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Abstract

Insulin degrading enzyme (IDE) hydrolyzes monomeric polypeptides, including amyloid-β (Aβ) 

and HIV-1 p6. It also acts as a non-proteolytic chaperone to prevent Aβ polymerization. Here we 

compare interactions of Aβ and nonamyloidogenic p6 with IDE. Although both exhibited similar 

proteolysis rates, the binding kinetics to an inactive IDE characterized using relaxation-based 

NMR were remarkably different. IDE and Aβ formed a sparsely populated complex with a 

lifetime of milliseconds in which a short hydrophobic cleavage segment of Aβ was anchored 

to IDE. Strikingly, a second and more stable complex was significantly populated with a sub-

second lifetime owing to multiple intermolecular contacts between Aβ and IDE. By selectively 

sequestering Aβ in this non-productive complex, IDE likely increases the critical concentration 

required for fibrilization. In contrast, IDE and p6 formed a transient, sub-millisecond complex 

involving a single anchoring p6 motif. Modulation of intermolecular interactions, thus, allows IDE 

to differentiate between non- and amyloidogenic substrates.
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Human insulin degrading enzyme (IDE) is a dimeric metalloprotease involved in 

proteostasis, a regulatory mechanism responsible for preventing misfolded protein 

aggregates.1–3 It hydrolyzes diverse polypeptides, including insulin, amyloid-β (Aβ), 

and HIV-1 p6.4 Remarkably, it also functions as a chaperone by forming a proteolysis-

independent kinetic trap for amyloidogenic substrates such as Aβ.5–7 This activity likely 

involves confinement of substrate by IDE, followed by its controlled disposal, similar to that 

of heat-shock proteins (HSPs) and IDE was shown to exhibit HSP-like expression.8

To study the chaperone activity of IDE, we compared Aβ42 and Aβ40 to nonamyloidogenic, 

soluble p6 (Figure 1A). Inactive IDE for binding analyses was prepared by a point mutation 

(IDEE111Q).9 Aβ42 and Aβ40 are the two major Aβ isoforms;10 Aβ42 is more aggregation 

prone than Aβ40.11 The conditions used for NMR, namely dilute samples (≤50 μM) 

maintained at 2 °C, did not support Aβ fibrilization.12 15N-labeled Aβ42, Aβ40, and p6 

were incubated with IDE and NMR spectra were recorded as proteolysis progressed (Figures 

S1–S2). Significant reduction in 1HN/15N cross-peak heights was observed for residues 

10–27 of Aβ42 and residues 484–495 of p6 (Figure 1B–C), indicating that these segments 

represent the cleavage sites.

Residues 10–13 and 14–19 (without outlier Q15) of Aβ42 could be grouped in clusters 

exhibiting slow and fast decay kinetics, respectively (Figure 1D). These results agree 

with a prior mass spectrometry (MS) study14 of Aβ42 – IDE interactions that identified 

cleavage sites between residues 13–14 and 19–20. The site-specific decay of cumulative 

cross-peak heights was fit to a rate equation, yielding rates of 48±3 and 101±5 pmol/min 

for cleavages at positions 13–14 and 19–20, respectively (Figure 1D). The MS study14 also 

identified cleavage at position 14–15, and secondary hydrolysis at sites 18–19, 20–21, 28–29 

of Aβ42. Q15 exhibited a different attenuation profile relative to residues 14–19 (Figure 

1B). Proteolysis at secondary sites could not be deciphered unambiguously. IDE-mediated 

degradation of Aβ40 produced comparable results (Figure S2), establishing that Aβ42 and 

Aβ40 are similarly hydrolyzed.

Residues 484–495 (excluding outlier G494) of p6 exhibited similar attenuation profiles 

upon IDE-mediated degradation (Figure 1E). An MS study4 of p6 – IDE interactions 
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identified cleavage at 463–464, 473–474, and 489–490. Thus, we determined the cleavage 

site to be at 489–490. The lack of proteolysis at the other two sites can be attributed to 

different constructs used in these two studies (Figure S3). The MS study4 also identified 

7 auxiliary cleavage sites (clustered around motifs 460–464, and 485–493). Based on the 

lack of attenuation for 460–464 and the uniform decay of 485–493, we conclude that these 

cleavages were not observed, likely due to digestion temperature differences, 2 °C (NMR) 

vs. 37 °C (MS). An apparent rate constant of 30±1 pmol/min was obtained for 489–490 

cleavage (Figure 1E).

The catalytically inactive IDEE111Q, with and without substrates, was dimeric by analytical 

ultracentrifugation (Figure S4). It is not amenable to traditional NMR due to fast transverse 

relaxation rates (R2), stemming from its large size (~230 kDa; 15N-R2 rates of IDEE111Q 

dimer were estimated to be ~400 s−1 at 2 °C and 800 MHz15). IDEE111Q-bound states of 

Aβ/p6 can, therefore, be categorized as NMR-invisible states. To investigate the binding 

kinetics of Aβ/p6 to IDEE111Q, we used relaxation-based NMR methods.16 Figure 2A 

displays a correlation plot of the differences observed in 15N-R2 values of Aβ42 recorded 

with and without IDEE111Q at 600 and 800 MHz (lifetime line-broadening; 15N-ΔR2)12. 
15N-ΔR2 values were field-independent, a characteristic of slow-exchange between free and 

IDEE111Q-bound Aβ42 on the transverse relaxation timescale.16 These observations were 

consistent with the lack of 15N-exchange-induced chemical shifts17 (15N-δex; Figure S5) and 
15N-Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersions18 (SI) for Aβ42 + IDEE111Q 

sample. Significant broadening of 15N dark-state exchange saturation transfer (DEST)12 

profiles was observed for all Aβ42 residues with IDEE111Q (Figures 2B, S6). Relatively 

uniform 15N-ΔR2 values (2.5–5 s−1) were observed for Aβ42 residues, with residues 18–20 

exhibiting slightly elevated values of 4–5 s−1 (Figure 2C). Because the latter comprise the 

cleavage site (cf. Figure 1B), the 15N-DEST/ΔR2 effects described above likely originate 

from the binding of Aβ42 to the active site of IDEE111Q.

Not all 15N-DEST/ΔR2 profiles could fit a two‐state model comprising free and bound 

Aβ42, indicating the presence of multiple bound states (sedimentation analysis established 

that unbound Aβ42 remains predominantly monomeric, Figure S7). The kinetic model 

that accounted for all NMR data (Figure 2D) comprised a three‐state exchanging system 

where NMR-visible Aβ42 (State A) exchanges with two NMR-invisible IDE-bound species 

(States B and C). It was selected based on prior evidence,6 demonstrating that Aβ42 – 

IDE interactions result in hydrolysis or the formation of a proteolysis-independent complex. 

The yield of the latter was increased ~3–10-fold upon IDE inhibition.7 Thus, we argue that 

among the two IDE-bound states, one is primed for proteolysis, and the other is a kinetic 

trap.

Simultaneous fitting of 15N-DEST/ΔR2 profiles to the three‐state model via propagation 

of the Bloch-McConnell equations19 yielded rate constants, populations, and transverse 

relaxation rate profiles (15N‐R2
Bound) of the two IDE-bound states (Figures 2D–E, Table S1). 

Under the experimental conditions (Aβ42 + IDEE111Q, 50 μM each), State B was sparsely 

populated (~2%) with a lifetime of ~5 ms, association (kon) and dissociation (koff) rate 

constants of ~11 × 104 M−1s−1 and ~180 s−1, respectively, and an equilibrium dissociation 
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constant, KD, of ~1.6 mM (Table S2). For State B, residues 18–20 were most immobilized 

upon binding with the average <15N‐R2
Bound> value of ~370 s−1 (Figure 2E). Stabilization 

of the IDE catalytic site by residues 18–19 of Aβ42 via a β-strand conformation is vital for 

hydrolysis.20 Thus, we conclude that State B represents an Aβ42 conformation comprising 

a short β-strand, which an active enzyme can hydrolyze. State C was populated at ~16%, 

with lifetime ~0.1 s, kon ~3 × 104 M−1s−1, koff ~7 s−1, and KD ~0.2 mM (Table S2). The 

average <15N‐R2
Bound> values of residues 3–5 and 8–12 were ~350 and 370 s−1 at 800 MHz, 

respectively, implying that these segments were immobilized upon binding (Figure 2E). 

The average <15N‐R2
Bound> values for regions 16–26 and 28–42 were ~250 s−1, indicating 

that these segments interact with IDEE111Q to form multiple bound conformations that 

interconvert on a timescale shorter than the lifetime of the complex. The presence of 

multiple binding motifs results in ~20-fold increase in the lifetime of State C relative to 

that of State B. Thus, we conclude that State C represents a kinetic trap. Simultaneous fitting 

of 15N-DEST/ΔR2 profiles of Aβ40 recorded with IDEE111Q generated comparable results 

(Figure S8, Tables S1–2). These Aβ – IDEE111Q interactions, particularly the presence of 

multiple anchoring motifs, are similar to that of the interactions between Aβ and bacterial 

chaperonin, GroEL.15, 21 Note that the latter, however, are highly transient (lifetime ≤1 

ms). The nonproteolytic Aβ – IDEE111Q interactions prevented Aβ fibrilization at 37 °C 

(Figure 3; also see Figure S9), implying that they compete with Aβ self-association. Hence, 

IDEE111Q likely increases the critical concentration required for Aβ fibrilization.

The 15N-ΔR2 profiles of p6 recorded with IDEE111Q were field-dependent (Figure 4A), a 

hallmark of the fast-exchange regime.16 The latter is manifested by the presence of small 
15N-δex values, which did not correlate with 15N-ΔR2 values (Figure S10A). The average 
15N-ΔR2 values of p6 were linearly dependent on IDEE111Q (Figure S10B–C). Hence, the 

increase in 15N-ΔR2 values of p6 on the addition of IDEE111Q stems from their association. 

Examples of 15N-DEST and CPMG profiles and plots of 15N-δex values and 15N-ΔR2 rates 

for p6 with IDEE111Q are shown in Figures 4B–E; also see Figure S11. Only F493 exhibited 

a noticeable CPMG dispersion (Rex ~2 s−1), consistent with the observation that F493 also 

exhibited the largest 15N-δex value with IDEE111Q (−5 Hz; inclusion of CPMG dispersions 

in DEST/ΔR2 analyses allowed us to decorrelate the population of bound p6 from R2
Bound for 

the fast-exchange regime16).

Unlike Aβ, excellent global fits were obtained using a two-state exchange model, 

comprising free (State A) and bound p6 (State B), Figure 4F, S10. Under the experimental 

conditions (p6 + IDEE111Q, 500 μM each), State B was populated at ~3%, with lifetime 

~140 μs, kon ~50 × 104 M−1s−1, koff ~7000 s−1 and KD ~14 mM (Table S3), establishing 

the weak nature of this interaction at 2 °C. Residues 480–496 exhibited large 15N‐R2
Bound

values (≥100 s−1, Figure 4G, Table S4), with F493 exhibiting the largest value of ~390 s−1 

(800 MHz). The largest calculated differences in 15N shifts (15N-Δδ) between free and IDE-

bound p6 was also observed for F493 (−2.1 ppm at 800 MHz; Figure S12). 15N-Δδ values 

were ≤1 ppm for all other residues, implying an ensemble of random coil conformations in 

the IDE-bound state. These observations imply that State B likely represents a productive 

complex and that the absence of β-strand conformation and of multiple anchoring motifs 
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result in a rapid release of IDE-bound p6. IDE, thus, employs a different binding mode for 

nonamyloidogenic p6.

Thus, Aβ and IDE form either a sparsely populated complex that can be proteolyzed or 

a major complex that selectively entraps Aβ. Multiple intermolecular contacts increase the 

lifetime of the latter. Because a substoichiometric amount of inactive IDE prevents Aβ 
fibrilization, these nonproteolytic interactions are likely responsible for IDE’s chaperone 

activity. The latter is likely due to a reduction in the population of Aβ oligomers that 

self-associate to form fibrils. Whether IDE can bind and disaggregate Aβ aggregation nuclei 

required for fibril formation is unclear, and studies to understand the underlying mechanism 

are currently ongoing in our laboratory. Only a single productive complex is formed with p6. 

It is short-lived owing to a significant reduction in the intermolecular interactions, thereby 

allowing IDE to differentiate between non- and amyloidogenic substrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Digestion of Aβ42 and p6 by IDE at 2 °C.

(A) Primary sequences of Aβ42 and p6 (Aβ40 lacks the last two C-terminal residues). IDE-

bound Aβ42 residues that are visible in the corresponding crystal structure13 are marked in 

blue; residues in orange form a β-strand in the active site of IDE. p6 used in current study 

lacks the two N-terminal residues (red). Time course of the reduction in 1HN/15N cross-peak 

heights of 50 μM 15N-labeled (B) Aβ42 and (C) p6 on addition of 10 μM IDE (all reported 

IDE concentrations are in monomeric subunits). Affected regions are highlighted (blue 

rectangles). Cleavage sites are marked. For Aβ42, the circled numbers indicate the cleavage 

order. Decay of cumulative cross-peak heights of (D) Aβ42 and (E) p6 upon hydrolysis. 

Residues 10–13 (blue) and 14–19 (red; without outlier Q15) of Aβ42 and 484–495 of p6 

(without G494) were used for calculating averages. The curves were fit to the equation y = 

ae−kt.
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Figure 2. NMR analyses of Aβ42 – IDEE111Q interactions at 2 °C.

(A) Field-dependence between 15N-ΔR2 values of 15N-labeled Aβ42 with IDEE111Q (50 μM 

each) recorded at 600 and 800 MHz. (B) Representative 15N-DEST profiles at two CW-RF 

fields and (C) 15N-ΔR2 profiles measured on Aβ42 + IDEE111Q sample (50 μM each) at 

800 MHz; experimental data in circles, and best fits by the solid lines. IDE-bound residues 

visible in the crystal structure13 are shown by solid blue lines above (C). The locations 

of cleavage sites are marked by asterisks (cf. Figure 1B). (D) Summary of kinetic and 

population parameters obtained from best fitting of all NMR data to a three-state exchanging 

system. A monomeric subunit of IDEE111Q dimer is shown. (E) 15N‐R2
Bound profiles for 

IDE-bound Aβ42 for State B (pink) and State C (orange) at 800 MHz obtained from the fits.
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Figure 3. Aggregation of Aβ at 37 °C studied by Thioflavin T (ThT) assays.

10 μM (A) Aβ42 and (B) Aβ40 were incubated without (blue) and with 1 μM IDE (red) and 

IDEE111Q (green); n = 3.
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Figure 4. NMR analyses of p6 – IDEE111Q interactions at 2 °C.

(A) Field-dependence between 15N-ΔR2 values of 0.5 mM 15N-labeled p6 in the presence of 

0.25 (red) and 0.5 mM (blue) IDEE111Q; 600 and 800 MHz. Representative (B) 15N-DEST 

profiles and (C) 15N-CPMG dispersions recorded on p6 + IDEE111Q sample (0.5 mM each; 

800 MHz; experimental data in circles, and best fits by the solid lines). (D) Observed (bars) 

against calculated (circles) 15N-δex values (800 MHz) and (E) 15N-ΔR2 profiles measured on 

p6 + IDEE111Q sample (0.5 mM each) at 800 (blue) and 600 (red) MHz. Asterisk denotes the 

cleavage site (cf. Figure 1C). (F) Summary of kinetic and population parameters obtained 

from best fitting all NMR data to a two-state exchange model. (G) 15N‐R2
Bound profiles of 

IDE-bound p6 at 600 (red) and 800 (blue) MHz obtained from the fits.

Ramaraju et al. Page 10

Biochemistry. Author manuscript; available in PMC 2022 March 04.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t


	Abstract
	Graphical Abstract
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

