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Abstract

Alzheimer’s disease (AD) is the most common neurodegenerative disease resulting in dementia. It 

is characterized pathologically by extracellular amyloid plaques composed mainly of deposited 

Aβ42 and intracellular neurofibrillary tangles formed by hyperphosphorylated tau protein. Recent 

clinical trials targeting Aβ have failed, suggesting that other polypeptides produced from the 

amyloid-β precursor protein (APP) may be involved in AD. An attractive polypeptide is AICD57, 

the longest APP intracellular domain (AICD) coproduced with Aβ42. Here, we show that AICD57 

forms micelle-like assemblies that are proteolyzed by insulin-degrading enzyme (IDE), indicating 

that AICD57 monomers are in dynamic equilibrium with AICD57 assemblies. The N-terminal part 

of AICD57 monomer is not degraded, but its C-terminal part is hydrolyzed, particularly in the 

YENPTY motif that has been associated with the hyperphosphorylation of tau. Therefore, 

sustaining IDE activity well into old age holds promise for regulating levels of not only Aβ but 

also AICD in the aging brain.
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Alzheimer’s disease (AD) is a neurodegenerative disorder characterized clinically by 

progressive impairment of cognitive skills. Diagnostic lesions of AD include neuritic 

plaques composed mainly of amyloid-β (Aβ) peptides, primarily Aβ42, and neurofibrillary 

tangles made up of assemblies of hyperphosphorylated tau protein. According to the 

Alzheimer’s Association, AD currently affects approximately 5.7 million Americans, but by 

2050, this number is projected to increase to 14 million.1 The leading hypothesis for the 

onset of AD is the amyloid-β oligomer hypothesis, discussed in recent reviews.2,3 According 

to this hypothesis, neurodegeneration leading to AD is initiated by soluble Aβ oligomers, 

primarily formed by Aβ42. However, after years of research on Aβ, there remains no cure 

for AD.4 Recent failures of clinical trials for potential drugs targeting Aβ can be understood 

if other polypeptides form oligomers that contribute to AD pathology and if tangle formation 

by hyperphosphorylated tau is the major pathological event leading to AD.3,4 If these are 

true, an attractive target is the amyloid-β precursor protein (APP) intracellular domain 

(AICD), which is coproduced with Aβ5,6 and has been linked to tau pathology.7–10

AICD is understudied relative to Aβ, but recent studies have shown its biological relevance. 

Two forms of AICD are produced by presenilin-mediated cleavage of APP: AICDε, 

produced by ε-site cleavage, and AICDγ, produced by γ-site cleavage. Following its release 

into the cytoplasm, AICD migrates to the nucleus, where it may have pathogenic 

transcriptional activity associated with AD,9–13 Parkinson’s disease (PD),14 and Down’s 

syndrome.15 In AD, AICD together with Fe65 and Tip60 form a ternary complex that 

interacts with transcription factors (i.e., CP2/LSF/LBP1) to increase the production of its 

precursor (i.e., APP)8 and alter the expression of other genes.16 For example, Kim and co-

workers showed that AICD induces GSK-3β expression.7 Increased production of glycogen 

synthase kinase-3β (GSK-3β) triggers tau hyperphosphorylation leading to neurofibrillary 

tangle formation and apoptosis.7–10

Although production and function are similar across AICDs, AICDε has received more 

attention than AICDγ. Recent studies of some mutations in APP and presenilin associated 
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with AD indicate, however, that impairment of ε-site cleavage in APP may be a common 

feature in AD.17–20 AICD57, also known as CTF57 (i.e., the 57-amino-acid C-terminal 

fragment of APP), is one product of impaired ε-cleavage. Because it is contiguous to Aβ42, 

it is the longest form of AICD associated with the production of Aβ42. Intriguingly, 

mutations in APP and presenilin increase the Aβ42/Aβ40 concentration ratio,21 suggesting 

that if ε-cleavages are impaired, AICD57 levels are increased.

In this study, we determined (1) the global conformation of AICD57 in solution and (2) 

whether AICD57 is degraded by insulin-degrading enzyme (IDE), one of the key proteases 

implicated in the degradation of Aβ.3,22 IDE is a 110-kDa, Zn2+ metalloprotease that also 

degrades glucagon, amylin, and other monomeric substrates having a size (less than 80 

amino acids) that fits in the crypt of IDE (aka catalytic chamber).23,24 IDE’s crypt (~15700 

Å3)25 is composed of negative N- and positive C-terminal halves connected by a flexible 

linker.23,24 The N-terminal half contains a highly conserved exosite ~30 Å away from a 

catalytically active E111 and a HXXEH motifcoordinated Zn2+. Although the exact 

mechanism remains unknown, it has been proposed that the anchoring of the substrate’s N-

terminus to the exosite promotes cleavage by E111, with the open and closed states of IDE 

in equilibrium.24 Since elevated AICD levels are present in both human AD brains9 and 

IDE-deficient mice,26,27 we hypothesize that AICD degradation is hindered in AD and IDE 

is partly responsible for its clearance. In contrast to AICD50, the main AICD species in the 

normal human brain,13 which is completely degraded by IDE,26–29 our results show that 

AICD57 is only partially degraded by IDE due to the presence of β-sheet. Nonetheless, IDE 

cleaves AICD57 at the 6-amino-acid recognition motif, YENPTY, which is conserved in all 

species and has been implicated in the pathogenic function of the AICDs.

Our first aim was to characterize the global conformation of AICD57 in solution, which we 

accomplished using circular dichroism spectroscopy (CD). Figure 1 presents CD spectra of 

AICD57. The spectrum recorded immediately after sample preparation shows a minimum at 

215 nm, indicating the dominant presence of β-sheet.30 Interestingly, the spectrum of 

AICD57 did not change with time. We did not observe an increase in the ellipticity at 215 

nm that would have indicated an increase in β-sheet content nor did we observe a decrease 

in the ellipticity at 215 nm that would have indicated precipitation of large β-sheet-

containing assemblies. We characterized the CD samples by thioflavin T (ThT) fluorescence 

and noted that they are ThT negative, that is, the samples did not enhance the fluorescence of 

ThT (Figure 2a), indicating the absence of assemblies that contain cross-β-sheet,31,32 the 

quaternary structure present in protofibrillar and fibrillar β-sheet assemblies. Indeed, images 

obtained by TEM showed the absence of protofibrils and mature fibrils. However, micelle-

like assemblies with an average diameter of ~15 nm were observed (Figure 2b).

Given that the preexisting literature provides evidence for the complete degradation of 

AICD50 by IDE28,29 and given the results of our first aim, we next hypothesized that 

AICD57 is less susceptible to IDE-dependent degradation. To test this hypothesis, we used a 

combination of limited proteolysis monitored by liquid chromatography/mass spectrometry 

(LP–LC/MS) and CD. We have successfully used LP–LC/MS to elucidate the fold of 

monomeric states of amyloidogenic peptides including Aβ33 and amylin.34 By applying the 

conditions for LP35 (i.e., substrate-to-enzyme molar ratios ≥100:1, digestion temperature of 

Krasinski et al. Page 3

ACS Chem Neurosci. Author manuscript; available in PMC 2020 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4 °C, and short digestion times), the initial cleavage site(s) in the substrate can be 

unambiguously identified. This in turn can be used as a constraint in deciphering the 

orientation of the substrate in IDE’s crypt. Figure 3a presents the mass spectrum of AICD57 

after incubation with IDE for 1 min. Fragments T1–N42 and T1–N46 were detected, along 

with G43–N57 and P47–N57. These data indicate initial cleavage sites at the peptide bonds 

between Asn42 and Gly43 and Asn46 and Pro47, respectively, both in the C-terminal part of 

AICD57 (Figure 3b, Table 1). In contrast, the initial cleavages in AICD50 were found in 

both N- and C-terminal parts of the polypeptide29 (Figure 3c), showing that AICD50 is more 

susceptible to IDE-dependent degradation, presumably because it is less structured than 

AICD57. Small amounts of Y49–N57 and K50–N57 were also detected in the spectrum of 

the 1 min digest of AICD57, but because peaks corresponding to their N-terminal halves 

were not observed, these fragments may have resulted from secondary cleavages in the G43–

N57 and P47–N57 fragments. A similar digestion pattern of AICD57 was observed at longer 

digestion times (Figure S1, Tables S1–S4) in that the same primary cleavage sites were 

detected and short C-terminal fragments have the highest intensities relative to the longer N-

terminal fragments. Additionally, no peaks consistent with secondary cleavages in the N-

terminal fragments T1–N42 and T1–N46 were detected (Figure S1, Tables S1–S4), 

indicating that these fragments are resistant to IDE-dependent proteolysis. CD spectra of the 

reaction mixture acquired as a function of digestion time show that the β-sheet structure in 

AICD57 remains intact (Figure S2). Taking together our CD (Figures 1 and S2), ThT 

fluorescence (Figure 2a), TEM (Figure 2b), and LP–LC/MS results (Figure 3a–c) leads to 

the following conclusions. First, AICD57 monomer is only partially degradable by IDE in 

that its N-terminal part is resistant to hydrolysis while its C-terminal part is degraded. 

Second, because IDE is only able to degrade monomeric substrates with less than 80 

residues,23,24 it follows that AICD57 monomers are in dynamic equilibrium with oligomeric 

assemblies of AICD57, that is,

[AICD57]n AICD57

Finally, peptide bond cleavages mediated by proteases require that the cleavage site exists in 

the middle of a 4–28 residue segment in an unstructured conformation.36 Taking the upper 

limit of 8 residues together with the locations of the initial cleavage sites in AICD57 (Figure 

3b), we conclude that the N-terminal fragment ending in K38 contains structure. Indeed, 

structure prediction using PSIPRED37 indicates that this fragment contains two β-strands, 

V2IVITLVML10 and T16SIHHGVVEV25 (Figure 3d), that presumably come together to 

form a stable antiparallel β-sheet, which is more resistant to proteolysis than a parallel β-

sheet. We speculate that β-sheet formation in AICD57 is driven by the TVIVITL segment 

(Figure 3b). Interestingly, this segment contains the TVIV motif that is a hot spot for 

mutations linked to familial forms of AD.21

Figure 4 presents our proposed mechanism for the IDE-dependent degradation of AICD57. 

Examination of published X-ray structures of IDE reveals that its exosite contains an 

antiparallel β-sheet.25 IDE is specific to β-structure-forming substrates,23,24 and we 

speculate that in the case of AICD57, this specificity is mediated by hydrophobic 

interactions between the N-terminal β-strand (V2IVITLVML10) in AICD57 and the 
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predominantly hydrophobic β-strand (i.e., F370FFIINV376) in IDE’s exosite. The AICD57 

monomer is degraded in unstructured regions near its C-terminus, while the N-terminal β-

sheet remains intact.

The results of our two aims indicate that the IDE-dependent degradation of AICD57 is 

dictated by AICD57’s global conformation in solution and toxic motifs. First, the β-sheet in 

AICD57 leaves the peptide unaffected by size limitations and allows it to enter IDE’s crypt 

(Figure 4). However, the β-sheet restricts cleavage to AICD57’s unstructured C-terminal 

half when in close proximity to E111. This observation contrasts with the less specific 

degradation of AICD5026–29 (Figure 3c), which we surmise has a less restricted structure. 

Second, the turnover of AICD57 can be explained by motifs within its unstructured C-

terminal region. The sequence KFFEQ is common within soluble proteins like AICDs and 

signals them (and/or their fragments) for rapid lysosomal degradation.38 Moreover, the motif 

YENPTY is where AICDs interact with cofactors and transcription factors to form a nuclear 

complex, driving the transcription of APP itself and other genes.7,8,16 Our results 

demonstrate that IDE preferentially degrades the C-terminal part of AICD57 at or close to 

YENPTY (Figure 3c) while keeping KFFEQ intact. If these cleavages occur in the cytosol 

where most IDE in the cell is found,3 then the cascade of events that contributes to AD, 

including AICD’s nuclear translocation and induction of neurotoxic gene transcription,7–10 

is prevented from taking place (Figure 5).

Together, our results support AICD57’s existence as assemblies in dynamic equilibrium with 

β-sheet-containing monomers that are susceptible to partial degradation by IDE. If AICD57 

tends to accumulate in the aging brain compared to smaller AICDs,26–29 this may arise from 

declining IDE activity and expression.3 Therefore, sustaining IDE expression and activity 

well into old age could represent a potential therapeutic strategy to prevent the accumulation 

of not only Aβ42 but also AICD57 in the aging brain. We noted that two residues in the 

unstructured C-terminal half of AICD57, T30 and Y44, have been reported to be 

phosphorylated in PD and AD, respectively.14,39 Because phosphorylation may cause long-

range conformational changes40 that may impact the IDE-dependent hydrolysis of AICDs in 

the cytosol, preventing the phosphorylation of the AICDs may help sustain IDE activity. 

Finally, oligomeric assemblies of the Aβ peptides have been shown to contribute to AD.6 In 

light of a recent hypothesis that there could be other oligomeric assemblies that cause 

neurodegeneration,3 how the oligomeric assemblies of AICD57, first reported here, may 

contribute to AD requires further investigation.

METHODS

Pretreatment of AICD57

AICD57 (aka CTF57) was purchased from rPeptide. To ensure the absence of aggregates, 

the peptide was pretreated first with 100% 1,1,1,3,3,3-hexafluoro-2-isopropanol and then 

with 2 mM NaOH, as described elsewhere.41 Pretreated AICD57 powder was stored at −20 

°C until experimentation.
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Expression and Purification of Insulin-Degrading Enzyme

The expression and purification of glutathione-S-transferase tagged human IDE (GST-IDE 

in pGEX-6p-1 vector, kindly provided by Dr. Malcolm Leissring of the University of 

California at Irvine) were accomplished following a protocol26 provided by Dr. Leissring 

with some modifications. Expression of GST-IDE in Escherichia coli BL21 (DE3) 

CodonPlus RIL was induced with 50 μM IPTG overnight at 25 °C. The non-metalloprotease 

inhibitor phenylmethylsulfonyl fluoride was added prior to cracking the cells. GST-IDE was 

purified using a 5 mL GST Trap Fast Flow column on an ÄKTA Pure FPLC (GE Healthcare 

Life Sciences) and eluted with PBS containing 10 mM glutathione. After cleavage of the 

GST tag using GST PreScission protease, further purification of IDE was accomplished 

using a HiLoad 16/600 Superdex S-200 pg gel filtration column preequilibrated with PBS on 

the ÄKTA Pure FPLC. Purified protein concentration was determined by UV–vis 

spectroscopy using the molar extinction coefficient of IDE at 280 nm, ε280nm = 113570 M−1 

cm−1.42 Flash-frozen IDE aliquots containing 1% glycerol (v/v) were stored at −80 °C in 

PBS (pH 7.4). Activity of IDE was confirmed using insulin (Sigma-Aldrich) or the 

fluorogenic peptide Mca-RPPGFSAFK(Dnp)-OH (R&D Systems) as substrates.

Preparation of Stock Solutions

Stock solutions of AICD57 and thioflavin T were prepared in 10 mM phosphate buffer (pH 

7.4), and their concentrations were determined by UV–vis spectroscopy using molar 

extinction coefficients of ε280nm = 4470 M−1 cm−143 and ε412nm = 36000 M−1 cm−1,32 

respectively.

Circular Dichroism (CD) Spectroscopy

Three types of samples were prepared for CD including (1) AICD57 only (20 μM), (2) IDE 

only (0.2 μM), and (3) AICD57 (20 μM) plus IDE (0.2 μM), that is, the substrate-to-enzyme 

ratio was 100:1 (mol/mol). All samples were incubated in quartz cuvettes (path length of 1 

mm) at 4 °C. CD spectra were recorded at 4 °C using a Jasco J-815 spectropolarimeter. 

Spectra were recorded from 260 to 198 at 1 nm steps and averaged over eight 

accumulations.

Thioflavin-T (ThT) Fluorescence

ThT was added to aliquots taken from the CD samples such that the AICD57 to ThT ratio 

was 1:1 (mol/mol). Fluorescence spectra were recorded from 450 to 600 nm following 

excitation at 440 nm using a Cary Eclipse spectrometer (Agilent).

Transmission Electron Microscopy (TEM)

Aliquots of AICD57-containing samples (7 μL) were spotted on carbon-coated copper grids 

and stained with 1% uranyl acetate. After drying, the samples were stored at room 

temperature. Electron micrographs were recorded using a Phillips CM 10 transmission 

electron microscope at the Core Electron Microscopy Facility of the University of 

Massachusetts Medical School.
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Liquid Chromatography/Tandem Mass Spectrometry (LC/MS)

Aliquots of CD samples containing AICD57 and IDE were retrieved periodically, and the 

reactions were quenched by acidification with 1% trifluoroacetic acid in water. The samples 

were stored at −20 °C until analysis by LC/MS at the Proteomics and Mass Spectrometry 

Facility of the University of Massachusetts Medical School. Peptide separation and mass 

spectrometry were performed using a NanoAcquity (Waters) UPLC system interfaced to an 

Orbitrap Q Exactive hybrid mass spectrometer (Thermo Fisher Scientific). MS scans were 

acquired over 300–1750 m/z at 70000 resolution (200 m/z), and data-dependent acquisition 

chose the top ten most abundant precursor ions for MS/MS spectrometry by collision-

induced fragmentation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
AICD57 contains stable β-sheet. Circular dichroic spectra of AICD57 (20 μM) recorded 

immediately after sample preparation (magenta) and after 6 h (green), 22 h (blue), and 6 

days (gray) of incubation in 10 mM phosphate buffer (pH 7.4).
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Figure 2. 
AICD57 forms assemblies that are ThT negative. (a) Fluorescence spectra of ThT only 

(green, negative control), ThT in the presence of AICD57 (red), and ThT in the presence of 

fibrils from hen egg white lysozyme (HEWL) (blue, positive control). (b) Electron 

micrograph of fibrils formed by HEWL (top). The fibrils have an average diameter of 38 nm. 

Electron micrograph of AICD57 (bottom). Micelle-like assemblies with an average diameter 

of 15 nm were observed. The scale bars in panel b correspond to 200 nm.
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Figure 3. 
AICD57 is less susceptible to IDE-dependent proteolysis than AICD50. (a) Mass spectrum 

of AICD57 after incubation with IDE for 1 min. The fragment peaks are labeled by their 

identity (color coded if resulting from an initial cleavage), mass to charge ratio (m/z), and 

charge state (z). Peaks of undigested AICD57 are labeled with asterisks. (b) Peptide maps of 

AICD57 show two initial cleavage sites at the Asn42–Gly43 and Asn46–Pro47 peptide 

bonds. (c) Peptide map of AICD50 obtained by Venugopal and co-workers29 shows 8 initial 

cleavage sites including 3 near its N-terminus, 2 near the middle, and 3 near its C-terminus. 

(d) Structure prediction of the proteolytically resistant fragment of AICD57 (see text) using 

PSIPRED37 indicates the presence of two β-strands
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Figure 4. 
Hypothesized mechanism of the IDE-dependent degradation of AICD57. The N-terminal 

half of IDE (light blue) comes together with the enzyme’s C-terminal half (dark blue) to 

form a catalytic chamber.23 Our mechanism proposes that the N-terminal β-strand of 

AICD57 interacts with the hydrophobic β-strand in IDE’s exosite (orange), resulting in 

proteolysis of the unstructured Cterminus of the polypeptide.
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Figure 5. 
IDE-dependent degradation of AICD57 prevents a cascade of events that contributes to AD. 

After APP is misprocessed through missed cleavages at the ε-sites by γ-secretase, AICD57 

is produced along with Aβ42. Cleavage at the sites marked in light blue prevents the toxic 

function of the YENPTY motif. This includes nuclear translocation and neurotoxic gene 

transcription that promote downstream events such as elevated GSK-3β, 

hyperphosphorylated tau, and apoptosis. To compile this figure, we jointly considered our 

results and the preexisting literature on the relationship between AICDs and tau pathology.
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Table 1.

Initial Cleavage Sites in AICD57 Determined by Limited Proteolysis Experiments Using IDE

cleavage site fragment observed mass (Da) theoretical mass (Da) δ (observed mass – theoretical mass, Da)

Asn42–Gly43 T1–N42 4772.61 4772.60 0.01

G43–N57 1895.85 1896.06 −0.21

Asn46–Pro47 T1–N46 5236.03 5236.05 −0.02

P47–N57 1431.99 1432.61 −0.38

P47–N57ox 1447.67 1448.61 −0.94
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