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ABSTRACT Medin, a 50-amino-acid cleavage product of the milk fat globule-EGF factor 8 protein, is one of the most common
forms of localized amyloid found in the vasculature of individuals older than 50 years. Medin induces endothelial dysfunction and
vascular inflammation, yet despite its prevalence in the human aorta and multiple arterial beds, little is known about the nature of
its pathology. Medin oligomers have been implicated in the pathology of aortic aneurysm, aortic dissection, and more recently,
vascular dementia. Recent in vitro biomechanical measurements found increased oligomer levels in aneurysm patients with
altered aortic wall integrity. Our results suggest an oligomer-mediated toxicity mechanism for medin pathology. Using lipid
bilayer electrophysiology, we show that medin oligomers induce ionic membrane permeability by pore formation. Pore activity
was primarily observed for preaggregated medin species from the growth-phase and rarely for lag-phase species. Atomic force
microscopy (AFM) imaging of medin aggregates at different stages of aggregation revealed the gradual formation of flat domains
resembling the morphology of supported lipid bilayers. Transmission electron microscopy images showed the coexistence of
compact oligomers, largely consistent with the AFM data, and larger protofibrillar structures. Circular dichroism spectroscopy
revealed the presence of largely disordered species and suggested the presence of b-sheets. This observation and the signif-
icantly lower thioflavin T fluorescence emitted by medin aggregates compared to amyloid-b fibrils, along with the absence of
amyloid fibers in the AFM and transmission electron microscopy images, suggest that medin aggregation into pores follows
a nonamyloidogenic pathway. In silico modeling by molecular dynamics simulations provides atomic-level structural detail of
medin pores with the CNpNC barrel topology and diameters comparable to values estimated from experimental pore
conductances.
SIGNIFICANCE Medin is the main component of aortic medial amyloid, one of the most common forms of localized
amyloid in the human body. Despite its relevance, little is known about the molecular mechanisms of medin toxicity. Here,
we show that medin oligomers form membrane pores, which induce unregulated ionic currents through a lipid membrane
and could alter cellular homeostasis. These results suggest a potential mechanism for medin involvement in vascular
dysfunction.
INTRODUCTION

Amyloidogenic proteins (amyloids) are characterized by
their spontaneous aggregation into b-sheet-containing fibers
and display a cross-b diffraction pattern when observed by
x-ray diffraction (1,2). These proteins exhibit physiological
roles in microorganisms and humans (3–5) and have poten-
tial applications as nanostructured materials (6–10). Howev-
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er, the main interest in this class of proteins stems from their
involvement in over 30 human diseases (2,11), including
Alzheimer’s disease (linked to the amyloid-b [Ab] and
Tau proteins) (12–15), Parkinson’s disease (linked to a-syn-
uclein) (16,17), and light chain amyloidosis (18,19).

Aortic medial amyloid (AMA) is one of the most com-
mon forms of aging-related amyloid and is primarily located
within the medial layer of the aorta, especially in individuals
older than 50 years (20–24). Medin, the principal protein
component of AMA (20), is a 50-amino-acid cleavage prod-
uct of the milk fat globule-EGF factor 8 protein and shares
16% of its global sequence with the Ab peptide (23,25), the
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putative agent underlying Alzheimer’s disease (26). Medin
and Ab have high local similarities within residues 23–29
(23), a section that incorporates the turn in NMR-based U-
shaped motifs that is critical for Ab fibril and pore formation
(23,27).

Despite its prevalence in the human vasculature, little is
known about medin pathology when compared with other
amyloid proteins. Medin may have a role in thoracic aortic
aneurysm and dissection (28,29), a leading cause of rupture
of the aorta (29). Furthermore, AMA deposits are found
closely associated with elastic structures such as the
vascular extracellular matrix (30), which can influence arte-
rial stiffness and development of arterial hypertension (31).
We recently showed that medin is present in the cerebral ar-
teries of elderly brain donors, with higher cerebrovascular
medin in vascular dementia patients versus cognitively
normal subjects (32). We also showed that physiologic
doses of medin induce endothelial dysfunction, endothelial
cell (EC) immune activation, and cytotoxicity (33), which
appear to enhance neuroinflammation (32), pointing to med-
in’s potential role in the pathophysiology of cerebrovascular
disease and vascular dementia. Importantly, both medin and
Ab induce profound endothelial dysfunction and oxidative
stress in human arterioles (33,34), suggesting a potential
for in vivo interactions between both amyloids. Our previ-
ous ex vivo experiments suggest that medin-induced EC
oxidative stress is a potential mechanism of EC dysfunction
(35); however, the underlying mechanisms of medin-
induced pathology remain poorly understood and have
rarely been addressed (35).

Although amyloid fibers are the defining characteristic of
amyloid pathology and form the basis for diagnosis of amy-
loidogenic diseases (36), it is not fully understood whether
fibers or intermediate, nonfibrillar species formed during
the aggregation process are more important to disease mech-
anisms. Significant ex vivo and occasional in vivo evidence
suggests that oligomeric species are toxic (37–40) and
induce membrane permeability that leads to cell dysfunction
(41–45). One of the most plausible mechanisms leading to
membrane permeability is the amyloid pore hypothesis
(46–49). According to this mechanism, oligomeric species
self-assemble into membrane pores that permeabilize the
plasma membrane, causing an abrupt change in cell ionic
concentration that leads to loss of cellular homeostasis.
The pore activity of multiple amyloidogenic proteins has
been primarily characterized using suspended planar lipid
bilayers (also known as black lipid membranes (BLMs))
(49–57) but also by optical patch clamping (58) and cell
electrophysiology (50). Unlike ion channels, amyloid pores
do not have a unitary conductance, are not gated (59,60),
and have doughnut-like morphologies (27,48,49,61–63).

Here, we focus on an oligomer-mediated toxicity mecha-
nism of medin proteins: membrane permeability induced
by pore formation. Using biophysical techniques and
in silico modeling, we demonstrate that medin induces pore
2770 Biophysical Journal 118, 2769–2782, June 2, 2020
activity in anionic membranes with lipid compositions previ-
ously validated as useful model systems of Ab membrane
pore formation (51,64,65). Our data indicate that the
observed pore activity depends on medin aggregation, which
is dependent on agitation. Pore activity was primarily
observed for preaggregated species and seldom for unaggre-
gated, lag-phase species. Medin aggregates emitted lower thi-
oflavin T (ThT) fluorescence than Ab, and their circular
dichroism (CD) spectra revealed predominantly unfolded
species and suggested the presence of b-sheets. After medin
aggregation, atomic force microscopy (AFM) imaging re-
vealed the formation of planar patches resembling the mor-
phologies of supported lipid bilayers formed from liposome
rupture and fusion (66). High-resolution transmission elec-
tron microscopy (TEM) images displayed two distinct mor-
phologies resulting from the aggregation of medin
oligomers. Amyloid fibers were observed neither by AFM
nor by TEM imaging. In silico modeling of medin membrane
pores yielded stable CNpNC barrel topology (where C and N
are the C-terminal and N-terminal strands, respectively, and p
denotes a central pore), with pore diameters in the range of
the experimental values determined from BLM electrophys-
iology data. These results—the first, to our knowledge, to
provide evidence for the formation of medin membrane pores
in a lipid bilayer—provide a potential mechanism for medin
oligomer-induced vascular pathology (29).
MATERIALS AND METHODS

Protein preparation

Medin samples were prepared by recombinant methods, as described else-

where (67). Briefly, medin was expressed using pOPINS-medin in Lemo 21

(DE3) cells, induced with isopropyl-b-D-thiogalacto-pyranoside (1 mM)

for 16 h at 18�C. Cells were harvested by centrifugation and pellets resus-

pended in 6 M guanidine hydrochloride (GdmCl), 20 mM sodium phos-

phate, and 20 mM NaCl (pH 8.0). Cells were homogenized and cell

debris removed by centrifugation. The supernatant was loaded onto a

nickel-nitrilotriacetic acid (Ni2þ-NTA) column, washed with 6 M GdmCl

(pH 8 and pH 6), and eluted with 6 M GdmCl (pH 2). Fusion protein was

buffer exchanged into 20 mM Tris-Cl, 0.5 M NaCl (pH 7.4) and the

His6-SUMO tag removed with SUMO protease I. The protease was

removed using a Ni2þ-NTA column, and the flowthrough containing medin

was buffer exchanged into 150 mM KCl, 10 mM HEPES, 1 mMMgCl2 so-

lution, referred to hereinafter as ‘‘HEPES buffer,’’ and flash frozen. Medin

was confirmed at >95% purity by sodium dodecyl sulfate polyacrylamide

gel electrophoresis.
ThT protocol

The as-received medin samples (1.5 mL microcentrifuge tubes containing

500 mL of 50 mM medin in HEPES buffer) were stored at �80�C upon

arrival and used as needed. Before use, the samples were defrosted in

37�C water baths for 15 min. Subsequently, 240 mL of the defrosted medin

samples was mixed with 336 mL HEPES buffer and 24 mL ThT (to a con-

centration of 20 mM ThT and 20 mM medin), and then 100 mL was added

to wells of 96-well plates (black walled, clear bottom; Corning, Corning,

NY). Serial dilutions were performed to produce lower 10 and 5 mMmedin

concentrations by adding additional buffer and ThT. Three wells were



Mechanistic Insights into the Modulation
prepared as replicates for each treatment. The plates were incubated for

several hours at 37�C inside a Clariostar microplate reader (BMG Labtech,

Cary, NC) undergoing 5 min cycles of 4 min vigorous shaking (300 RPM

orbital shaking) and 1 min of ThT (450 nm excitation/490 nm emission)

data acquisition. The resulting aggregation curves of ThT fluorescence

versus time were fitted using a sigmoidal function to extract kinetic aggre-

gation parameters (23,68,69).

y ¼ y0 þ A
.�

1þ exp
�
� k

�
t� t1

2

���
; (1)

where t is time, t1/2 is the time to reach the half maximum of ThT fluores-

cence, y0 is the initial fluorescence intensity, A is the amplitude of the

maximal intensity, and k is the rate constant. The lag-phase time was calcu-

lated from the fitting parameters above, using

tlag ¼ t1=2 � 2

k
: (2)

For Ab1–42 experiments, 1 mg of Ab1–42 in powder form (>90% purity;

Anaspec, Fremont, CA) was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol

(HFIP; Sigma-Aldrich, St. Louis, MO) for 30 min at 25�C to a 250 mM con-

centration and aliquoted in 50 mL microcentrifuge tubes. After 2 h of HFIP

evaporation from the aliquoted samples using a Thermo Scientific Savant

DNA 120 Speedvac (Thermo Fisher Scientific, Waltham, MA), the samples

were stored at�80�C and used as needed. For ThT experiments, the samples

were resolubilized in 40 mL buffer (50 mM KCl and 10 mM HEPES) and 10

mL (1%) NH4OH, vortexed for 5 min, and sonicated for 15 min in a 1.9 L

ultrasonic bath (Thermo Fisher Scientific). These samples were then mixed

in another buffer (150 mM KCl, 10 mM HEPES) and ThT to a 20 mM

Ab1–42 (20 mM ThT) solution. Wells of a 96-well plate were prepared as

described for medin. ThT fluorescencewas read every 5 min on the Clariostar

plate reader, with 5 s of 200 RPM orbital shaking between each read at 25�C.
Medin aggregation protocol

To accelerate medin aggregation into the growth phase, medin samples

were prepared at high agitation rates. Agitation was performed on an orbital

shaker (Labline, Melrose Park, IL) at typical rates of 300 RPM in 1.5 mL

microcentrifuge tubes containing 20 mM medin in 600 mL HEPES buffer.

To monitor medin aggregation, 96-well plates were placed alongside the

microcentrifuge tube sample, with four of the wells containing 20 mM

medin samples prepared using a similar protocol as the protocol followed

for ThT experiments; 20 mM ThT was used, and the amount of HEPES

buffer was adjusted accordingly. The plate was transferred to the plate

reader at regular intervals (typically 15–30 min) for ThT data acquisition,

and agitation of the microcentrifuge tube was stopped during this period

of time.
CD spectroscopy

Far-ultraviolet CD spectra were recorded on a JASCO J-1100 spectropo-

larimeter (JASCO, Japan) at 25�C. Spectra were recorded over the 260–

192 nm range at a scan rate of 50 nm/min with 1 s integration time. Spectra

were recorded as the average of 10 scans using a 0.2 mm demountable

cuvette containing a solution with 50 mM HEPES and the salt content

described above.
Dynamic light scattering

A series of 16 measurements were taken at 25�C on a Zetasizer Nano dy-

namic light scattering (DLS) machine from Malvern Instruments (Malvern,
UK) using back scatter. Averaged profiles were produced from three sets of

measurements.
Lipid preparation

All phospholipids were purchased from Avanti Polar Lipids (Alabaster,

AL). BLMs were prepared in a 1 mL glass vial using an equimolar mixture

of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE)

and 1,2-dioleoyl-sn-glycero-3-phosphatidyl-L-serine (DOPS) dissolved in

chloroform (Fisher Scientific, Fair Lawn, NJ). Chloroform from the vial

was evaporated in vacuum for 1 h using a Rotary Evaporator (Heidolph

North America, Elk Grove Village, IL). The lipid film deposited on the

vial was re-dissolved in 50 mL n-Decane (from Fisher Scientific) to a final

lipid concentration of 30 mg/mL.
BLM recording

All measurements were conducted using a Planar Lipid Bilayer Worksta-

tion (Warner Instruments, Hamden, CT), equipped with a BC-535 amplifier

(from Warner) and an Axon Digidata 1550B digitizer (Molecular Devices,

San Jose, CA) run by Clampex 10.6.2.2 data acquisition software (Molec-

ular Devices). The analog signal acquired in gap free mode was first filtered

by a 5 kHz eight-pole Bessel filter, followed by a second Bessel filter (four

pole) set at 1 kHz (effective cutoff frequency of both filters�0.98 kHz), and

then sampled at a 10 kHz sampling rate (5 kHz Nyquist frequency), which

ensured the absence of aliasing. Typically, the flickering in our traces had

frequencies <<0.1 kHz, which could readily be resolved without signifi-

cant distortion. A few events with frequencies >0.3 kHz, not considered

in our analysis, had reduced amplitudes because of filtering. Another

low-pass filter (100 Hz) was applied to all traces postrecording. We used

Ag/AgCl2 electrodes, prepared by first polishing Ag wire electrodes with

sandpaper, followed by washing of the electrodes with Milli-Q water and

ethanol, and final chlorination by submersing the electrodes in bleach for

15 min. The Ag/AgCl2 electrodes were then placed in the BLM apparatus

for measurements.
BLM formation

We used glass capillary tubes (whose end tip had been melted into a small

knob by the flame of a Bunsen burner) to paint re-dissolved lipid onto the

200 mm diameter aperture of a 1 mL delrin ‘‘Classic Bilayer cup’’ (Warner

Instruments). 1 mL of HEPES buffer was added on each side of the aper-

ture. Further painting of lipid on the aperture was usually required for

bilayer formation. Only lipid bilayers that were stable for at least 10 min

with a capacitance over 80 pF and a baseline conductance below 20 pS

were used for medin experiments. After the formation of a stable bilayer,

medin sample was added to the delrin cup until the protein concentration

was 12.5 mM. The resulting suspension was briefly mixed by repeated pi-

petting immediately thereafter. 100 mV was typically used as the bias

voltage, but lower values were used occasionally if the current was close

to the amplifier saturation current. Successful bilayers were recorded for

several hours (typically up to 4 h, including reforming bilayers after

breakages).
Data analysis

Clampfit (Molecular Devices) was used to analyze pore conductances,

opening times, and mean ionic currents. The conductance of a step event

was determined from the mean value of a step in the I vs. t trace. Conduc-

tances were also found from the peaks of all-point histograms (these plot

the number of data points found in a given current interval of a trace).

Because two adjacent data points in a trace are separated by 0.1 ms, the total

number of data points in an interval gives the time that a membrane was
Biophysical Journal 118, 2769–2782, June 2, 2020 2771
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‘‘open’’ in a certain conductance range. From these conductance data, the

pore diameters, d, were estimated using Eq. 3 (54,68,70,71):

d ¼ d0

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4L

pr0

r �
; (3)

with d0 ¼ G/2s, G the single-pore conductance, s the solution conductivity

(�1.5 S/m for 150 mM KCl), and L the pore length (�6 nm). This model

assumes a hole with cylindrical geometry through the membrane for the

pore, with the hole containing buffer solution. A similar model was used

to estimate the diameters of Ab1–42 pores in cellular membranes (50). Ionic

permeability values were compared using repeated measures analysis of

variance after natural log transformation to make the data normally distrib-

uted (Sigmastat 3.5; Systat Software, San Jose, CA). Post hoc pairwise

comparison was done using the Holm-Sidak method. Significant value

was set to p < 0.05 (two-sided).
AFM imaging

For AFM imaging, 100 mL was removed from the microcentrifuge tube

taken at times corresponding to different stages of the ThT plate aggrega-

tion: before agitation, immediately after detecting an increase of fluores-

cence in the wells, and 2 h after the plateau of the aggregation curve was

reached. 5 mL of each of these medin samples was added on a freshly peeled

mica surface (muscovite mica V-1 quality from Electron Microscopy Sci-

ences, Hatfield, PA) glued to a metal specimen disk (Ted Pella, Redding,

CA) and dried for 3 h inside a vacuum desiccator. For AFM imaging, 60

mL of HEPES buffer was added on mica, and the sample was transferred

to the AFM sample stage. AFM imaging was performed in PeakForce Tap-

ping mode using the fluid cell of a Multimode 8 AFM (Bruker, Santa Bar-

bara, CA) equipped with a NanoScope V controller (Bruker).

PEAKFORCE-HIRS-F-B cantilevers (Bruker) were used. Values of 0.079

N/m were measured for the cantilever spring constant using the Thermal

tune calibration method (72) implemented in the AFM used. The nominal

tip radius is 1 nm, according to specifications by the manufacturer. All im-

age analysis was performed using the NanoScope analysis software v 1.7

(Bruker). The particle analysis option included in this software was used

to estimate the volume of medin species.
TEM imaging

Aggregated samples (5 mL) were loaded onto carbon-coated copper grids

and negatively stained with 4% uranyl acetate before visualization on a Tec-

nai 10 electron microscope (FEI Company, Hillsboro, OR) at 120 kV. Image

J (Analyze Particles) was used to perform size analysis of the compact olig-

omers. The distribution of oligomer areas was further fitted using a

Gaussian function to find the oligomer diameter.
Molecular dynamics simulations

The U-shaped medin monomer structure was obtained from the homol-

ogy model of medin fibril generated in Modeler using the Ab1–40 proto-

fibril (Protein Data Bank, PDB: 2LMN) as a template (23). The U-

shaped motif of medin has a turn at Asp25-Lys30. To construct the b-

barrel structure, the U-shaped peptide was inclined �37� relative to

the pore axis, and then an 18-fold rotational symmetry operation was

performed with respect to the pore axis, creating an 18-mer medin barrel

(Fig. S1). Depending on the direction of the rotational symmetry, two

medin barrels with different topologies can form: CNpNC and NCpCN,

where N and C denote the N- and C-terminal strands, respectively, and p

denotes the solvated central pore. The former has a central pore enclosed

by the N-terminal strands, whereas the latter’s pore is enclosed by the

C-terminal strands. The medin barrel is embedded in a zwitterionic lipid
2772 Biophysical Journal 118, 2769–2782, June 2, 2020
bilayer containing 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)

phospholipid and an anionic lipid bilayer composed of POPE/DOPS

(1:1 molar ratio) lipids. The unit cell containing the medin barrel and

lipid bilayer was solvated with TIP3P water at both sides and neutralized

by cations Mg2þ, Kþ, Ca2þ, and Zn2þ. In addition to the counterions, the

system has a total cation concentration near 100 mM. In the initial con-

struction of the system, the updated CHARMM (73) all-atom additive

force field for lipids (C36) (74) was used to generate the set of starting

points and to relax the systems to a production ready stage. Our simula-

tions closely followed the same protocol for the Ab pore simulations as

in our previous works (51,75,76). In the pre-equilibrium, we performed a

series of minimization and dynamic cycles for the initial configurations

to gradually relax the solvents around the harmonically restrained pep-

tides with electrostatic cutoffs (12 Å). At the final pre-equilibrium stage,

the harmonic restraints on the backbones of medin were gradually

removed through dynamic cycles with the full Ewald electrostatics

calculation. The production runs were performed with the Langevin tem-

perature control, which maintains the constant temperature at 303 K, and

the Nos�e-Hoover Langevin piston pressure control, which sustains the

pressure at 1 atm. For t < 50 ns, our simulation employed the constant

number of atoms, pressure, surface area, and temperature ensemble with

a constant normal pressure applied in the direction perpendicular to the

membrane. After t ¼ 50 ns, the simulations employed the NPT

ensemble. Production runs of 1 ms for the starting points with the

NAMD code (77) were performed on a Biowulf cluster at the National

Institutes of Health. Averages were taken after 100 ns, discarding initial

transients. Analysis was performed with the same CHARMM (73) pro-

gramming package as used in the initial construction.
RESULTS

Medin aggregation in pore-forming environments

Amyloid aggregation is known to be dependent on experi-
mental conditions, including the buffer used and sample
agitation (78,79). Using ThT fluorescence, a qualitative
measure of the number of b-sheets created during amyloid
fiber formation (80–82), we characterized medin aggrega-
tion in the same buffer used for our electrophysiology exper-
iments. For agitated samples, we found increasing ThT
fluorescence for higher medin concentrations (Fig. 1 A)
and a significantly decreased lag phase compared to quies-
cent samples (Fig. 1 B). The ThT fluorescence was more
uniform for replicates of the lower concentration samples,
as indicated by the smaller error bars. Under the agitation
conditions used for most experiments, the lag-phase time
obtained from fitting was 34 min and the aggregation rate
constant was 9.3 h�1 for samples with 5 mM concentration.
Comparable lag-phase times (37 and 35 min) and lower rate
constants (3.2 and 3.3 h�1) were found for the 10 and 20 mM
samples, respectively; however, these values are likely to
have larger errors than the values for the 5 mM sample
because of the decreasing fluorescence in the initial sections
of the 10 and 20 mM curves. For quiescent samples, the lag-
phase times found from fitting were 48.3 h, and the aggrega-
tion rate constants were 14.7 h�1 (Fig. 1 B). The rate con-
stants found here for the 5 mM and quiescent samples are
about an order of magnitude larger than the reported rates
of medin (20 mM) aggregation in phosphate buffers (23).
Notably, the ThT fluorescence in the plateau sections of



FIGURE 1 ThT aggregation curves for (A) agitated (300 RPM orbital

shaking) medin samples with 5 mM (solid line), 10 mM (dotted line), and

20 mM (dashed line) concentrations. The data points and error bars repre-

sent the mean values and standard deviations for replicates in three wells.

For clarity, only 50 (25) error bars are displayed for the 20 mM (10 mM)

curve. Data fitting was performed using a sigmoidal function, as described

in Materials and Methods. The inset shows the much higher ThT fluores-

cence observed during Ab1–42 (20 mM) aggregation (gray). (B) The aggre-

gation curves of quiescent medin samples displayed much longer lag-phase

times than agitated samples. Data points and fitted curve are shown for 20

mMquiescent medin (only the fitted curves of the agitated samples shown in

A are displayed here).
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the medin curves was minimal when compared with the
plateau sections observed for Ab1–42 aggregation in the
same buffer (Fig. 1, inset). The rate constants found here
for medin are also an order of magnitude larger than the
rate constants of Ab1–42 aggregation observed here and re-
ported previously (68). To complement these ThT results,
we performed CD spectroscopy measurements to determine
the secondary structure of medin aggregates (Fig. S2 A).
BeStSel analysis (83) of the spectra revealed a majority of
disordered species and suggested the presence of b-sheet
content.
Morphology of medin aggregates

We used AFM to image the morphology of medin samples
in three stages of their ThT aggregation curve (Fig. 2 A,
inset): 1) t1, before agitation (start of lag phase); 2) t2,
agitated until ThT fluorescence was detected (growth
phase); and 3) t3, agitated for 2 h after the plateau was
reached. At t1, the medin sample only had very few and
scattered aggregates with heights above 1 nm (Fig. 2 A).
At higher magnification (Fig. 2 B), it was possible to iden-
tify several structures with heights below 1 nm. The average
height of these structures was 0.9 nm, they had a mean
diameter (width at half height) of �3.5 nm, and their result-
ing volume was �9 nm3 (assuming a cylindrical shape).
These volumes are slightly larger than the volume of mono-
mers in U-shaped configurations (�5.5 nm3) in Fig. S1, sug-
gesting that the structures are primarily composed of medin
monomers and low n oligomers (low n-mers). Assuming
lag-phase monomers on mica have flexible random coil con-
figurations with slightly lower volumes than U-shaped
monomers and can be slightly compressed by the AFM tip
during imaging, we think n � 1–3 is a reasonable estimate.

At t2, two types of aggregates were discerned: large flat
domains (displayed in brighter contrast) with heights of
4.7 nm, occupying regions that extend over several micro-
meters, and much smaller structures, located principally in
the left upper region of the image (Fig. 2 C). Higher-magni-
fication imaging shows that the smaller structures have
average heights of 5.7 nm and diameters of 21 nm (Fig. 2
D). We found each average-sized oligomer at t2 is
composed of �200 monomers by performing particle size
analysis to estimate the volumes of oligomer structures
found at t2 and t1 (Fig. 2, B and D) and assuming that the
structures at t1 are monomers.

At t3, almost all the structures observed were similar to
the domains seen at t2. Two phases separated by a height
difference of �1 nm could be identified in the domains,
where the height of the lower-lying phase was similar to
the height of the domains observed at t2. These domains
resemble the morphology of lipid bilayer patches formed
by rupture and fusion of liposomes on a solid surface.
Some of these domains had globular-shaped structures (ap-
pearing in white contrast) on their surfaces (two are seen in
Fig. 2 F). Their heights ranged from multiple values of the
domains, consistent with multilayered structures, to several
hundreds of nanometers. At both times, t2 and t3, growth-
and plateau-phase samples still contained populations of
small oligomers with comparable dimensions to those
seen in Fig. 2 B (insets, Fig. 2,D and F). DLS measurements
of the size distribution of medin aggregates in solution
(Fig. S2 B) displayed peaks corresponding to oligomer di-
mensions below 10 nm and above 100 nm, consistent with
the sizes of the species found by AFM imaging.

TEM imaging was used to gain further insight into the
morphology and dimensions of medin aggregates (Fig. 3).
Overview images (Fig. 3 A) revealed the coexistence of
two distinct types of structures, which somewhat resembled
the structures seen in Fig. 2 C. The small, compact struc-
tures (Fig. 3 B and white arrows in Fig. 3 A), typically
�10–100 nm in size (average diameter: 19 nm), were in
good agreement with the morphology and dimensions of
the aggregates found by AFM (Fig. 2 D). The larger proto-
fibrillar structures (Fig. 3 C and black arrows in Fig. 3 A)
extended over hundreds of nanometers to a few micrometers
and still somewhat resembled the elongated structures seen
Biophysical Journal 118, 2769–2782, June 2, 2020 2773



FIGURE 2 AFM images and corresponding cross sections displaying the morphology of medin aggregates transferred on a mica surface from solutions in

three aggregation stages (indicated by the ThT curve in the inset A): (A and B) lag phase (t1), (C and D) growth phase (t2), and (E and F) plateau phase (t3).

The low-magnification images in the upper row show the formation of large medin domains, resembling the morphology of supported lipid bilayers. The

higher-magnification images in the lower row show the presence of monomeric and small oligomeric species in (B), larger oligomers in (D), and the large

domains in (F). The domains have two phases separated by a height difference of less than 1 nm. Growth- and plateau-phase samples also contained smaller

species of similar size to those from the lag phase (insets inD and F). For (A5/6N/AF) image sizes are provided at the bottom right. The scale bars in the insets

of (D and F) represent 30 nm.
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by AFM (Fig. 2 C). These structures suggest the aggregation
mechanisms displayed in the schematics below the TEM
images (Fig. 3, B and C).
Pore activity of medin aggregates

We used planar lipid bilayer electrophysiology measurements
to determine the pore activity of medin proteins in the three
different aggregation stages described above (Fig. 2 A, inset).
Following the aggregation protocol described for the AFM
experiments, medin samples were subsequently added to
2774 Biophysical Journal 118, 2769–2782, June 2, 2020
one of the compartments separated by a BLM, and the ionic
current flowing through the membrane was monitored over
time. After times that fluctuated between 45 and 120 min,
we observed discrete events characteristic of membrane
pore formation (Fig. 4 A). In addition to large step events
(three are shown in Fig. 4 A), medin pores also displayed
burst events characteristic of amyloid pores. Bursts were
characterized by rapid fluctuations of current and had smaller
conductance values than steps (Fig. 4 A, insets and Fig. 4, B
and C). These bursts often preceded a step event (inset in
gray, Fig. 4, A and B) and then continued superimposed on



FIGURE 3 TEM images of medin aggregates. (A) Low-magnification

overview images reveal two types of structures, indicated by white and

black arrows. (B and C) High-magnification images of the structures indi-

cated by arrows in (A) are given. (B) The compact aggregates shown by

white arrows in (A) have a diameter of 19 5 12 nm. The error is given

as the HWHM of the Gaussian curve used to fit the diameter distribution.

The schematic below the image (not drawn to scale) depicts oligomers

(gray circles) aggregated into a compact structure. The black circles repre-

sent oligomers located on top of another oligomer seen in darker (brighter)

contrast in the TEM (AFM) images. (C) Larger protofibrillar structures

indicated by black arrows in (A) are shown. The schematic shows a poten-

tial mechanism of oligomer aggregation. The gray and black circles have

the same meaning as in (B).
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the step, likely indicating the rapid opening and closing of
small pores (as well as possible membrane instabilities
accompanying pore formation) before the formation of a
larger pore with a slightly fluctuating pore diameter. Spike
events, i.e., short-lived step events that only last a few milli-
seconds to seconds, were also observed as part of a longer
burst (Fig. 4 C), in isolation, or superimposed on a step. In
addition to steps, bursts, and spikes, medin pores also dis-
played (flickering) events in which the ionic current fluctu-
ated between two values (Fig. 4 D) and that are compatible
with the rapid opening and closing of a single pore. Current
(I) versus time (t) traces acquired over several hours could
display all these different behaviors.

We compared the activity of pores formed in the growth
phase with the pore activity of medin samples in the lag
(Fig. 4 E) and plateau phases (Fig. 4 F). Only a minority
(14 and 33%, respectively) of these samples displayed
pore activity, and this behavior differed from the behavior
of pores found in the growth phase. The large majority of
pore events from samples in the lag phase had a narrow
range of step conductances (200–300 pS) (Fig. 5 A), sug-
gesting that these events originated from the opening and
closing of either a single or very similar pores with esti-
mated diameters of 1–1.5 nm (Fig. 5 B). In comparison,
pores found in samples in the growth and plateau phases
had a broader distribution of step conductances, with the
majority of values between 10 and 1000 pS (Fig. 5 A) and
pore diameters in the range of 0.1–2.5 nm (Fig. 5 B). Two
pores from growth-phase samples had large diameters (4–
6 nm). Only two out of six samples from the plateau phase
induced pore activity; however, some of the pores from one
of those samples had very large conductances and remained
stable for hours with small relative fluctuations in current
(Fig. 4 F). Although these events were rarely observed,
they have the potential of significantly altering cellular ho-
meostasis and inducing rapid cytotoxicity. Scatter plots
showing the durations of step events spent at a given
conductance level revealed that the majority of pores were
stable over a range of tens to thousands of seconds (Fig. 5
C), and a significant number of them had conductance levels
above 1000 pS because of the opening of multiple pores
(Fig. 5, A and B). It should be noted that the average current
of a step event was used for this analysis, whereas the differ-
ence of the upper and lower currents at a step event was used
for Fig. 5, A and B. Short transient events with durations of
less than 1 s were also observed (Fig. 4 C and inset in gray
rectangle of Fig. 4 E); however, they were not included in
this analysis.

We calculated the mean ionic current, <I>, (the integral
of an I vs. t trace over the total time of the trace, T, <I > ¼
ðR I dt =TÞ) through the BLM as a measure of the mem-
brane ionic permeability induced by medin proteins over
the course of a measurement, and we averaged these values
for all samples in an aggregation phase (Fig. 5 D). The
ionic permeability induced by medin proteins in the lag
phase was significantly lower than for medin in the growth
and plateau phases (Fig. 5 D). Although medin proteins in
the growth and plateau phases induced comparable perme-
ability on average, the majority of samples in the plateau
phase did not induce any permeability, and only one of
these samples (Fig. 4 F) induced very large and stable
pores, which skewed the average value toward higher
values. The ionic permeability induced by the pore events
from this sample was over five times larger than the
average permeability induced by all samples in the growth
and lag phases. On the contrary, growth-phase samples
Biophysical Journal 118, 2769–2782, June 2, 2020 2775



FIGURE 4 I vs. t traces displaying the different types of pore events observed for samples in the growth phase. Sections of the trace in which the capac-

itance was measured are indicated by a ‘‘C.’’ (A) The sequence of steps with different conductances is shown. The last step has a conductance above 1 nS. The

burst activity preceding the first steps is shown in the insets. (B) Spike and burst activity before another step event is shown. The spike in (C) is a transient step

event indicating the rapid opening and closing of a single pore, and the following burst is interpreted as either the rapid opening and closing of multiple small

pores or membrane destabilization. (D) Long-lasting sequence of flickering events, indicating the opening and closing of a single pore or similar pores of

�500 pS conductance, is shown. (E and F) I vs. t traces displaying pore events of medin proteins in the (E) lag phase and (F) plateau phase are given. The

trace shown in (E) was the only trace of medin in the lag phase that displayed pore activity. The insets display a region of stepwise activity with step con-

ductances in the range of 200–300 pS and transient step events with durations below 1 s. (F) A trace of proteins in the plateau phase displaying gigantic

conductance levels (above 7 nS) and stable pore events is shown.
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consistently induced pore activity, and some of the pore
events had very large conductances (Fig. 5, A–C). We
further calculated the average rates of pore formation
(opening and closing events of the same pore were not
counted) for samples in the three different phases. The re-
sults were 0.5 h�1 for lag-phase, 1.8 h�1 for growth-phase,
and 0.7 h�1 for plateau-phase species (Fig. 5, A and D).
These values represent the average number of different
pores opened per membrane per hour during the time of
a typical measurement (�4 h).
Molecular dynamics simulations

We performed 1-ms all-atom molecular dynamics simula-
tions on 18-mer medin barrels with the CNpNC and NCpCN
topologies embedded in the zwitterionic DOPC and anionic
POPE/DOPS (1:1 molar ratio) lipid bilayers. The U-shaped
medin monomers were initially preassembled as an annular
shape, forming a b-barrel morphology. During the simula-
tion, we observed that the medin barrel with the NCpCN to-
2776 Biophysical Journal 118, 2769–2782, June 2, 2020
pology was unstable. The b-barrel dismissed the annular
shape and induced a collapsed pore (Fig. S3). Thus, here-
after we only consider the medin barrel with the CNpNC to-
pology, referred to as just the medin barrel. In our previous
simulations, we observed that Ab barrels and channels also
preferred the CNpNC topology in the lipid bilayers
(51,52,75,76,84). In our simulations, the medin barrel also
presents heterogeneity in barrel conformations, as observed
in the Ab barrels and channels (Fig. 6). Although gradual
relaxation of the lipid bilayers induces discontinuities in
the b-sheet network between the relaxed peptides in the bar-
rel, the overall barrel conformation with the solvated central
pore is preserved. The averaged pore and outer diameters
are �1.7 and �8.7 and �1.8 and �9.2 nm for the 18-mer
medin barrels in the zwitterionic and anionic lipid bilayers,
respectively, which are highly comparable to the sizes of Ab
barrels (27).

To observe ion activity in the solvated pore, we calculated
the probability distribution for ions across the bilayer
(Fig. 7, left panels). In our simulations, no ions were initially



FIGURE 5 Summary of the pore characteristics obtained from all traces.

Events in the lag, growth, and plateau phases are represented by squares,

diamonds, and circles, respectively, throughout the figure. (A) A box plot

of step conductances (in log scale) obtained by subtracting the ionic cur-

rents on the top and bottom of a step is given. The dotted lines on top

and bottom of the box plots show the standard deviations, and the dotted

(solid) lines inside the box indicate the median (mean) of the values inside

the box. (B) Estimated pore diameters for the step conductances in (A) using

the models mentioned in the main text are given. The inset shows an ampli-

fied section for the events below 1 nS conductance (89.7% of all events).

(C) Scatter plots of step durations at a given conductance level obtained

directly from the ionic current of the step are given. The values are larger

than the step conductances shown in (A) and (B). Only events that lasted

more than 1 s are plotted. (D) A box plot displaying the ionic permeabilities

(average ionic charge per unit time allowed through medin pores during an I

vs. t trace) is given. The box is similarly constructed as in (A), except that

the standard errors instead of the standard deviations are displayed here.

The events in the lag and growth phases were statistically different (**p

< 0.010) according to a post hoc pairwise comparison performed using

the Holm-Sidak method.

Mechanistic Insights into the Modulation
placed in the solvated pore. However, during the course of
simulations, these ions rapidly migrated into the pore, and
some cations even penetrated to the pore, as indicated in
the probability distribution. High probabilities at z ¼
52.0 nm represent cations interacting with lipid head-
groups. Thus, probability distribution at �2.0 < z <
2.0 nm represents those cations located in the solvated
pore. We observed that the medin barrel in the anionic
bilayer has slightly higher probabilities of pore cations
than that in the zwitterionic bilayer. Pore migrating cations
can reflect ion fluctuations across the pore. To observe the
fluctuations, we calculated the change in total charge in
the pore as a function of the simulation time. In the calcula-
tions, we selected two pore lengths along the pore axis,
�1.0 < z < 1.0 and �1.8 < z < 1.8 nm, ensuring that the
charge fluctuations exclude a contribution of ion interac-
tions with the lipid headgroups. For jzj < 1.0 nm, charge
fluctuation in the total charge for the medin barrel in the
zwitterionic bilayer is similar to that in the anionic bilayer.
However, for jzj < 1.8 nm, the medin barrel in the anionic
bilayer exhibits large charge fluctuation, suggesting that
anionic lipids can attract more cations and induce these
ions to localize near the gate of the solvated pore.
DISCUSSION

Medin is the main constituent of AMA, the most common
form of localized amyloid (20). Little is known about its
exact in vivo pathological role; however, ex vivo evidence
suggests medin is implicated in multiple cardiovascular dis-
orders (28–31), including vascular contributions to neurode-
generation (33,34) and vascular dementia (32). An in vivo
study found higher abundance of nonamyloidogenic medin
species in aortas from patients with either thoracic aortic an-
eurysms or aortic dissection than in control individuals with
normal aortas (29). The trend was reversed for amyloid par-
ticles (i.e., lower abundances of amyloidogenic medin de-
posits were found in diseased than in control aortas), thus
suggesting that the nonamyloidogenic oligomers could be
the toxic species in the aneurysm and dissection patients
(29). Also, we recently found increased levels of oligomeric
species in a subgroup of aneurysm patients with altered
aortic wall integrity; however, we could not determine
with certainty if these species were medin (28). Here, we
have investigated an oligomer-mediated toxicity mecha-
nism: do medin oligomers induce ionic permeability in lipid
membranes? Using BLM electrophysiology, we found sud-
den, stepwise increases of ionic current through lipid bila-
yers upon exposure to oligomeric medin species (Fig. 4),
indicative of the formation of medin membrane pores. These
results open the possibility to the presence of medin-induced
unregulated ionic currents through the plasma membrane,
which could alter cellular ionic homeostasis and lead to
the endothelial dysfunction and medin-induced EC cytotox-
icity observed in vitro (33).

We characterized the activity of medin pores in the three
characteristic states of medin aggregation: the lag, growth,
and plateau phases. Medin aggregates emitted significantly
lower ThT fluorescence than Ab1–42 under comparable
experimental conditions (Fig. 1); however, the activity of
medin pores (Fig. 5) was at least comparable to the activity
reported for Ab1–40/42 pores (46,49,51,85). The low percent-
age (14%) of lag-phase samples that induced pore activity
indicates that pore aggregation is a highly unlikely pathway
for lag-phase species. Although the pore formation rates
were generally not very high, a significant number of single
and cumulative pore events were extremely large (G> 1 nS)
Biophysical Journal 118, 2769–2782, June 2, 2020 2777



FIGURE 6 Averaged pore structures calculated

with HOLE program embedded in the average bar-

rel conformations during the simulations for the 18-

mer medin barrels in the DOPC and POPE:DOPS

(1:1 molar ratio) bilayers. In the barrel structures

with the ribbon representations, hydrophobic, po-

lar/Gly, positively charged, and negatively charged

residues are colored white, green, blue, and red,

respectively. For the pore structures, green denotes

pore diameter in the range, 1.4 % d % 2.0 nm,

and blue denotes pore diameter of d > 2.0 nm.
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and stable (Figs. 4, A and F and 5 C), providing a significant
risk of homeostasis loss by a single event (46,51,59). We
primarily used membranes with a high anionic lipid content
(50% PS and 50% PE) for consistency with previous work
on Ab; however, we also observed pore activity when we
employed membranes containing a majority of zwitterionic
lipids (60% phosphatidylcholine, PC, and 30% PE), and a
lower content of anionic lipids (10% PS) (Fig. S4). We
did not perform a detailed comparison of pore activity as
a function of lipid composition (because it is beyond the
scope of this study); however, the in silico models (Fig. 6)
of medin pores in PC zwitterionic membranes predict
similar architectures and diameters as pores in anionic
membranes.

AFM and TEM imaging of medin aggregates revealed
the presence of small, compact aggregates (Figs. 2 D and
3 B) and larger protofibrillar structures (Figs. 2, C and E
and 3 C). The reasonable agreement of the aggregate sizes
seen by both imaging techniques and the DLS results
(Fig. S2 B) suggests that both structures were present in so-
lution. The flat domains observed by AFM closely
resemble the morphology of patches formed by supported
lipid bilayers after rupture and fusion of liposomes
(Fig. 2; (66)). By analogy, these morphologies could sug-
gest that compact domains originate from medin micelles
in solution; however, this model would have difficulty ex-
plaining the presence of protofibrils (Fig. 3 C). Therefore,
we believe that compact structures and protofibrils origi-
nate from two different aggregation patterns of smaller
oligomers (schematics in Fig. 3, B and C). Although the
AFM and TEM data are largely consistent with one
another, it is possible that the planar morphology of the ag-
gregates found by AFM was induced by their interaction
with the mica substrate. The low b-sheet content of the ag-
gregates (Fig. S2 A) when compared with the b-sheet con-
2778 Biophysical Journal 118, 2769–2782, June 2, 2020
tent of fibrillar medin (65%) (23,78) is consistent with the
absence of amyloid fibers in the AFM and TEM images
(Figs. 2 and 3), and the low ThT fluorescence emitted by
medin aggregates (Fig. 1).

Our previous studies indicated that agitation reduces the
time of medin aggregation into amyloid fibers by a factor
of �18 (78). Here, we found that heavy agitation reduces
the (lag-phase) time of medin aggregation into pore-forming
species by a factor of�30 (Fig. 1 B). The influence of agita-
tion in aggregation may have implications in the formation
of medin toxic species and deposition in atherosclerosis-
prone vascular regions subjected to abnormal shear stress
hemodynamics, a subject requiring further empiric study.
Possibly related to this, we recently found that 89% (eight
out of nine) of identified oligomer-rich thoracic aortic aneu-
rysm patients had diagnosed hypertension, compared with
54% (seven out of 13) of patients with syndromic thoracic
aortic aneurysm due to bicuspid valve disorder (28). We
routinely observe medin aggregation into amyloid fibers
when phosphate buffers are used for medin incubation
(23,78); however, the protofibrillar structures formed by
medin aggregates (Figs. 2 and 3), their low ThT fluores-
cence (Fig. 1), and the lack of amyloid fibers observed by
AFM and TEM imaging suggest a nonamyloidogenic
pathway to pore formation. We attribute this seeming
discrepancy to the use of a different buffer in these experi-
ments. HEPES was used for medin aggregation and BLM
electrophysiology for consistency with previous BLM
work (51,52,64,65). The differential effects of phosphate
and HEPES buffers on Ab fibrillation and oligomerization
have been previously documented (79).

The significantly lower membrane permeability induced
by lag-phase species compared with growth-phase aggre-
gates (Fig. 5 D) indicates that medin solution preaggrega-
tion into b-sheet species (Fig. S2 A) is necessary for pore



FIGURE 7 Probability distribution functions for Mg2þ (green line), Kþ (red line), Ca2þ (blue line), Zn2þ (cyan line), and Cl� (gray line) as a function of

the distance along the pore center axis for the 18-mer medin barrels in the DOPC and POPE:DOPS (1:1 molar ratio) bilayers (left panels). Change in total

charge in the pore is shown as a function of the simulation time for the 18-mer medin barrels in the DOPC and POPE:DOPS (1:1 molar ratio) bilayers (right

panels). In the calculation, two pore height cutoffs,�1.0< z< 1.0 and�1.8< z < 1.8 nm, along the pore axis were used. C* denotes an effective Coulomb

with the relationship, C* ¼ C/n, where n is 1010.
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formation. The rate-limiting step in the formation of pore-
forming medin oligomers is likely to be a conformational
change from lag-phase species into b-sheet-containing
growth-phase oligomers, which is also influenced by inter-
actions with membrane lipids (41,42). This influence is
possibly reflected in the activity induced by one of our
lag-phase samples during the time of data acquisition
(�4 h). After this conformational change, pore-forming
species could insert in the membrane and self-assemble
into pores or insert as complete pores upon self-assembly
on the membrane surface. We hypothesize that low
n-mers get inserted in the membrane as b-sheet species,
and then self-assemble in the membrane. Very small spe-
cies (i.e., monomers and dimers), however, can lose their
b-sheet structure in the lipid bilayer more easily
than slightly larger oligomers (e.g., pentamers), as sug-
gested by our previous simulations of Ab17–42 membrane
insertion (86).
Previous planar lipid bilayer results showed that full-length
Ab40–42 peptides (59,85,87), as well as fragments (52) and
post-translational modifications (51) thereof, induced mem-
brane pores with multiple conductances and selectivity to
divalent cations,most notablyCa2þ andMg2þ. Here, similarly
to these Ab pores, we found a wide range of single-pore con-
ductances for medin pores (Fig. 5 B). Medin pores also pre-
served a large pore (Fig. 6), wide enough for conducting
water and ions. However, our in silico models suggest that
medin pores have low ionic selectivity. Unlike Ab pores
(27,52,60,75,76,84), the central water channel of medin pores
lacks a cationic ring able to selectively trap divalent cations
(Fig. 6; Fig. S1). Even without potential gradients across the
bilayer, the simulations verify that medin pores induce nonse-
lective ion translocation in the central water channel. Cation
transport across the solvated pore can yield a high transmem-
brane conductance when a local potential gradient is estab-
lished across the membrane-embedded pore.
Biophysical Journal 118, 2769–2782, June 2, 2020 2779
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Medin and Ab sequences have high local similarities
within amino acid residues critical for Ab fibril and pore for-
mation (23,27). We constructed in silico models of mem-
brane pores using the U-shaped b-strand-turn-b-strand
motif of Ab monomers (27,52,88), with the turn section in
residues Asp25-Lys30 for medin (Fig. S1). The in silico
models showed stable CNpNC barrel topology in both zwit-
terionic and anionic bilayers (Fig. 6). The pore diameters,
�1.8 nm for the anionic membranes, corresponded to pores
with�0.5 nS conductances (Fig. 5 B). The multiple conduc-
tances of amyloid pores suggest that pores have different di-
ameters and consist of varying numbers of monomers.
Although beyond the scope of this work, stable pores with
similar architectures to the 18-mer barrel and diameters span-
ning the range of experimental diameters (Fig. 5) could be
constructed for different n-mer configurations. Previous sim-
ulations performed for 12-, 16-, 20-, 24-, and 36-mers of the
Ab9–42 fragment suggest amyloid pores have varying diame-
ters and are composed of dynamic b-sheet subunits (60). A
similar mechanism involving mobile subunits may also
explain the multiple conductances observed experimentally
withmedin pores. The large sizes of growth-phase oligomers
seen in AFM images (Fig. 2, C and D) suggests that the ma-
jority of these oligomers are unlikely to form pores. Mem-
brane insertion of large species is sterically hindered, and
even when inserted, they could adopt non-pore-forming con-
figurations. The smaller species still seen in growth-phase
and plateau-phase samples are more likely to contain pore-
forming oligomers (insets in Fig. 2, D and F); however,
non-pore-forming configurations are also possible. Although
we think 16–32monomers represent the essential n-mers in a
barrel (Fig. S1), we could also speculate of pore configura-
tions containing the barrel and additional monomers around
the barrel providing further stability to the structure.

In conclusion, we have used BLM electrophysiology to
show that medin (the main component of AMA) induces
abrupt, stepwise ionic currents in lipid membranes, consis-
tent with the formation of membrane pores. Pore activity
was primarily observed for preaggregated medin and seldom
formonomeric and lown-mer species from the lag phase.Our
results show medin aggregates did not form amyloid fibers,
emitted significantly lower ThT fluorescence than Ab, and
had lower b-sheet content than previously studied medin fi-
bers, thus strongly suggesting a nonamyloidogenic pathway
to pore formation. Atomistic in silicomodeling produced sta-
ble CNpNC barrel topology, with pore diameters of�1.8 nm
corresponding to experimental pore conductances of
�0.5 nS.Membrane permeability induced by pore formation
is a novel, to our knowledge, potential mechanism and ther-
apeutic target of medin pathology.
SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.

2020.04.026.
2780 Biophysical Journal 118, 2769–2782, June 2, 2020
AUTHOR CONTRIBUTIONS

F.T.A., S.Y., J.M., and R.Q.M. conceived and designed research. H.A.D.

and J.M. prepared protein samples. S.Y. prepared samples for BLM and

ThT experiments. S.Y., M.J.N., H.A.D., J.M., and F.T.A. performed exper-

iments. H.J. performed MD simulations. F.T.A., J.G.N.G., and R.N. over-

saw research. S.Y., H.A.D., J.M., F.T.A., H.J., and R.N. analyzed and

interpreted data. F.T.A., H.J., J.M., and R.Q.M. wrote the manuscript

with input from all authors. All authors edited and approved the manuscript.
ACKNOWLEDGMENTS

F.T.A. thanks Ratnesh Lal (University of California, San Diego) for sharing

his insight during valuable discussions. J.M. thanks Heike Arnolds for

assistance with DLS measurements.

F.T.A. acknowledges funding from the Arizona Alzheimer’s Consortium.

J.M. acknowledges funding from the British Heart Foundation (FS/12/61/

29877). This project has been funded in whole or in part with federal funds

from the National Cancer Institute, National Institutes of Health, under con-

tract HHSN26120080001E. This research was supported (in part) by the In-

tramural Research Program of the National Institutes of Health, National

Cancer Institute, Center for Cancer Research. R.Q.M. acknowledges VA

Merit BX007080 and Department of Defense W81XWH-17-1-0473 fund-

ing. All Multimode AFM images and data were collected in the W.M.

Keck Center for Nano-Scale Imaging in the Department of Chemistry

and Biochemistry at the University of Arizona. This instrument purchase

was supported by Arizona Technology and Research Initiative Fund

(A.R.S.x15-1648). All simulations were performed using the high-perfor-

mance computational facilities of the Biowulf PC/Linux cluster at the Na-

tional Institutes of Health, Bethesda, MD (https://hpc.nih.gov/). The

content of this publication does not necessarily reflect the views or policies

of the U.S. Department of Health and Human Services, Veterans Affairs,

nor does mention of trade names, commercial products, or organizations

imply endorsement by the U.S. Government.
REFERENCES

1. Eisenberg, D., and M. Jucker. 2012. The amyloid state of proteins in
human diseases. Cell. 148:1188–1203.

2. Harrison, R. S., P. C. Sharpe,., D. P. Fairlie. 2007. Amyloid peptides
and proteins in review. Rev. Physiol. Biochem. Pharmacol. 159:1–77.

3. Barnhart, M. M., and M. R. Chapman. 2006. Curli biogenesis and func-
tion. Annu. Rev. Microbiol. 60:131–147.

4. Linder, M. B., G. R. Szilvay, ., M. E. Penttil€a. 2005. Hydrophobins:
the protein-amphiphiles of filamentous fungi. FEMS Microbiol. Rev.
29:877–896.

5. Chiti, F., and C. M. Dobson. 2006. Protein misfolding, functional am-
yloid, and human disease. Annu. Rev. Biochem. 75:333–366.

6. Knowles, T. P., T. W. Oppenheim,., M. E. Welland. 2010. Nanostruc-
tured films from hierarchical self-assembly of amyloidogenic proteins.
Nat. Nanotechnol. 5:204–207.

7. Zhang, S., H. Yokoi,., A. Horii. 2012. Designer self-assembling pep-
tide nanofiber scaffolds. In Nanotechnology for Biology and Medicine:
At the Building Block Level. G. A. Silva and V. Parpura, eds. Springer,
pp. 123–147.

8. Cherny, I., and E. Gazit. 2008. Amyloids: not only pathological agents
but also ordered nanomaterials. Angew. Chem. Int.Engl. 47:4062–4069.

9. Gras, S. L. 2007. Amyloid fibrils: from disease to design. New bioma-
terial applications for self-assembling cross-b fibrils. Aust. J. Chem.
60:333–342.

10. Gras, S. L., A. K. Tickler,., C. E. MacPhee. 2008. Functionalised am-
yloid fibrils for roles in cell adhesion. Biomaterials. 29:1553–1562.

https://doi.org/10.1016/j.bpj.2020.04.026
https://doi.org/10.1016/j.bpj.2020.04.026
https://hpc.nih.gov/
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref1
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref1
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref2
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref2
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref3
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref3
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref4
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref4
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref4
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref4
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref5
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref5
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref6
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref6
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref6
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref7
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref7
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref7
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref7
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref8
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref8
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref9
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref9
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref9
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref10
http://refhub.elsevier.com/S0006-3495(20)30370-2/sref10


Mechanistic Insights into the Modulation
11. Benson, M. D., J. N. Buxbaum, ., P. Westermark. 2018. Amyloid
nomenclature 2018: recommendations by the international society of
amyloidosis (ISA) nomenclature committee. Amyloid. 25:215–219.

12. Blennow, K., M. J. de Leon, and H. Zetterberg. 2006. Alzheimer’s dis-
ease. Lancet. 368:387–403.

13. Tanzi, R. E., and L. Bertram. 2005. Twenty years of the Alzheimer’s
disease amyloid hypothesis: a genetic perspective. Cell. 120:545–555.

14. Jakob-Roetne, R., and H. Jacobsen. 2009. Alzheimer’s disease: from
pathology to therapeutic approaches. Angew. Chem. Int.Engl.
48:3030–3059.

15. DeToma, A. S., S. Salamekh,., M. H. Lim. 2012. Misfolded proteins
in Alzheimer’s disease and type II diabetes. Chem. Soc. Rev. 41:608–
621.

16. Roberts, R. F., R. Wade-Martins, and J. Alegre-Abarrategui. 2015.
Direct visualization of alpha-synuclein oligomers reveals previously
undetected pathology in Parkinson’s disease brain. Brain. 138:1642–
1657.

17. Recchia, A., P. Debetto, ., P. Giusti. 2004. a-synuclein and Parkin-
son’s disease. FASEB J. 18:617–626.

18. Migrino, R. Q., L. Harmann, ., P. Hari. 2014. Clinical and imaging
predictors of 1-year and long-term mortality in light chain (AL)
amyloidosis: a 5-year follow-up study. Heart Vessels. 29:793–800.

19. Migrino, R. Q., S. Truran, ., P. Hari. 2011. Human microvascular
dysfunction and apoptotic injury induced by AL amyloidosis light
chain proteins. Am. J. Physiol. Heart Circ. Physiol. 301:H2305–
H2312.

20. H€aggqvist, B., J. N€aslund,., P. Westermark. 1999. Medin: an integral
fragment of aortic smooth muscle cell-produced lactadherin forms the
most common human amyloid. Proc. Natl. Acad. Sci. USA. 96:8669–
8674.
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