the CVC, the fluorescence increases much more quickly with fatty acid

concentration, and there is another concomitant decrease in anisotropy.

Thus, the CMC is taken as the concentration at which the DPH fluores-

cence anisotropy begins to decrease, and the CVC is taken as the con-

centration at which the anisotropy falls to its lowest value. This

fluorescence anisotropy CMC determination method was also tested

with the non-vesicle-forming amphiphiles sodium dodecyl sulfate

(SDS) and Triton X-100, and the results (Fig. S1) are in good agreement

with the literature values (25).

2) Light scattering has also been shown to correlate with amphiphile aggre-

gation (26). Below the CMC, the scattered light intensity is stable; how-

ever, when the concentration of fatty acids reached the CMC, instead of

a stable increase in scattered light, we observed large fluctuations in the

light intensity. This would indicate that small numbers of larger aggre-

gates are also transiently forming at this concentration. Therefore, we

interpret the onset of the intensity fluctuations as an upper limit for

the fatty acid CMC. To corroborate this data, we measured the CMC

for SDS by the same method, which yielded results that are close to

the published values (25) (Fig. S1 B). The CVC of the fatty acid cannot

be measured by this method because of the instability of the light inten-

sity above CMC. Measurements were performed on a Wyatt DynaPro

dynamic light-scattering (DLS) instrument (Santa Barbara, California),

and each sample was filtered with 0.02-mm Anotop 10-membrane filter

(Whatman, Maidstone, UK). Only the scattered intensity and not the

correlation function was used in the analysis.

3) The onset of turbidity, measured as absorbance at 400 nm, was used to

evaluate the CVC of the fatty acid solutions (27). The measurements

were performed on a Jasco V-650 with a 1-cm pathlength at room tem-

perature for NA and DA and at 50�C for DDA solutions.

4) The change in the 1H-NMR signal intensity of the methylene groups of

fatty acids (NA: dH ¼ 1.16 ppm; DA: dH ¼ 1.20 ppm; DDA: dH ¼ 1.40

ppm) was employed to find the transition between the micellar and vesic-

ular states of amphiphiles. Below theCVC, the 1H signals are directly pro-

portional to the fatty acid concentration. Above the CVC, the 1H signal

intensity decreaseswith increasing concentration because of the large cor-

relation time of the very large vesicles yielding fast spin relaxation. The

CMC of fatty acids as well as SDS (Fig. S1) is not detected via this signal

intensity method most likely because a fast exchange between monomers

andmicelles and a rather short correlation time of the fatty acids in themi-

celles and thus little change to their spin relaxation rate compared tomono-

mers. Spectra were measured with Bruker Avance III 700-MHz and

Bruker Avance III HD 600-MHz spectrometers (F€allanden, Switzerland),
both equipped with triple resonance TCI CryoProbes (Bruker). Samples

were in 10% (v/v) D2O at 24.85�C for NA and DA and at 50�C for

DDA. Data were processed and analyzed by TopSpin 3.5 (Bruker).

All signal versus concentration data were analyzed using R software.

Critical concentrations were determined from the NMR intensity data by

fitting the linear portion of the trends and using the break from linearity

as the CVC. For the fluorescence, light scattering, and turbidity data, the

CMC and CVC are reported as a range between the data points at which

the trend in the data changed.
Fluorescence anisotropy

The fluorescence anisotropy of 5 mMDPH invarious fatty acid solutionswas

measured on an ISS K2 spectrofluorometer (ISS, Champaign, IL) with 1-cm
2338 Biophysical Journal 115, 2336–2347, December 18, 2018
pathlength and excitation/emission wavelengths of 330/480 nm, respec-

tively. The samples were prepared by diluting 5 mL of a 1 mMDPH solution

in acetonitrile into 1 mL of the sample to be analyzed and by vortexing for

15 min. NA and DA samples were prepared and measured at room tempera-

ture, whereas DDA samples were kept at 50�C. The G-factor was measured

independently for each sample, and the recorded anisotropy values are the

average of 10 measurements.
Cryo-EM and negative stain transmission
electron microscopy

For cryo-electron microscopy (cryo-EM), 3 mL of respective solutions were

applied to a Quantifoil R2/2 Cu 300 grid and bloated for 10 s with bloat

force 20 and flash frozen in liquid ethane using an FEI Vitrobot (Quantifoil

Micro Tools GmbH, Großlöbichau, Germany). The images were recorded

with an FC20 cryo-FEI Tecnai electron microscope (FEI, Hillsboro, Ore-

gon). The widths of the striations were determined using ImageJ software

based on the fast Fourier transform of the regions containing the striations.

For each fatty acid sample, multiple regions of three independent images

were analyzed. The values reported are the mean and SD of 5, 8, and 11

measurements for NA, DA, and DDA, respectively. Samples for negative

stain transmission electron microscopy (TEM) were prepared by applying

the solutions to a CF400-Cu grids and staining with phosphotungstic acid

(2% solution at pH 7.2). Images were recorded with a Morgagni 268 FEI

electron microscope (FEI).
ATR-FTIR

Samples were centrifuged at 25 kg for 5 min, and pellets were resuspended

in 4 mL of supernatant and placed on the diamond attenuated total reflec-

tance (ATR) cell of Bruker Alpha-PATR-FTIR (Fourier transform infrared)

spectrometer. Before the measurements, samples were air dried at room

temperature. Fatty acid solutions without peptide were also measured as

a control. An empty cell (air) was used as a blank spectrum.
X-ray diffraction

Samples were centrifuged at 130 kg with a Beckman Coulter Airfuge Ultra-

centrifuge (Brea, CA), and the pellets were transferred into 0.3-mm glass

capillaries, which were then flame-sealed to prevent drying. Alternatively,

fibers in the samples were aligned by pipetting 4 mL of the mixture in the

gap formed by two glass rods spaced �2–3 mm apart and dried overnight

in a parafilm-sealed petri dish. Scattering data were recorded with a Rigaku

MicroMax-007HF (Tokyo, Japan) source on a Mar345 image plate detector

(MarXperts, Norderstedt, Germany) at room temperature with a 1-h expo-

sure. The scattering from an empty capillary and air were also measured and

used for background subtraction. The diffraction patterns of the samples in

capillaries were radially integrated with FIT2D software (28) to yield a plot

of the scattered intensity as a function of d-spacing. The images of the

diffraction patterns of the aligned samples are displayed with Adxv

software.
SAXS

Small-angle x-ray scattering (SAXS) experiments were performed using a

Rigaku MicroMax-002þ equipped with a microfocused beam (40 W;

45 kV; 0.88 mA) with the lCuKa ¼ 0.15418-nm radiation collimated by

three pinhole collimators (0.4, 0.3, and 0.8 mm) to obtain direct information

on the scattering patterns. The SAXS intensity was collected by a two-

dimensional Triton-200 gas-filled x-ray detector (20 cm diameter; 200-

mm resolution). An effective scattering vector range of 0.05 nm�1 < q <

2 nm�1 was obtained, where q is the scattering wave vector defined as

q ¼ 4p sin q/lCuKa with a scattering angle of 2q.



Coassembly of Peptides and Fatty Acids
HPLC analysis

To quantify the amount of peptide and fatty acid in the distinct aggregates,

100-mL samples containing aggregates (either flocculent or translucent) of

OVOVOVOV-NH2 (subsequently referred to as (OV)4, in which O stands

for ornithine) and fatty acids were centrifuged in a tared tube. The masses

of the pellets were determined and then dissolved in 500 mL of 8 M guani-

dine solution. Supernatants were analyzed without dilutions for NA and

DA, and the DDA supernatant was diluted twofold with 5% acetonitrile

in H2O. Reversed-phase analyses were performed on a Kinetex C8

2.6-mm 50 � 4.6 mm column connected to an Agilent 1200 HPLC (Santa

Clara, CA) system with an autosampler and diode array detector. The

(OV)4 peptide and fatty acid were resolved by a linear gradient of acetoni-

trile with 0.1% TFA (5–98%) at 3 mL/min. The injected amount of (OV)4
was quantified based on its peak area and calculated extinction coefficient at

214 nm (19) of 6797 M�1cm�1, and fatty acids were quantified based on a

calibration with known quantities of material. The pellet mass was mostly

due to water (dried pellets had negligible mass), so the volume of the pellet

was calculated from the mass of the wet pellet. This volume was then used

to correct for the amount of material in the pellet fraction that is due to the

soluble material trapped in the pellet.
Protease sensitivity assay

The stability of (OV)4 in phosphate buffer and in the translucent peptide/DA

mixture at pH 7.8 was probed by its resistance to digestion by the nonspe-

cific peptidase, proteinase K. Standard solutions of (OV)4 alone and (OV)4
with 72 mMDAwere incubated for 4 h at room temperature with 50 ng/mL

proteinase K, at which time the protease was deactivated with the addition

of 0.1 mM phenylmethylsulfonyl fluoride. For HPLC analyses, the

DA/(OV)4 sample was diluted 1:4 (v/v) with 8 M guanidine, and the

(OV)4 alone sample was diluted 1:4 (v/v) with H2O/acetonitrile/TFA

(98:2:0.1 v/v). Solutions were vortexed for 30 min and analyzed by HPLC.
RESULTS AND DISCUSSION

Amyloidogenic peptide and fatty acid
characterizations

To investigate the interactions between peptides and fatty
acids with a focus on a cooperative amyloid fibril and mem-
brane bilayer formation, we designed the amyloidogenic
peptide (OV)4. It was predicted that the positive charge of
(OV)4 at a neutral pH would prevent self-aggregation while
allowing for favorable electrostatic interactions with the
carboxylate headgroup of fatty acids. Indeed, at pH 7.8,
the peptide is soluble up to 5 mg/mL, and at 2 mg/mL, it
adopts a random coil-like conformation, whereas at pH
11, above the pKa of ornithine, (OV)4 readily forms a
b-structured aggregate (Fig. S2). We characterized the inter-
action of (OV)4 with three simple vesicle-forming fatty
acids: NA, DA, and DDA. These fatty acids form vesicles
in water at a pH near their pKa (29) but remain monomeric
and micellar at a pH much above their pKa. Because it was
expected that cooperativity based on the electrostatic inter-
actions between the peptide and fatty acid would be more
pronounced at a pH above the fatty acid pKa, we chose to
study the interactions at pH 7.8 (pKa of NA, DA, and
DDA is 7.0, 7.3, and 7.5, respectively). Because both their
CMC as well as the CVC are sensitive to pH, buffer strength,
and solution composition, we carefully measured these
critical concentrations for each fatty acid in phosphate
buffer at the working pH of 7.8 (Figs. S3–S6; Table 1). It
is evident from the values in Table 1 that under the condi-
tions used here (phosphate buffer, pH > pKa), the CMC
and CVC values deviate from reported values measured at
their respective pKas. This deviation is consistent with the
known pH dependence of the fatty acid CVC and was
confirmed by our measurement of the CVC of DA at two
different pH values (7.4 and 7.8; Fig. S6, B and C). Addi-
tionally, at a pH significantly above their pKa, fatty acids
do not form vesicular assemblies as determined for DA at
pH 8.2 (Fig. S5 D) or for NA at our standard condition of
pH 7.8 (Figs. S5 A and S6 A).
Cooperative interactions between (OV)4 and fatty
acids

To search for cooperative interactions, we analyzed a con-
centration series of the fatty acids mixed with 575 mM
(0.5 mg/mL) (OV)4 at pH 7.8. Upon mixing of the peptide
and fatty acid, many samples form an immediate precipitate.
At the higher fatty acid concentrations, this initial precipi-
tate appears to go back into solution over a period of mi-
nutes to hours. This phenomenon was observed for all
three fatty acids, and the CD spectra of these mixtures reveal
two fatty acid concentration-dependent transitions sepa-
rating three distinct states of the peptide (Figs. 1 and S7).
These data point to a correlation between the transition con-
centrations observed in the CD spectra and the CMC and
CVC values for the fatty acids (illustrated in Fig. 2). Below
the CMC, the peptide-fatty acid mixture is transparent, and
the CD spectra are indicative of a random coil-like confor-
mation as it is in the absence of fatty acids. Near their CMC,
fatty acids mixed with (OV)4 produce a flocculent precipi-
tate, and the CD spectra of the mixtures are featureless, indi-
cating that the peptide is contained in this flocculent
precipitate. At any concentration above the CVC, the mix-
tures become translucent after an initial formation of precip-
itate, and the CD spectra indicate that the peptide adopts a
b-strand conformation. That this trend is dependent on the
fatty acid concentration and not the peptide concentration
is supported by the observation of b-structure at a range
of peptide concentrations (Fig. S8). To further characterize
the mixtures, we centrifuged the translucent b-structured
DA sample at 130 kg and found that the CD signal was
absent in the soluble fraction. Thus, the b-structured mate-
rial in the translucent samples above the fatty acid CVC
is also an aggregate but one that is small enough to absorb
the ultraviolet light. The loss of the CD signal in the concen-
tration range between the CMC and CVC is likely due to
the large size of the flocculent aggregates that can no
longer absorb light. Therefore, the flocculent precipitate
was further characterized by ATR-FTIR. The FTIR spectra
had absorbance bands near 1625 cm�1, indicating that the
Biophysical Journal 115, 2336–2347, December 18, 2018 2339
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FIGURE 1 The concentration dependence of the CD spectra of DA solu-

tions with (OV)4. The CD spectra of three solutions of 575 mM (OV)4 with

either 1.8 mMDA (dotted line), 18 mMDA (solid gray line), or 72 mMDA

(solid black line) are shown. At 1.8 mM DA, the CD spectrum is random

coil like; at 18 mM DA, it is nearly featureless; and at 72 mM, it is b-sheet

like.
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peptide in the flocculent precipitate was also in a b-strand
conformation (Fig. S9).

The data illustrated in Fig. 2 suggest that the interaction
between fatty acid micelles with (OV)4 leads to the floccu-
lent precipitate, whereas fatty acid vesicles are required to
form the translucent precipitate. This correlation was further
probed by modulating the CVC of DA through the addition
of DOH. It is known that the CVC of fatty acid solutions are
lowered in mixtures that contain small amounts of the
corresponding fatty alcohol (29), and we found that a 10:1
DA/DOH mixture at pH 7.8 has a CVC between 20 and
22 mM (Fig. S10), close to the reported value of �20 mM
(29) and in contrast to the CVC of 50 mM in absence of fatty
alcohol (Table 1). In the DA/DOH mixtures, the transition
from flocculent to translucent precipitate and the corre-
sponding changes in the CD spectra were both shifted
to lower fatty acid concentration (Figs. 3 and S11), further
supporting the correlation between the CVC and the forma-
tion of the translucent precipitate. The appearance of the
flocculent precipitate above the measured CVC for DDA
(Fig. 2 C) could be because the CMC and CVC of DDA
are not far apart and so low that the binding of DDA to
the 575 mM (OV)4 consumes a significant amount of the
fatty acid, thereby effectively shifting the flocculent-translu-
2340 Biophysical Journal 115, 2336–2347, December 18, 2018
cent boundary by a few mM above the CVC. Such a shift
was also detected for DA/DOH mixture; however, it would
be less noticeable for NA and DA mixtures because of their
relatively large CVC values.

To test the hypothesis that electrostatic interactions are a
major driving force in the observed interactions, we pre-
pared similar mixtures of the acidic amyloidogenic peptide
V(DV)4 with DA. In contrast to (OV)4, V(DV)4 forms amy-
loids at pH 3.5, whereas at pH 7.8, it remains soluble and
adopts a random coil-like conformation (Fig. S12). The
mixtures of V(DV)4 with DA solutions spanning both its
CMC and CVC displayed no change in peptide conforma-
tion (Fig. S12) and no visible changes in the solutions.
The lack of interactions between V(DV)4 and DA indicates
that assemblies of fatty acids with (OV)4 are likely driven by
ionic interactions.
Structural characterization of peptide-fatty acid
coaggregates

While analyzing the different peptide-fatty acid aggregation
states, we found that their formation is quickly reversible.
Upon dilution of the mixtures with buffer, the precipitates
dissolve, and the diluted samples have random coil-like
CD spectra. This complicated our measurement of the fatty
acid and peptide content in the aggregates because we could
not simply rinse the aggregates but rather had to subtract the
amount of soluble peptide and fatty acid remaining in the
wet pellet (see Materials and Methods). This analysis
showed that the flocculent and translucent aggregates do
in fact contain fatty acids in addition to the peptide. For
NA and DA, the molar ratio of fatty acid/peptide in the floc-
culent precipitates is �3, whereas in the translucent precip-
itate, the ratio is �7 (Fig. S13). DDA precipitates could not
be reproducibly assayed because of the high melting tem-
perature of DDA. The doubling of the fatty acid content in
the translucent precipitate compared to the flocculent pre-
cipitate would be consistent with a conversion from a mono-
layer to a bilayer structure. This is particularly noteworthy
in light of the facts that a micelle-to-vesicle conversion is
also a change from a monolayer to bilayer and that the for-
mation of the two types of precipitates is correlated with the
fatty acid CMC and CVC. We also measured the fluores-
cence anisotropy of DPH in the translucent precipitate and
in the pure DA vesicles. The fluorescence anisotropy of
DPH in the translucent precipitate (0.055) is higher than
the respective value measured for DPH in the DA vesicles
alone (0.034) suggesting that the fatty acid in the translucent
precipitate is more rigid than the vesicles. Furthermore, the
fact that the fluorescence intensity of DPH in DA vesicles
and in the DA-peptide translucent aggregates were compa-
rable suggests that there is in fact a fatty acid bilayer in
the translucent precipitate.

To characterize the mesoscopic structure of peptide-fatty
acid mixtures, we analyzed the flocculent and translucent
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FIGURE 2 Correlation of (OV)4 secondary structure with fatty acid CMC and CVC. The b-strand secondary structure of the peptide in the fatty acid

mixtures as monitored by its CD signal at 198 nm is plotted against the fatty acid concentration in solutions of NA (A), DA (B), and DDA (C). Negative

values are associated with a random coil-like structure of the peptide and positive values with a b-sheet secondary structure. The dashed lines roughly demar-

cate the boundaries between the visible changes in the mixtures from clear solution to flocculent precipitate to translucent solution with increasing concen-

tration of fatty acid. The gray bands represent the ranges of CMC and CVC values for the fatty acids as measured independently in the conditions used in this

study (see Figs. S3–S6) and indicate that the transitions of peptide/fatty acids mixtures occur at very similar concentration ranges as do the phase transitions

of the pure fatty acids themselves. The deviation of the DDAmixtures from this trend can be explained by the fact that its concentration is low enough that the

binding of DDA to the 575 mM (OV)4 consumes a significant amount of the fatty acid, effectively shifting the flocculent-translucent boundary.

Coassembly of Peptides and Fatty Acids
precipitates by cryo-EM. The DA-(OV)4 flocculent precipi-
tate was generally too dense to get much information from
the EM images; however, in a few instances, we could detect
fibril-like structures, suggesting that the b-structure detected
by FTIR is in fact an amyloid (Fig. 4 A). The translucent
precipitates of all the mixtures consisted primarily of long,
straight structures that are suggestive of ribbons, rods, or
tubes. In the case of the DA-(OV)4 mixture, these straight
structures have a uniform width of �25 nm and lengths of
up to several microns (Fig. 4 B). Further cryo-TEM analysis
with a tilted sample indicates that the structures in the trans-
lucent DA-(OV)4 precipitate are actually not flat ribbons but
rather rod or tube like (Fig. S14). The translucent NA-(OV)4
precipitate has similar structures, in line with its similar fatty
acid content; however, instead of a uniform width, there is a
narrow distribution ranging from 20 to 30 nm. In contrast,
the DDA-(OV)4 mixtures gave structures with a much larger
variation in width from 15 to 80 nm (Fig. 4, D and E). The
rod- or tube-like structures in the translucent precipitates are
unlike typical amyloid fibrils, which are often found to be
composed of bundles of protofilaments that can be either
twisted, straight, or displaying some other combination of
quaternary structures (30). In fact, such filament bundling
is detected in the pure (OV)4 fibrils formed at pH 11 without
fatty acid (Fig. 4 F). Interestingly, the tube-like structures in
the translucent precipitates often have a detectable striation
that indicates that they may be composed of many smaller
fibrils that have assembled into a larger ordered structure
(Fig. 4 C) such as a nanotube, as has been observed for other
amyloids (31–33). The widths of the striations are correlated
with the fatty acid chain length, and, as estimated by Fourier
transform of the images, are 2.405 0.11, 2.845 0.11, and
3.465 0.06 nm for structures assembled with NA, DA, and
DDA, respectively (see Materials and Methods).

The peptide-fatty acid precipitates were further character-
ized by x-ray diffraction, which revealed some similarities
between the flocculent and translucent precipitates that are
also shared with the (OV)4 pH 11 fibrils. These include a
reflection at 4.7 Å, which corresponds to the spacing
between strands in a b-sheet. The other similarities include
reflections near but not all identically at 7.8 and 11.7 Å
(Fig. 5). The DA-(OV)4 precipitates have as well an intense
reflection near 24 Å that is mostly absent in the pH 11 fibrils
of the peptide without DA. Unique to the fatty acid translu-
cent precipitate is a broad reflection at 30 Å, which may be
indicative of a fatty acid bilayer. The samples could be
aligned upon drying, which allowed us to confirm the under-
lying cross-b structure. The x-ray diffraction of aligned
samples of translucent aggregates and the pH 11 fibrils
both had the signature cross-b pattern (Fig. S15). The
Biophysical Journal 115, 2336–2347, December 18, 2018 2341
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FIGURE 3 Fatty alcohol lowers both CVC and the concentration at

which translucent precipitate is formed. Depicted are three CD spectra

for 575 mM solutions of (OV)4 with either 72 mM DA (dotted line),

36 mM DA (solid gray line), or a 10:1 DA/DOH mixture with 34.65 mM

total amphiphiles (solid black line). The b-sheet-like spectrum absent in

the 36 mM DA solution due to the formation of the flocculent precipitate

is present in the lower concentration DA solution with a 1:10 molar ratio

of fatty alcohol. This amount of DOH decreases the CVC of the system

from �55 to �20 mM (Fig. S10).
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diffraction of dried and aligned DA revealed that the stron-
gest reflections from the aligned translucent sample arise
from the excess DA that dried along with the precipitate.
Still, we could detect weaker reflections (i.e., 11.4, 7.7 Å,
and meridional reflection at 4.7 Å) uniquely in the aligned
translucent precipitate, which are indicative of the presence
of cross-b structure. The relatively low intensity of the pep-
tide-derived reflection is not surprising considering that the
translucent aggregate samples have a 150-fold molar excess
of DA compared to peptide.

To better characterize the shape of the tube-like struc-
tures, SAXS experiments were conducted on a DA-(OV)4
precipitate formed from 1 mM (OV)4 and 63 mM DA at
pH 7.8. The dispersion clearly showed a characteristic in-
tensity profile as indicated in Fig. 6, which was fitted
following the hollow-core two-shell cylinder form factor
P(q) model (see Supporting Materials and Methods) to
extract the core radius, its polydispersity and both the inner
and outer shell thicknesses (32). Also fitted were the scat-
tering length densities, r, of the core and inner and outer
shells. The fitted scattering data resulted in a main core
2342 Biophysical Journal 115, 2336–2347, December 18, 2018
radius value of rcore ¼ 6.57 nm (polydispersity ¼ 0.24)
and thicknesses of tin ¼ 1.62 nm and tout ¼ 2.98 nm. These
values match well the dimensions obtained from molecular
simulations for the thickness of an interdigitated DA bilayer
(1.62 nm) and the length of a fully extended (OV)4 peptide
(2.95 nm) (Fig. S16 A). Thus, the diameter of the core
two-shell cylindrical objects calculated from the fitted
parameters is D ¼ 2(rcore þ tin þ tout) ¼ 22.3 5 1.6 nm
and is in good agreement with the cryo-EM images for
which a diameter of 25 nm was measured (Fig. 4, B and
C). The fitted value of rcore (8.93 � 10�6 Å�2) is close to
that of water (9.44 � 10�6 Å�2), whereas rin (7.77 �
10�6 Å�2) is less than water and close to that of DA
(8.47 � 10�6 Å�2), and rout (1.12 � 10�5 Å�2) is higher
than water and corresponds to a density of 1.21 g/mL for
a molecule with a molecular formula similar to (OV)4 or
its 1:1 mixture with DA (Fig. 6). The fitted parameters
request the presence of two domains, which are depicted
in Fig. S16 and are modeled as follows: 1) the inner shell
consisting of a series of interdigitated and deprotonated
DA molecules (orange rectangular region) and 2) the outer
shell comprising the (OV)4 peptide in a cross-b arrange-
ment, exposing the amide-terminus to the outside of the
tube and connected by ionic interactions between the orni-
thine and the deprotonated interdigitated DA molecules to
the next radially distributed b-sheet (depicted in Fig. S16
B). The inner and outer shells are connected via ionic inter-
actions between the deprotonated DA molecules and the
protonated N-terminus of the (OV)4 peptide (Fig. S16 A).

In more detail, the model of these supramolecular
colloidal aggregates is based on the self-assembly of the
(OV)4 peptide as it would be expected to occur in amyloid
fibrils, by means of hydrogen bonding between the amide
moieties from parallel peptide backbones and a hydrophobic
face rich in valine residues that is buried between two
opposing sheets. This amyloid core has a hydrophilic, posi-
tively charged face on which all ornithine residues can ioni-
cally interact with the free carboxylates from DA molecules
at pH 7.8. The DA in turn forms an interdigitated bilayer,
creating the next interface for the interaction with another
amyloid core (Fig. S16 B). Another interdigitated DA
bilayer also interacts with the protonated N-termini of the
(OV)4 peptides on the b-sheet edge constituting the inner
shell (orange rectangle in Fig. S16 A). Thus, the outer-shell
building unit consists of a cross-b entity composed of two
b-sheets stabilized by van der Waals interactions between
the valine residues with an approximated interstrand dis-
tance of 3.9 Å (blue rectangular region with two green lines
indicating the b-sheet front edge) and the hydrogen bonding
between strands with a 4.7-Å distance between strands. This
cross-b entity is connected to another cross-b entity via the
protonated ornithine residues ionically interacting with the
previously described deprotonated and interdigitated DA
bilayer (yellow rectangular region). Thus, the radially
repeating unit results in an average distance of 2.89 nm
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FIGURE 4 Morphology of fatty-acid-(OV)4 precipitates compared to pure (OV)4 amyloids. Cryo-EM micrographs of the flocculent precipitate (A) and

translucent precipitate (B) formed in mixtures of DA and (OV)4. The flocculent precipitate is usually too thick for observing detailed morphological features,

but in a few instances like the one depicted in (A), fibrillar structures are visible. The translucent precipitate is characterized by straight fiber-like structures

that have a uniform width of�25 nm and lengths of up to several microns. In many of the tube-like structures, there is a visible striation, indicating that they

may be composed of an alignment of smaller fibrils (C). The translucent precipitates of (OV)4 mixtures with NA (D) and DDA (E) also reveal fiber-like

structures; however, they present a distribution of widths. The NA samples have a narrow distribution, whereas the DDA/(OV)4 mixtures have structures

with a much larger variation in width. The amyloid fibrils of (OV)4 that form at pH 11 (F) are characterized by many straight fibers that form bundles of

varying numbers of protofilaments.
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(Fig. S16, C and D), which matches well the 2.85-nm
distance between striations detected on the surface of the
objects visualized in cryo-EM images (Fig. 4 C) and could
be the source of the broad 30-Å reflection in the unaligned
sample (Fig. 5 B). An overview of the core two-shell model
is depicted in Fig. S16 in which the cross-b entities are radi-
ally distributed as ‘‘paddle wheels’’ with the b-strands point-
ing out from the center and the valine and ornithine residues
projecting out of the planes into different domains (amyloid
core or fatty acid bilayer) due to the alternating amino acid
sequence and the specific geometry of the parallel b-sheet
secondary structure (34). This model predicts a molar ratio
of peptide/DA of 1:6, which is close to the HPLC estimated
value of 1:7.
General nature of cooperative interactions
between amyloidogenic peptides and fatty acids

Having observed some variation in aggregate structure with
fatty acid chain length, we also wanted to explore the impor-
tance of the peptide sequence. Therefore, we characterized
the interactions of 13 additional amyloidogenic peptides
with DA. These peptides were chosen to have an alternating
hydrophobic/hydrophilic sequence with primarily basic hy-
drophilic residues to encourage the formation of an amphi-
pathic b-strand and ionic interactions with the fatty acid.
Mixtures of the 13 peptides at pH 7.8 were analyzed at three
different concentrations of DA (4.5, 18, and 72 mM), span-
ning the monomeric, micellar, and vesicular states of DA.
The structural changes of peptides were monitored by CD
and ATR-FTIR spectroscopy. The results of the measure-
ments and the information about appearance of the mixtures
are presented in Table 2 (and Table S1 with links to individ-
ual spectra). It is clear that the structures and appearances of
many peptides are altered in the presence of DA. Interest-
ingly, at 18 mM DA (below its CVC), most of the peptides
form a flocculent precipitate, and the CD signal is lost. Still,
there were usually clear changes in the CD spectra as a
function of DA concentration. The secondary structure of
peptides with multiple phenylalanine residues could not
be assigned by their CD spectra alone because the contribu-
tion from the phenylalanine side chain overwhelms the
backbone spectrum. However, ATR-FTIR spectra measured
for the mixtures with 18 and 72 mM DA revealed that
most but not all of the peptides in the precipitates with
DA have b-strand-like secondary structure. We further
characterized a pair of peptides of identical composition
but slightly different sequence (i.e., DFRFRF-NH2 and
Biophysical Journal 115, 2336–2347, December 18, 2018 2343
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FIGURE 5 X-ray diffraction of fatty acid-(OV)4 precipitates compared to

pure (OV)4 amyloids. The x-ray diffraction images of flocculent (A) and

translucent (B) precipitates from DA-(OV)4 mixtures at 18 mM DA and

63 mM DA, respectively, are shown. (C) The diffraction of (OV)4 amyloids

formed at pH 11 in the absence of fatty acids is shown. All of the various

aggregates have a reflection at 4.7 Å corresponding to the spacing between

strands in a b-sheet. The other similarities include reflections near 7.8 and

11.7 Å. The DA/(OV)4 precipitates also have an intense reflection around

24 Å that is mostly absent in the pH 11 amyloid fibrils that lack DA. Unique

to the translucent precipitate is a broad low-resolution reflection at 30 Å.

The diffraction patterns were radially integrated with the FIT2D software

to yield a plot of the scattered intensity as a function of d-spacing.

FIGURE 6 A one-dimensional SAXS intensity profile for the DA-(OV)4
translucent precipitate. The intensity of the scattering (I) as a function of the

scattering wave vector (q) is plotted with the fit to the hollow-core two-shell

cylinder form factor P(q) (see Supporting Materials and Methods) in green.

The fitted parameters for this form factor are listed in the figure. To see this

figure in color, go online.
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RFRFDF-NH2). The peptide with an N-terminal aspartate
has a significant change in the CD spectra in the presence
of 72 mM DA, whereas the second peptide does not show
such a structural change (Tables 2 and S1). For a deeper
insight into this difference, their mesoscopic structures
were characterized by both cryo- and negative-stain TEM.
The mixture of 72 mM DAwith DFRFRF-NH2 contains he-
lical ribbon structures (Fig. 7), whereas in the absence of
DA, the peptide forms the bundles of twisted protofilaments
that are characteristic of amyloids fibrils (Fig. S17). The
sequence isomer RFRFDF-NH2 on the other hand does
2344 Biophysical Journal 115, 2336–2347, December 18, 2018
not form any regular structures with or without DA that
could be characterized by EM (Fig. S17). Thus, the extent
of both assembly into ordered aggregates and the structure
of the resulting aggregates are a function of not only the
fatty acid identity and concentration but also of the peptide
sequence.
Mutualism in peptide-fatty acid interactions

Aside from the presented expansion of the phase and struc-
ture space in mixtures of peptide and fatty acid, we tested
whether the interactions between peptide and fatty acid pro-
vided some other potential benefit to the molecules. In
particular, we measured the stability of the peptide against
hydrolysis by the nonspecific protease proteinase K as
well as the thermal stability of the fatty acid bilayer. Protein-
ase K is commonly used to probe the domain structure and
solvent accessibility of proteins. Treatment of the (OV)4
fatty acid translucent precipitate with 50 ng/mL proteinase
K for 4 h did not produce any detectable degradation of
the peptide. However, under the same conditions, the
soluble (OV)4 without DA was 50% digested (Fig. S18).
Additionally, the thermal stability of the DA bilayer was
increased in the presence of (OV)4. To demonstrate this,
we monitored the fluorescence of DPH as a function of
temperature and found that in the translucent precipitate
its fluorescence intensity decreases by 25.5% from 25 to
60�C, whereas in DA vesicles under the same conditions,
it decreases by 42% (Table S2). This difference is consis-
tent with a greater thermal stability of the intercalated
DA bilayer in the coaggregate and may be explained
by the greater rigidity of this bilayer monitored by DPH
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FIGURE 7 A cryo-EM image of DFRFRF-NH2 peptide mixture with

72 mM DA at pH 7.8. The twisted ribbons resulting in the shape of helices

are formed in these conditions. The widths of the ribbons as well as the

tightness of helices varies between each assembly. A vesicle of decanoic

acid (DA) is also visible in the image.
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fluorescence anisotropy. Thus, the fatty acid not only in-
creases the pH range at which (OV)4 is able to aggregate,
but just as importantly, it produces a novel structure, to
our knowledge, that protects the peptide from hydrolysis.
Conversely, the peptide changes the structure of the fatty
acid aggregates, increases the pH range (at least for NA)
at which aggregation occurs, and enhances the stability of
the bilayer.
CONCLUSIONS

Viewed from a prebiotic perspective, the increase of not
only the structural space of these molecules but also their
stability and the area of the environmental conditions under
which they are capable of forming repetitive structures can
be regarded as selective advantages. That these cooperative
interactions are not simply a unique feature of the (OV)4
sequence is confirmed by the characterization of 13 addi-
tional peptides. Despite the variety of sequences we tested,
the phase of the fatty acid remains correlated with structural
changes for many of the peptides. We observed thereby a
variety of aggregate structures, including uniform- and
non-uniform-width tubes, helical ribbons, and straight and
twisted fibers, whose formation are sensitive to the peptide
sequence as well as the type and concentration of fatty
acid. In most of the cases, the formation of coaggregate or
the change in peptide structure is correlated to the critical
aggregation concentrations (CMC and CVC) of the fatty
Biophysical Journal 115, 2336–2347, December 18, 2018 2345
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acid. Although the fatty acids used in this study have CVCs
that are higher than their expected concentration in a prebi-
otic milieu, there are many reasons to expect that they pre-
ceded biological lipids (35,36). Therefore, at some point in
time, either in the origin or early evolution of life, the inter-
actions that we describe here could have been relevant.

Considering the replicative properties of both amyloids
and fatty acids (37,38), cooperative interactions of the
kind we report here may have led to new functions, some
of which could be beneficial to the propagation of either
one or both of these molecules. These functions may for
example include novelcatalytic activities, as has been re-
ported for numerous amyloidogenic peptides (39). In addi-
tion, the rapid and reversible soluble-aggregate nature of
the peptide-fatty acid interactions may be a functionally
relevant property of the coaggregates because amyloids
are usually rather stable (8), and reversible aggregation is
more often associated with biologically functional amyloids
(40,41). The cooperative interaction that we describe here
would be therefore one way to explain the original connec-
tion between peptides and fatty acids that eventually led to
cellular life.
SUPPORTING MATERIAL

Supporting Materials and Methods, eighteen figures, and two tables are

available at http://www.biophysj.org/biophysj/supplemental/S0006-3495(18)
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