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Small molecule NPT-440-1 inhibits ionic flux through Aβ1-42 

pores: implications for Alzheimer's disease therapeutics
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Capone, PhDc, Tania Gonzalez, PhDc, Wolf Wrasidlo, PhDc,d, Eliezer Masliah, MDc,*, and 
Ratnesh Lal, PhDa,b,**

aDepartment of Bioengineering, University of California, San Diego, La Jolla, California 92093, 
United States

bDepartment of Mechanical and Aerospace Engineering, and Material Science and Engineering 
Program, University of California, San Diego, La Jolla, California 92093, United States

cDepartment of Neurosciences, University of California, San Diego, La Jolla, California 92093, 
United States

dNeuropore Therapies, Inc., 10835 Road to the Cure, Suite 210, San Diego, California, 92121, 
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Abstract

Increased levels of soluble amyloid-beta (Aβ) oligomers are suspected to underlie Alzheimer's 

disease (AD) pathophysiology. These oligomers have been shown to form multi-subunit Aβ pores 

in bilayers and induce uncontrolled, neurotoxic, ion flux, particularly calcium ions, across cellular 

membranes that might underlie cognitive impairment in AD. Small molecule interventions that 

modulate pore activity could effectively prevent or ameliorate their toxic activity. Here we 

examined the efficacy of a small molecule, NPT-440-1, on modulating amyloid pore permeability. 

Co-incubation of B103 rat neuronal cells with NPT-440-1 and Aβ1-42 prevented calcium influx. In 

purified lipid bilayers, we show that a 10-15 min preincubation, prior to membrane introduction, 

was required to prevent conductance. Thioflavin-T and circular dichroism both suggested a 

reduction in Aβ1-42 β-sheet content during this incubation period. Combined with previous studies 

on site-specific amino acid substitutions, these results suggest that pharmacological modulation of 

Aβ1-42 could prevent amyloid pore-mediated AD pathogenesis.

GRAPHICAL ABSTRACT (TEXT)

Increased levels of soluble amyloid-beta (Aβ) oligomers are suspected to underlie Alzheimer's 

disease (AD) pathophysiology through the formation of uncontrolled multi-subunit Aβ pores in 

*Corresponding Authors E.M.: Department of Neurosciences, University of California at San Diego (UCSD), MTF 348, 9500 
Gilman Drive, MC 0624, La Jolla, CA 92093-0624, Tel: 858-534-8992, emasliah@ucsd.edu. **R.L.: Departments of Bioengineering 
and Mechanical & Aerospace Engineering, University of California at San Diego (UCSD), PFBH 217, 9500 Gilman Drive, MC 0412, 
La Jolla, CA 92093-0412, Tel: 858-822-0384, rlal@eng.ucsd.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Nanomedicine. Author manuscript; available in PMC 2017 November 01.

Published in final edited form as:
Nanomedicine. 2016 November ; 12(8): 2331–2340. doi:10.1016/j.nano.2016.06.001.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cellular membranes. In this study, the efficacy of small molecule NPT-440-1 modulation of Aβ1-42 

pore permeability was examined. We show that co-incubation of B103 rat neuronal cells with 

NPT-440-1 and Aβ1-42 prevented calcium influx. In purified lipid bilayers, preincubation prior to 

membrane introduction was required to prevent conductance despite the presence of pore 

structures. The results point to compound-induced structural modulation leading to collapsed 

pores and suggest that pharmacological modulation of Aβ1-42 could prevent AD pathogenesis.

Keywords

Alzheimer's disease; Amyloid beta peptide; Amyloid pore; Small molecule; Calcium; Bilayer 
electrophysiology; Atomic force microscopy

BACKGROUND

Alzheimer's disease (AD) is one of the most devastating diseases associated with aging. It is 

diagnosed clinically by progressive cognitive and memory deficit, and only proven by the 

demonstration of Aβ plaques in the postmortem brains of AD patients. Brains of AD 

patients contain extracellular plaques and intracellular neurofibrillary tangles, as well as 

fewer synapses and neurons1. According to the amyloid cascade hypothesis, accumulation of 

amyloid-β (Aβ) peptides in the brain is the primary driver of pathogenesis, including 

synapse loss and neuronal cell death2–6. The plaques are composed of Aβ peptides 

aggregated into oligomeric and fibrillar species. The full-length Aβ1-40/42 peptide is formed 

via APP cleavage by the action of β- and γ-secretases3. Although amyloid fibrils were 

initially believed to be the cytotoxic species in AD7, increasing evidence indicates that 

intermediate Aβ oligomers are the toxic species8–21. A growing number of results suggest 

that Aβ oligomers disrupt cellular membranes by inserting to form pore structures19,22–27. 

More recent studies have pointed to a two-step mechanism of membrane disruption via 

membrane fragmentation and pore formation20,21. Pore activity has been observed for full 

length Aβs17,18,22,23,28,29, Aβ fragments30–37, and point substitutions28,30,38. Cytotoxicity 

results from an abrupt change in cell ionic concentration, in particular the increase in 

intracellular calcium levels, producing loss of cell homeostasis39,40.

Although there have been several approaches for therapeutic intervention, there is currently 

no cure for AD26,41,42. These approaches have included the immunological clearing of Aβ 
plaques26,43, but plaque removal did not prevent progressive neurodegeneration26,44. Other 

approaches focused on the processing of APP by secretase enzymes26,41–43. A widely used 

approach has been the use of β-secretase [β-site amyloid precursor protein (APP)-cleaving 
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enzyme 1 (BACE1)] inhibitors to reduce Aβ1-40/42 production26,41,42. Other approaches 

have included i) the reduction of Aβ1-40/42 production by of γ-secretase inhibitors 

(GSIs)26,45, ii) active and passive immunotherapy41,43, and iii) current efforts to modulate γ-

secretase activity by reducing the amount of Aβ1-42 without reducing total Aβ protein load 

(GSMs)46.

Here we discuss the biophysical properties and pore activity modulation mechanism of an 

aqueous soluble small-molecule compound. The compound, NPT-440-1, was designed as an 

aggregation blocker of Aβ1-42. We show that the compound impedes Aβ1-42 aggregation, 

normalizes intracellular calcium levels, and prevents the electrical activity of Aβ1-42 pores. 

We suggest that a likely mechanism of action involves an NPT-440-1 induced 

conformational change leading to disruption of the β-barrel structure for membrane-

embedded pore sections leading to non-conducting, and likely collapsed pores.

METHODS

Aβ1–42 was purchased from Bachem (Torrance, CA), Anaspec (Fremont, CA), and 

American Peptide Company (Sunnyvale, CA). Phospholipids 1,2-dioleoyl-sn-glycero-3-

phosphoserine (DOPS) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 

(POPE) were purchased from Avanti Polar Lipids (Alabaster, AL). The compound 

NPT-440-1 (Figure 1A), which upon initial solubilization in DMSO becomes water soluble, 

was provided by Neuropore Therapies, Inc. (San Diego, CA). All other chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO).

Peptide and compound handling

For planar lipid bilayer (PLB) and Thioflavin-T (ThT) experiments, lyophilized Aβ1–42 

powder was dissolved in Milli-Q water to a concentration of 1 mg/mL (221.5 μM) before 

aliquoting for storage at −80 °C. Lyophilized NPT-440-1 powder was dissolved in DMSO to 

final concentration of 0.5 mM (for 10:1 peptide:compound condition) or 5 mM (1:1 

condition) and stored at 4 °C for a maximum of 3 days. Aliquots were thawed only once.

SDS-PAGE Immunoblot

Aβ1-42 was aggregated by incubating with different concentrations of NPT-440-1 at 37 °C 

for 16 h, followed by 6 h incubation at 56 °C47,48. Western blot analysis was performed as 

previously described by Masliah et al.49 on a 4–12% SDS-polyacrylamide gel (Life 

Technologies, Carlsbad CA) and blotted onto a PVDF membrane. Blots were labeled with 

mouse monoclonal antibody 4G8 against Aβ17–24 (dilution 1:1000) (Covance, Princeton 

NJ), followed by anti-mouse secondary antibodies (1:5000) (American Qualex, San 

Clemente CA).

Calcium assay

B103 rat neuronal cells were used for Fluo-4 MW Calcium imaging studies (Life 

Technologies, Carlsbad CA). Vehicle control consisted of cells in the absence of peptide and 

compound. Cells were co-incubated with 1 μM of oligomerized Aβ1-42 and different 

concentrations of NPT-440-1 for 16 h prior to imaging.
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Planar lipid bilayer electrophysiolgy

Electrical recording were prepared using the “painted” technique50. 1:1 (w/w) solution of 

DOPS and POPE was prepared from stocks in chloroform, dried in a Rotavapor R-210 

(Buchi), and resuspended in heptane to a total lipid concentration of 20 mg/mL. Bilayers 

were spontaneously formed from this solution by direct lipid apposition over ~250 μm 

diameter aperture in a Delrin septum (Warner Instruments, Delrin perfusion cup, volume 1 

mL). As in previous studies, this membrane composition was shown to be stable for long 

recording times (4+ h)36,51. As electrolyte, we used 150 mM KCl, 10 mM HEPES (pH 7.4), 

and 1 mM MgCl2 in both chambers. Control experiments establishing the stability of 

membranes formed with the addition of NPT-440-1 alone showed no effect on the stability 

of the bilayers.

Before performing any experiment, we verified that the bilayer was stable for several 

minutes with low conductance (<10 pS) across ±100 mV applied voltage and that the system 

capacitance was >110 pF and <200 pF. When these criteria were met, peptide was added 

directly to the cis (hot wire) side and stirred for 5 min. For the compound added trials, 

NPT-440-1 was added directly to the peptide aliquot at the desired molar ratio. The peptide/

compound mixture was then either added immediately to the chamber or allowed to 

preincubate for 10-15 min prior to addition to the bilayer chamber. Peptide concentration in 

the bilayer chamber was 10 μM and final DMSO content was ~0.2%. Bilayer stability was 

monitored by periodic capacitance measurements throughout the course of the experiment.

All traces were recorded in voltage clamp mode using the 2 kHz built-in filter cutoff of the 

BC-535 amplifier (Warner Instruments, Hamden, CT). A sampling frequency of 15 kHz was 

used for all data acquisition. We used a custom-made LabVIEW program to record the 

current and Clampfit 10.2 (Molecular Devices, Sunnyvale, CA) to analyze traces. For 

representation in figures, we have filtered the recorded current versus time traces with a 

digital Gaussian low-pass filter with a cutoff frequency of 50 Hz.

Preparation of Aβ1-42 and liposomes for AFM imaging

Powder form of Aβ1-42 (Anaspec, CA) was first dissolved in 1% ammonium hydroxide and 

sonicated for 2 min in an ice bath to make sure the peptides were completely dissolved. The 

desired amount of peptide was aliquoted and lyophilized using a lyophilizer (FreeZone 2.5 

Plus, Labconco, KS). The aliquots were stored at −80 °C for a maximum of 3 months prior 

to use. For AFM experiment, aliquoted peptides were taken from −80 °C, thawed and 

dissolved in 10 mM HEPES (1 mM MgCl2, 150 mM KCl, pH = 7.4) buffer to make the 

concentration of 0.5 mg/ml. NPT-440-1 solution was added to make 10:1 peptide to 

compound molar ratio and incubated for 15 min before mixing with liposomes. For 

liposome preparation, 20 μL of DOPS and POPE lipids (5 mg/mL) in chloroform were 

mixed and chloroform was removed using a rotary evaporator yielding a lipid film. The 

dried lipid film was hydrated with 10 mM HEPES (1 mM MgCl2, 150 mM KCl, pH = 7.4) 

buffer to a concentration of 0.5 mg/ml in a ~35 °C water bath for an hour with occasional 

vortexing. Finally, the solutions were sonicated for 5 min. The liposome solution was then 

mixed with Aβ1-42 or Aβ1-42 with NPT-440-1 (10:1 molar ratio) to make the peptide final 

concentration of 5.5 μM. For AFM imaging, 30 μl of the sample solution was deposited on 
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freshly cleaved mica and incubated for ~10 min. Supported lipid bilayers are formed by 

vesicle rupture on mica surface during the incubation. Samples were rinsed with the buffer 

to remove unruptured liposomes still in solution. For fibrilization of Aβ1-42, 66 μM of 

Aβ1-42 was incubated with and without NPT-440-1 (10:1 peptide:compound molar ratio) at 

room temperature in solution for 40 h. 10 μl of the sample was deposited on freshly cleaved 

mica substrate for 10 min and dried using N2 gas for AFM imaging.

AFM Imaging of Aβ1-42 with NPT-440-1

Topographic images of Aβ1-42 in solution and in DOPS/POPE (1:1) lipid membrane were 

acquired using a Multimode AFM equipped with a Nanoscope V controller (Bruker, Santa 

Barbara, CA). Silicon nitride cantilevers with a nominal spring constant of 0.4 N/m 

(SCANASYST-AIR, Bruker) for imaging in air and a spring constant of 0.08 N/m 

(TR400PSA, Asylum research) for imaging in fluid were employed using peak-force 

tapping mode. The Nanoscope software was used for analyzing imaging data.

Thioflavin-T fluorescence

Stock solution of 500 μM ThT in water was prepared and 2 μl were added to 100 μl HEPES 

(pH 7.4) buffer in 96-well white-walled plates (Nunclon, Denmark) to make 10 μM ThT 

solutions. For peptides, 221.5 μM stock aliquots were mixed to equilibrate peptide 

populations amongst the test conditions and then diluted to a concentration of 10 μM with 

150 mM KCl, 10 mM HEPES (pH 7.4), 1 mM MgCl2 buffer in the plate well. NPT-440-1 

dissolved in DMSO was added to the desired final concentration before adding the peptide 

solution. Thioflavin-T fluorescence (450 nm excitation, 490 nm emission) was monitored 

every 5 min at 25° C for the indicated times using a SPECTRAmax Gemini EM fluorescent 

plate reader (Molecular Devices, Sunnyvale, CA). Samples were run in quadruplicates. 

Aβ1-42 fluorescence intensity at each time point was set to 100% for sample comparison.

Circular dichroism (CD) spectroscopy

An Aviv410 CD spectrometer (Aviv Biomedical, Lakewood, NJ) was used to measure the 

differential absorbance of left- and right-handed circularly polarized light. Aliquots of 221.5 

μM Aβ1-42 were diluted in water to a final peptide concentration of 44.02 μM (0.199 mg/

mL). NPT-440-1 powder was first solubilized in DMSO prior to addition to Aβ1-42 at the 

desired molar ratio and subsequently diluted in water. To reduce the effect of DMSO on the 

CD spectrum, DMSO content was lowered as much as possible (final [DMSO] ≤0.12%). 

Samples were allowed to incubate 15 min prior to loading the cuvette. The spectra were 

recorded as the average of 9 scans over a wavelength range of 260–180 nm with 1 nm 

resolution and an averaging time of 0.5 sec. A 1 mm path length cuvette was used for all 

measurements. Background signal, using water (for Aβ1-42 alone) or water + DMSO (for 

Aβ1-42 + compound), was subtracted from the measurement and the observed signal, S in 

millidegrees, converted to the mean residue ellipicity ([θ]mrw) by the following 

equation52,53:
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where L is path length (in cm), Cmg/ml is the peptide concentration in mg/ml, and MRW is 

the mean residue weight (107.5 for Aβ1-42).

RESULTS

NPT-440-1 inhibits aggregation Aβ1-42 in solution

We first observed and validated the effect of NPT-440-1 on the aggregation of Aβ1-42 in 

solution. Our SDS-PAGE data (Figure 1B/C) show that NPT-440-1 effectively reduces the 

formation of aggregates even at compound concentrations ten times smaller than that of the 

peptide. Co-incubation of NPT-440-1 with Aβ1-42 reduced the formation of dimers, trimers, 

tetramers and higher order oligomers (Figure 1B). There is a concentration-dependent 

inhibition of overall oligomer formation, though this effect plateaus for the 2, 5, and 7 μM of 

NPT-440-1 samples (Figure 1C). We further studied the effect of NPT-440-1 on the 

aggregation of Aβ1-42 in solution by AFM imaging. Figure 1D shows fibrils of Aβ1-42 after 

40 h incubation at room temperature in the buffer solution. The measured heights are in line 

with the typical height of fibrils ranging from 5–7 nm54. When Aβ1-42 was incubated with 

NPT-440-1 at 10:1 molar ratio, we found reduction in the length of fibrils (Figure 1E) when 

compared to Aβ1-42 alone (Figure 1D). This suggests NPT-440-1 disrupts and inhibits the 

aggregation and self-assembly behavior of Aβ1-42 in solution.

NPT-440-1 rescues increased intracellular Ca2+ levels

The effectiveness of NPT-440-1 in maintaining normal intracellular Ca2+ levels in B103 rat 

neuronal cells during incubation with Aβ1-42 was investigated (Figure 2). The presence of 

Aβ1-42 induced a significant increase (p <0.01) in intracellular Ca2+ (Figure 2B/D) whereas 

addition of NPT-440-1 (1:1 molar ratio) during incubation prevented this increase and Ca2+ 

levels remained at levels comparable to the vehicle control (Figure 2C/D). This result 

suggests that addition of NPT-440-1 prevents the Aβ1-42 induced increase in intracellular 

Ca2+ ions.

Effect of NPT-440-1 on Aβ1-42 pore conductivity and structure

The electrical activity of Aβ1-42 pores in planar lipid membranes (DOPS/POPE 1:1) treated 

with NPT-440-1 was investigated via PLB experiments. Aβ1-42 pore activity is seen as 

current steps in the tracing of ionic current passing through the lipid membrane (Figure 3A). 

Amyloid pores, unlike ion channels, are not regulated and do not exhibit integer values of a 

characteristic unitary conductance. Instead amyloid pores present with multilevel 

conductance values18,23,25,30,31,33,36. The current grows in a stepwise fashion showing pore 

forming activity, with newly formed or opened channels adding to the bulk activity of the 

membrane (Figure 3A). In all trials with the sole addition of Aβ1-42 the overall current 

through the membrane kept increasing and eventually reached the saturation value of the 

amplifier. The effect of NPT-440-1 treatment was first examined at a 10:1 peptide:compound 

ratio. As shown by SDS-PAGE (Figure 1B/C) and AFM (Figure 1D/E), this ratio 

demonstrated an effect on Aβ1-42 aggregation. When NPT-440-1 and Aβ1-42 were 

preincubated for 10-15 min prior to introduction to the test chamber, all activity was 

prevented (Figure 3B). In 100% of trials (n = 6) this held true, with no deviation from 

baseline detected for at least 4 h of recording (Figure S1). To elucidate the effect of 
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NPT-440-1 on Aβ1-42 pore structure in the lipid membrane and to provide insight into the 

inhibitory mechanism against toxic ionic fluxes, AFM was utilized to visualize pore 

morphology. The inset images in Figure 3 show high-resolution AFM images of Aβ1-42 

pores in DOPS/POPE (1:1) lipid membranes with and without NPT-440-1 (see Figure S2 for 

full membrane images). Both samples show pore-like structures with similar properties. The 

height and diameter of Aβ1-42 oligomers without NPT-440-1 were 1.6 ± 0.3 nm and 15.7 

± 4.0 nm (n = 70), respectively which corresponds with values reported in the literature37,38. 

Incubation of Aβ1-42 with NPT-440-1 at 10:1 molar ratio shows similar height and diameter 

distribution of 1.5 ± 0.6 nm and 14.5 ± 3.9 nm respectively. The combined PLB/AFM data 

suggests that despite incubation with NPT-440-1, Aβ1-42 is able to insert into the membrane 

and form pore structures, however these pores are non-conducting and thus non-cytotoxic in 

nature. In contrast to the results when Aβ1-42 and NPT-440-1 are allowed prior incubation, 

simultaneous direct addition of NPT-440-1 and Aβ1-42 to the test chamber showed no 

inhibitory effect on Aβ1-42 pore activity with multilevel conductance events still clearly 

present (Figure 4A). This pattern held true even when the compound concentration was 

increased tenfold to a 1:1 ratio (Figure 4B), suggesting that incubation is the key step for 

pore disruption.

Reduction in β-sheet secondary structure

Since Aβ1-42 aggregates are known to be rich in β-sheet secondary structure, we next 

studied the effect of NPT-440-1 on Aβ1-42 secondary structure. As with the SDS-PAGE 

results, ThT fluorescence results indicate a concentration-dependent inhibitory effect of 

NPT-440-1 on Aβ1-42 aggregation (Figure 6A). Aβ1-42 initially exhibits the lowest average 

ThT signal (Figure 6A, left) with the 10:1 and 1:1 wells showing 101.3% and 107.9% 

comparative signal intensity respectively. When the error is accounted for, the initial 

intensities show no significant difference and demonstrate that there is no inherent 

quenching of the ThT signal by NPT-440-1. Despite starting with the lowest signal, after 15 

min (Figure 6A, middle) Aβ1-42 shows significantly more ThT fluorescence intensity than 

both the 10:1 (p < 0.05) and 1:1 (p < 0.001) NPT-440-1 treated samples. The effect of 

treatment with NPT-440-1 is further enhanced over time with significant reduction (p < 

0.001) in the maximum ThT signal at both 10:1 and 1:1 Aβ1-42:NPT-440-1 ratios after 42 h. 

By the 42 h point (Figure 6A, right) the 10:1 and 1:1 treated groups show 66.5% an 51.4% 

of the maximum Aβ1-42 ThT intensity respectively. The CD spectrum of Aβ1-42 showed β-

sheet rich secondary structure with a characteristic negative peak near 218 nm (Figure 6B). 

The 10:1 NPT-440-1 treated Aβ1-42 did not present a clean spectrum, due to interference by 

DMSO53, particularly in the far UV region below 200nm. It is therefore difficult to make 

conclusions about wavelengths below 200nm. However, a clear upward shift is observed in 

the spectrum with a 15% reduction of the signal at 218 nm (red arrow in Figure 6B) 

suggesting a reduction in the peptide β-sheet character. Repeated trials consistently showed 

an upward shift in the Aβ1-42 CD spectrum and reduction of the 218 nm signal by up to 67% 

as a result of preincubation with NPT-440-1 (Figure S3). This result correlates well with the 

reduction in ThT fluorescence intensity under identical treatment conditions, namely Aβ1-42 

with NPT-440-1 (10:1) after 15 min preincubation.
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DISCUSSION

We present data showing that 1) NPT-440-1 inhibits Aβ1-42 aggregation (Figure 1), 2) 

incubation of NPT-440-1 with Aβ1-42 effectively normalizes oligomer induced increases in 

intracellular Ca2+ levels (Figure 2) and eliminates Aβ1-42 pore activity in DOPS/POPE (1:1) 

membranes (Figure 3). A detailed molecular explanation of pore modulation is difficult to 

determine because of the numerous potential mechanisms and missing knowledge about 

aspects of pore formation, structure, and conduction mechanisms. Possible mechanisms of 

NPT-440-1 activity modulation on Aβ1-42 include: a) prevention of Aβ1-42 binding and/or 

membrane insertion, b) prevention of pore assembly inside the membrane, or c) inducing a 

non-conducting/collapsed pore. These modulation events are not necessarily mutually 

exclusive and a combination of multiple effects is certainly possible. All of these potential 

events could be explained by an induced conformational change in Aβ1-42 oligomer 

structure.

The SDS-PAGE data (Figure 1) indicates that NPT-440-1 inhibits aggregation of Aβ1-42 

monomers and small oligomers into intermediate oligomers, which are currently thought to 

be the most toxic species. These toxic oligomers induce membrane deficits, or pores, which 

have been shown to lead to increases in intracellular calcium levels. Prevention of 

intermediate oligomer formation should lessen, or prevent, the influx of calcium. We find 

that incubation of oligomerized Aβ1-42 with B103 rat neuronal cells leads to a significant 

increase (p < 0.01) in intracellular calcium (Figure 2B) when compared to vehicle (Figure 

2A). This effect is prevented by 1:1 co-incubation of NPT-440-1 and Aβ1-42, significantly 

reducing (p < 0.001) intracellular calcium levels when compared to the Aβ1-42 only treated 

case (Figure 2C). Treatment with NPT-440-1 prevents the amyloid induced membrane 

disturbances and leads to normalized intracellular calcium levels that are comparable to 

vehicle control (Figure 2D).

Further study will be needed to elucidate in detail if there is a linear relationship between the 

effects of NPT-440-1 oligomer formation and the functional effects observed in the in vitro 

system. However, based on previous studies, even modest reduction on peptide aggregation 

(30%) could have dramatic effects on overall oligomer formation and toxicity55. The 

mechanisms are not completely clear and may have to do with the large variability and 

complex kinetics of Aβ oligomer formation56, as we have previously shown utilizing 

molecular modeling techniques55. Under these conditions, a 50% reduction in oligomer 

formation could be sufficient to have considerable effects in fully suppressing Aβ toxicity.

Given the success of NPT-440-1 normalizing cellular calcium levels, we decided to look 

specifically at the ability of the compound to prevent pore formation in lipid bilayers. A 

mixture of phosphoethanolamine (PE) and phosphoserine (PS) lipid headgroups were 

chosen as these are dominant lipid components in the brains of the elderly57, and these levels 

have been found to change in AD brains58. Using PLB recordings we monitored the ionic 

current crossing a model membrane system. PLB provides true single channel resolution of 

conduction through the test membrane. As expected, Aβ1-42 demonstrated multilevel 

conductance events in the DOPS/POPE bilayer (Figure 3A) and annular pore structures are 

observed in the membrane by high-resolution AFM (Figure 3A, inset). Fluctuations in the 
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recorded current represent ionic conductance across the membrane with step events 

indicative of a pore opening/closing. As seen in Figure 3A, these pores can be open 

simultaneously and the contribution from individual pores stack, growing the bulk ionic 

conductance across the membrane. Given sufficient time, Aβ1-42 activity leads to the 

saturation of the current amplifier. An effective inhibitor is expected to prevent this activity 

from occurring.

When allowed to preincubate with Aβ1-42 for 10-15 min prior to addition to the test 

chamber, NPT-440-1 successfully inhibited Aβ1-42 pore activity (Figure 3B) despite the 

presence of pore structures in the membrane (Figure 3B, inset) similar to those found in the 

untreated case. The presence of non-conducting pore structures implies a structural change 

within the membrane-embedded region of the pore inhibiting toxic ionic flux through the 

pore. This behavior was seen reliably in all experiments with preincubation (n = 6) at a 10:1 

peptide:compound ratio. However, simultaneous addition of Aβ1-42 and NPT-440-1 to the 

test chamber, with no preicubation, showed no tangible effect on ionic conductance when 

compared to Aβ1-42 alone for both 10:1 (Figure 4A) and 1:1 (Figure 4B) peptide:compound 

ratios. In both cases the pore forming activity of Aβ1-42 demonstrated multilevel 

conductance steps with periods of spike and burst activities that are also commonly seen in 

recordings where Aβ1-42 alone was added. As with the untreated case, the activity led to 

saturation of the current amplifier.

The results without preincubation are clearly not the result of insufficient NPT-440-1 

concentration since activity was still seen with ten times more compound than was effective 

in the preincubated case shown in Figure 3B. From this result it is apparent that a 

conformational change in the peptide must occur during the preincubation period, prior to 

the introduction of Aβ1-42 to the bilayer. Aβ1-42 pores are composed of variable number of 

mobile subunits (small oligomers) that must find each other and assemble within the 

membrane33 (Figure 5A). The variable nature of these pore assemblies is thought to lead to 

the heterogenous conductance levels that are seen in PLB recordings of all amyloid peptides 

tested to date18. The need for preincubation suggests that at least a minor fraction of these 

Aβ1-42 subunits insert quickly when exposed to the DOPS/POPE lipid bilayer present in the 

recording chamber, where they are likely shielded from the effect of NPT-440-1 and remain 

free to assemble into conducting pores (Figure 5B). Preincubation of Aβ1-42 with 

NPT-440-1 appears to allow sufficient time for conformational change to be induced prior to 

binding and shielding on the membrane (Figure 5C). The NPT-440-1 induced 

conformational change may prevent membrane insertion, pore formation, or induce a 

collapsed pore (Figure 5C), all of which would lead to no electrical activity being seen in the 

PLB recordings. Our structural studies with high-resolution AFM (Figure 3B, inset) point 

toward the formation of collapsed, non-conducting pores as a result of incubation with 

NPT-440-1.

Numerous MD simulations of Aβ pores suggest that β-barrel structures for the 

intramembrane region of the pore would be stable33,35,37,38,51, while a recent study by 

Bhowmik et al.59 provides experimental evidence for β-sheet rich Aβ pores in the 

membrane. We have previously shown that Aβ1-42 containing a point substituted proline 

(F19P) showed a normal pore structure by AFM but did not demonstrate ionic conductance 
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in PLB, while the MD suggested a stable collapsed pore30,38,51. The chemical structure of 

proline introduces a “kink” in the peptide's secondary structure, which is known to disrupt β-

sheet formation. The MD simulations of F19P Aβ1-42 barrel structure showed that β-sheet 

destabilization led the highly charged N-terminal regions to bind at the peptide mouth and 

collapsed the pore30,38. Our current PLB and AFM data appear remarkably similar to that of 

F19P38,51 and suggest that NPT-440-1 likely inhibits ionic conductance through a similar 

mechanism, namely by reducing or breaking the β-sheet secondary structure within Aβ1-42 

pore forming oligomers.

Based on these studies, we investigated whether NPT-440-1 had any effect on the β-sheet 

content of Aβ1-42. The ThT results show clear reduction of the β-sheet secondary structure 

of Aβ1-42 when co-incubated with NPT-440-1. As with the SDS-PAGE data, the ThT 

fluorescence results indicate a concentration-dependent inhibitory effect of NPT-440-1 on 

Aβ1-42 aggregation (Figure 6A). It is interesting to note that while aggregation was 

monitored via ThT fluorescence over the course of 42 h, a clear and significant (p < 0.05) 

effect of treatment with the compound was observed within the first 15 min at the same 10:1 

ratio that prevented ionic conductance in PLB. Since ThT primarily detects β-sheet 

structures60, these results suggest that NPT-440-1 may inhibit Aβ1-42 aggregation and 

formation into β-sheet containing pore structures in the membrane.

This theory is bolstered when carefully analyzing the CD data (Figure 6B). An upward shift 

is seen in the NPT-440-1 treated spectrum with a 15% reduction at 218 nm (red arrow in 

Figure 6B), after 15 min of incubation, for the compound treated peptide when compared to 

the compound free, Aβ1-42 only, case. The upward shift of a peak region in the range of our 

observed signal strength is a known indicator of a reduction in the β-sheet character of 

peptides52. While inconclusive on its own, when combined with our ThT, PLB, and AFM 

data, these results are highly suggestive of disruption of the β-sheet secondary structure in 

Aβ1-42. Taken together, the studies suggest that β-sheet structure is necessary for toxic 

conductance through Aβ channels.

We demonstrate that NPT-440-1 reduces aggregation of Aβ1-42 into intermediate oligomers 

that are implicated in cytotoxicity. Treatment of B103 rat neuronal cells shows that 

NPT-440-1 prevents the increases in intracellular calcium levels induced by Aβ1-42. PLB 

recordings showed that preincubation of NPT-440-1 with Aβ1-42 effectively eliminated 

cytotoxic ionic flux across the bilayer while introduction to the bilayer prior to preincubation 

showed no effect. Investigation of the peptide secondary structure, using ThT fluorescence 

and CD spectroscopy, suggests that NPT-440-1 reduces the β-sheet content of Aβ1-42. We 

propose that NPT-440-1 and other pharmacologic agents that structurally target amyloid 

peptides could prove effective in slowing or preventing the progression of AD and other 

amyloid mediated neurodegenerative diseases and should be investigated further.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. NPT-440-1 reduces Aβ1-42 aggregation
A) Chemical structure of NPT-440-1. 1 μM Aβ1-42 was allowed to aggregate during 

incubation with NPT-440-1 at different concentrations (0.1–12 μM) in a cell free system. 

NPT-440-1 reduced the formation of Aβ1-42 dimers, trimers, tetramers and higher order 

oligomers. Aggregation reduction is dose dependent, but response is seen in other tests at 

10:1 peptide:compound ratio. B) Western blot labeled with mouse monoclonal anti- Aβ1-42 

(1:1000), followed by anti-mouse secondary antibodies (1:5000). C) Quantification of gel in 

B. D–E) AFM images of Aβ1-42 with and without NPT-440-1 on mica after 40 h. D) Aβ1-42 

alone shows long fibrils with small oligomers. E) Aβ1-42 with NPT440-1 (10:1 molar ratio) 

shows shorter fibrils with small oligomers. Height section profiles at the dotted line are 

plotted below. Images are 4 μm × 4 μm.
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FIGURE 2. Aβ1-42 oligomer-induced intracellular Ca2+ increases are normalized by NPT-440-1
B103 rat neuronal cells were incubated for 16 h, followed by Fluo-4 MW Calcium imaging 

studies under the following conditions: A) No Aβ vehicle control; B) 1 μM oligomerized 

Aβ1-42; C) 1:1 co-incubation of oligomerized Aβ1-42 with NPT-440-1. D) Quantification of 

fluorescence intensity measured from A–C. A significant increase (p <0.01) of intracellular 

Ca2+ was induced by Aβ1-42. Addition of NPT-440-1 during incubation with Aβ1-42 

prevented this increase and Ca2+ levels remained comparable to the vehicle control.

Gillman et al. Page 16

Nanomedicine. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. NPT-440-1 prevents Aβ1-42 pore electrical activity
A) Aβ1-42 alone shows multi-level conductance behavior characteristic of amyloid peptides; 

B) 10:1 Aβ1-42:NPT-440-1 preincubated 10-15 min prior to addition into the PLB recording 

chamber showed no pore activity for 4+ h of recording (Figure S1). Inset: High-resolution 

AFM images of observed pore structures in DOPS/POPE (1:1) membranes. Aβ1-42 

preincubation with NPT-440-1 does not prevent the formation of pore structures but does 

inhibit ionic conduction. Conformational change is likely induced within the peptide during 

preincubation with NPT-440-1, leading to non-conducting pores that are collapsed within the 

membrane.
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FIGURE 4. Preincubation prior to membrane introduction is necessary to prevent pore activity
A) 10:1 peptide:compound ratio without preincubation shows similar pore activity as Aβ1-42 

alone; B) 1:1 without preincubation also shows similar pore activity. The need for 

preincubation prior to membrane introduction implies relatively fast binding and/or insertion 

of Aβ1-42 into the membrane where it is shielded from the effects of NPT-440-1.
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FIGURE 5. Schematic of Aβ1-42 interaction with NPT-440-1 and the lipid bilayer
A) Soluble Aβ1-42 oligomers insert into the membrane and form pores composed of variable 

numbers of mobile subunits. The variable nature of these pores leads to heterogenous 

conductance levels. B) Without preincubation, treatment of Aβ1-42 with NPT-440-1 has no 

effect on conductive activity. At least a minor fraction of the Aβ1-42 subunits likely insert 

quickly into the lipid bilayer where they are shielded from the effect of NPT-440-1 and 

remain free to assemble into conducting pores. C) Preincubation of Aβ1-42 with NPT-440-1 

before addition to the recording chamber allows sufficient time for an induced 

conformational change, leading to non-conducting/collapsed pores and inhibition of all 

electrical activity.
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FIGURE 6. Incubation of Aβ1-42 with NPT-440-1 reduces β-sheet content
A) ThT fluorescence indicates a concentration-dependent inhibitory effect of NPT-440-1 on 

Aβ1-42 aggregation. Plots have been normalized to the absolute Aβ1-42 fluorescence 

intensity—value shown in white and scaled as 100% (black)—for each time point. Within 

the first 15 minutes a significant reduction in ThT intensity is measured at both 10:1 (grey, p 

< 0.05) and 1:1 (striped, p < 0.001) Aβ1-42:NPT-440-1 ratios. Reduction is further enhanced 

over time and by 42 h the 10:1 and 1:1 signals reach 66.5% and 51.4% of the maximum 

Aβ1-42 ThT intensity respectively (p < 0.001). B) The CD spectrum of Aβ1-42 (black) shows 

β-sheet rich secondary structure with a characteristic negative peak near 218 nm. 10:1 

treatment with NPT-440-1 (grey) shows an upward shift of the spectrum and a 15% 

reduction in signal at 218 nm (red arrow) indicating a reduction in Aβ1-42 β-sheet content 

after 15 min of incubation. The spectra are expressed as mean residue ellipicity ([θ]mrw) in 

deg cm2 dmol−1.
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