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• IDE is present in different cellular
environments experiencing different
pH values.

• IDE conformation and activity have
been investigated at various pH values.

• IDE is monomeric and inactive at acidic
pH, while it is active at neutral and
basic pH.

• Insulin cryptic peptides produced by
IDE are different at different pH values.
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Insulin-degrading enzyme(IDE), a ubiquitously expressed zincmetalloprotease, hasmultiple activities in addition to
insulin degradation and itsmalfunction is believed to connect type 2diabeteswithAlzheimer's disease. IDE has been
found in many different cellular compartments, where it may experience significant physio-pathological pH
variations. However, the exact role of pH variations on the interplay between enzyme conformations, stability,
oligomerization state and catalysis is not understood.
Here, we use ESImass spectrometry, atomic forcemicroscopy, surface plasmon resonance and circular dichroism
to investigate the structure–activity relationship of IDE at different pH values.We show that acidic pH affects the
ability of the enzyme to bind the substrate and decrease the stability of the protein by inducing anα-helical bundle
conformation with a concomitant dissociation of multi-subunit IDE assemblies into monomeric units and loss of
activity. These effects suggest a major role played by electrostatic forces in regulating multi-subunit enzyme
assembly and function. Our results clearly indicate a pH dependent coupling among enzyme conformation,
assembly and stability and suggest that cellular acidosis canhave a large effect on IDEoligomerization state, inducing
an enzyme inactivation and an altered insulin degradation that could have an impact on insulin signaling.

© 2015 Elsevier B.V. All rights reserved.
himiche, Università di Catania,
1. Introduction

Insulin-degrading enzyme (IDE) is a zinc metalloprotease of the
M16 family whose activity and functions have been correlated with
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various diseases, such as diabetes [1], cancer [2] and Alzheimer's disease
(AD) [3]. In the attempt to conveniently modulate IDE activity, in recent
years many studies have been conducted in order to assess the
molecular details of the IDE interaction with various substrates
and modulators [4–9]. In this perspective, the search of possible
inhibitors as well as activators of IDE has risen, according to the
strategy of decreasing [10] or increasing [11] the proteolysis of,
respectively, insulin and Aβ peptides after they are produced.
Indeed, considerable evidence suggests that IDE inhibitors may
hold therapeutic value, particularly for type 2 diabetes and other
disorders involving impaired insulin signaling [12], while IDE
activators could be used as possible drugs aiming at lowering Aβ
levels in AD [13]. Moreover, the effect that other experimental
factors such as oligomerization state [14–16], presence of metal
ions [17–20] and oxidative stress [21–23] can have on IDE activity
has also been widely investigated.

In this scenario, it is important to highlight that, although IDE is
primarily cytosolic [24], other cellular localizations have been
observed, including peroxisomes [25,26] and mitochondria [27],
while a small fraction of the enzyme have been also found on
the plasma membrane of Chinese hamster ovary (CHO) cells [28].
Moreover, in a recent study, it was reported that IDE exists primarily
on the surface of human cerebrovascular endothelial cells and this
form of the enzyme seems to be the main responsible for degrading
Aβ peptides [29]. This wide distribution of IDE localization means
that the enzyme can experience different environmental pH values.
Indeed, although a comprehensive understanding of how cellular
organelles maintain their different pH values does not exist, it is
well known that their distinctive pH values are essential to their function
and that are set and maintained by a balance between ion pumps, leaks,
and internal ionic equilibria [30]. The presence of different pH values has
been widely recognized to play an important role in Aβ aggregation and
fibrillogenesis [31], and Aβ production occurs in the slightly acidic envi-
ronments of the endosomes (pH 5–6.5) and the lysosomes (pH 4–5).
Analogously, insulin degradation can occur intra- and extracellularly
and IDE has been reported to be responsible for this hormone catabolism
at non-acidic pH [24]. Indeed, it has been already reported that at a
pH of 6 or less, IDE has little proteolytic activity and thus, in acidified
vesicles, insulin degradation must occur by other enzymatic mecha-
nisms. However, IDE seems to function not only as an insulin
degradative enzyme but also as an intracellular insulin binding and
regulatory protein. In this perspective, insulin–IDE interaction
could be important for the insulin signal transduction pathway and
for mediating the intermediate effects of insulin on fat and protein
turnover [24].

Here, we have applied CD, AFM, SPR andMS analytical tools in order
to assess the effect of pH on IDE conformation/oligomerization state, as
well as on binding capability and activity toward insulin. Specifically,we
not only investigated the narrow range from pH ~ 5 to pH ~ 8, strictly
related to physio-pathological environmental conditions relevant for
the enzyme, but also considered the extremely acid (pH = 3) and
basic (pH = 10) values, the latter has been considered for several
reasons. Firstly, the IDE behavior at the extreme pH values was
scrutinized for the methodological approach, in order to make the
modifications occurring gradually from acid to alkaline pH values
more visible. Secondly, the investigation of extreme pH values is
also useful to give an insight in the overall enzyme thermodynamic
stability [32]. Finally, it is important to note that IDE is expressed in
several different tissues as well as being located in various cellular
compartments [33] that experience different pH values. The latter
has been reported to reach values as low as 4.7 in lysosome [34] or
as high as 10 at the pancreatic duct just below the pylorus [35].
Results show that at acidic pH IDE has a conformation that
stabilizes the monomeric form and is still capable to bind insulin
molecules at one anchoring site but loses its ability to degrade
the hormone.
2. Materials and methods

2.1. Enzyme assays and mass spectrometric measurements

Wild type, human, unlabeled IDEwas purchased fromGiotto Biotech
S.r.l. Via Madonna del Piano, 6-50019 Sesto Fiorentino (FI) — Italy and
its activity was verified by carrying out enzymatic digestion of insulin
solutions according to the experimental procedure previously reported
[15]. Methanol (MeOH), HEPES buffer and all chemicals used were pur-
chased from Sigma-Aldrich. ZIPTIP C18 was purchased from Millipore
(Milan, Italy). IDE enzymatic assays were carried out by incubating the
enzyme solution (20 nM) at 37 °C with insulin solution at a concentra-
tion of 10 μM. After purification with ZIPTIP C18, 3 μL of the resulting
solutionwasmixedwith 50 μL of water and 50 μL of MeOH and injected
into the mass spectrometer at 5 μL/min. ESI-MS experiments were
performedby using a Finnigan LCQDECAXP PLUS ion trap spectrometer
operating in the positive ionmode and equippedwith an orthogonal ESI
source (Thermo Electron Corporation, Madison, WI, USA). Sample
solutions were injected into the ion source using nitrogen as the drying
gas. The mass spectrometer operated with a capillary voltage of 46 V
and a capillary temperature of 250 °C, while the spray voltage was
4.3 kV.

2.2. Atomic force microscopy (AFM)

For atomic force microscopy (AFM), IDE solutions (150 nM) were
allowed to adsorb at room temperature on freshly cleaved muscovite
mica (Ted Pella, Inc.). After 5 min, the mica surface was briefly washed
with 100 μL ultrapure water, dried under a gentle nitrogen stream and
immediately imaged. A Cypher AFM instrument (Asylum Research,
Oxford Instruments, Santa Barbara, CA) operating in AC-mode and
equipped with a scanner at XY scan range of 30/40 μm (closed/open
loop) was used. Silicon tetrahedral tips mounted on rectangular
30-μm long cantilevers were purchased from Olympus (AT240TS,
Oxford Instruments). The probes had nominal spring constants of 2 N/m
and driving frequencies of 70 kHz. A number of images covering 1 to
2 μm2 surfaces were scanned and the lengths of particles were measured
using a freehand tool in the MFP-3DTM offline section analysis software.
The same tool was used to measure cross sections of particles. Statistical
analysis was done with the Origin 8.3 software package.

2.3. Circular dichroism spectroscopy

Far-UV CD spectra of IDE were recorded with a Jasco J-810 spectro-
polarimeter equippedwith a Peltier thermally controlled cuvette holder
(JASCO PTC-348). All measurements were performed at 25 °C unless
specified. IDE concentrations used in CD experiments were in the
range of 1–2 μM. CD spectra were recorded using a 0.1-cm path length
quartz cuvette, from 260 to 190 nm, at 0.1 nm data pitch, 50 nm/min,
with a response time of 2 s. All spectra, corresponding to an average of
10 scans, were base-line-corrected by subtracting the signal of the
buffer from the CD of the sample. CD curves were recorded in
5 mM of HEPES buffer and the pH was adjusted by adding NaOH or
H2SO4. The thermally-induced unfolding of IDE was studied by
monitoring the CD signal at 222 nm upon increasing the temperature
from 20 to 80 °C (heating rate = 1 °C/min). The melting temperatures
were calculated fromfitting the normalized CD222 signals by a sigmoidal
curve.

2.4. Surface plasmon resonance (SPR)

Surface plasmon resonance (SPR) measurements were carried out
on a SensiQ Pioneer instrument, and all reagents used were from
Sigma. IDE was immobilized on a COOH5 biosensor chip from ICx
Nomadics (Oklahoma City, USA). Briefly, covalent immobilization was
obtained by amine coupling of the lysine-free amino groups and terminal
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amines of theprotein, as described elsewhere [36–38]. Particularly, 400 μL
of IDE solution at 100 μg/mL in 10 mM acetate buffer, pH 3.8, was
used for the immobilization on a previously activated surface having
reactive succinimide ester groups obtained by using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) solution, freshly prepared ((EDC) = 0.4 M, (NHS) = 0.1 M).
NaOH or HCl 1 mM was used for adjusting the pH of the buffer used.
The latter was obtained by mixing N-(2-Hydroxyethyl)piperazine-N′-
(2-ethanesulfonic acid) and sodium salt (0.01 M HEPES, 0.15 M NaCl,
pH 7.4). The OneStep approach [39] was applied to investigate the
interactions between immobilized IDE and insulin whose initial
concentration was 8 μM. The software Qdat was used to fit the experi-
mental curves according to the equations given in References [39,40].
Briefly, the signal response (R) versus time (t) is given by:

dR=dt ¼ ka � C � Rmax– ka � Cþ kdð Þ � R

where, C is the analyte concentration, Rmax is the capacity of immobilized
ligand, and ka and kd are the kinetic constants. For an injection beginning
at time t0 and ending at t1, we have:

c1 ¼ C � ka þ kd:

For t0 b t b t1 (association phase):

R tð Þ ¼ C � ka � Rmax � 1– exp –c1 � t–t0ð Þð Þð Þ=c1:
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Fig. 1.Mass spectra recorded for solutions containing IDE 20 nMand insulin 10 μMafter 1 h incu
reported in Ref. [15].
For t N t1 (dissociation phase):

R tð Þ ¼ C � ka � Rmax � 1– exp –c1 � t1–t0ð Þð Þð Þ=c1 � exp –kd � t–t1ð Þð Þ:

For multi-site kinetics, the total response is given as the sum of
response from each individual site. So for site 1: R1(t,ka1,kd1,Rmax1)
and site 2: R2(t,ka2,kd2,Rmax2), total response R(t) = R1 + R2. Fitting
is performed using standard Levenberg–Marquardt nonlinear least
squares optimization,minimizing the sum-squared error of the difference
between the model and the experimental data.

3. Results and discussion

In order to evaluate the effect of the pH on IDE activity toward insulin,
MS spectra have been acquired as reported in Section 2.1 for solutions
containing IDE and insulin at various pH values. The pH of the solutions
was adjusted by adding HCl or NaOH, while the reaction time was fixed
at 60min [15]. In Fig. 1 themass spectra obtained at some representative
pH values are reported. It is possible to see that the enzyme is totally
inactive at pH 3, as insulin fragments are detected only for solutions
having pH ≥ 5, while the enzyme is still active even for pH values as
high as 10. Interestingly, apart from the changes on the overall activity,
it is possible to note that the insulin fragments detected at alkaline pH
are different from the ones detected at physiological pH. Particularly,
the insulin fragments involving the C-terminal residues of the insulin
A chain [A (14–21) and A (15–21)] and the fragments B (17–24) and
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bation at 37 °C at the various pHvalues indicated. Assignment of the insulin fragments is as
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B (17–25) aremainly produced at alkaline pH [15]. The same set of insulin
fragments are known to be produced in solutions containing IDE at high
concentrations [15] and therefore it is easy to speculate that the pH, as
well as the enzyme concentration, has an effect on IDE oligomerization
state, acidic pH shifting the equilibrium toward the monomeric form.

The results of the AFM study on IDE solutions at different pH values
are shown in Fig. 2. At pH = 3, the predominant IDE features are small
round-shaped aggregates, with an average height of ~0.5 nm, whereas
Fig. 2. ACmode in air images of topography on a scan size of 500 nm × 500 nm and measured
(b) 5; (c) 7 and (d) 10.
at the pH= 5 stretched fragments start to be visible, with a concurrent
growth of the average height to ~0.8 nm. For both the neutral and the
basic pH, the measured average height of the enzyme aggregates is
~0.6 nm but the extents of the observed features – especially the coiled
structures – spread as the pH increases. The aspect ratio graphs in Fig. 2
clearly display the depicted trends.

According to literature data, each IDE monomer comprises four
structurally homologous αβ roll domains (domain 1, residues 43–285;
aspect ratio analyses for IDE deposited on mica from protein solutions at the pH of: (a) 3;
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Fig. 4. Normalized CD melting profiles of IDE at different pH values. Heating rate was
1 °C/min for all the experiments.

Fig. 3. Lower panel: CD spectra of IDE at different pH values. Upper panel: Plot of the ratio
CD222/CD208 obtained by spectra of IDE as a function of pH.
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domain 2, residues 286–515; domain 3, residues 542–768; and domain
4, residues 769–1016), which share less than 25% sequence similarity.
The N-terminal domains 1 and 2 form a αβαβα sandwich (IDE-N), as
do domains 3 and 4 (IDE-C) [41]. IDE-N and IDE-C are joined by a
28-residue extended loop and form an enclosed chamber, shaped like a
triangular prism, with triangular base dimensions of 3.5 × 3.4 × 3 nm
and a height of 3.6 nm. This enclosed cavity has a total volume of
~13 nm [3,42]. The size contraction observed in our samples is explained
on the basis of the used experimental conditions, i.e., the air imaging
mode and, most importantly, the surface effect of the mica substrates.
Indeed, in the spanned pH interval, ranging from the acidic pH = 3 to
the basic pH = 10, the enzyme molecules, with an isoelectric pH of 5.8
[43] suffer a widespread effect of charge matching with the mica
substrate. The following significant contribution of electrostatic forces
at the biointerfacemight result in changes in viscoelastic and conforma-
tional arrangements of the protein adlayer [44]. However, despite these
considerations, the observed AFM trends for the IDE aggregates at the
different pH values suggest that IDE deposited on mica surfaces tends
to increase its volume in basic conditions.
Table 1
Analysis of IDE thermal stability as a function of pH. Fitting of 60 experimental CD222

(T) points to a four-parameter logistic equation-sigmoidal curve model. T1/2 is the T value
when the response is halfway between 0 and 100% of unfolded protein.

pH 4.7 pH 6 pH 8.15 pH 9.3

Best-fit values
T1/2 55.19 56.29 61.25 56.66

Std. error
T1/2 0.399 0.5135 0.8982 0.2785

95% confidence intervals
T1/2 54.39 to 55.99 55.26 to 57.32 59.45 to 63.05 56.10 to 57.21

Goodness of fit
R2 0.9808 0.9833 0.9834 0.9904
Lower panel of Fig. 3 reports the far-UVCD spectra of IDE recorded at
different pH values and at room temperature. All spectra show two
evident absorptions around 220 and 208 nm, and a positive band at
wavelengths b 200 nm which are characteristic of α-helical structures.
No significant deviations of the CD spectrum are observed in all the
investigated pH range, indicating that IDE has a comparable secondary
structure at all pH values. Nonetheless, further insights on the effects
of pH on IDE structure may be obtained by analyzing the trend of
CD222/CD208 ratio as a function of pH (Fig. 3, lower panel). It is known
that the CD222/CD208 ratios b1 are indicative of purely α-helical
structures [45]. In contrast, CD spectra showing CD222/CD208 ratios N1
are associated with coiled coils or α-helical bundles and assemblies of
helical peptides [46]. Our data indicate that IDE may assume a pure
α-helical structure at pH values ranging from 6 to 9. By contrast, acidic
and severe basic conditions may trigger a conformational transition
toward the formation of helix bundles. The effect of pH variations on
the thermal stability of IDE was also investigated by CD at different
temperatures. This technique has the advantage of a lower usage of
sample if compared to Differential Scanning Calorimetry [47,48]. The
melting temperature values (Table 1) were determined from the CD
melting profiles for IDE monitored at 222 nm with a heating rate of
1 °C/min (Fig. 4). The CD melting curves evidence that, at neutral pH,
IDE exhibits the greatest thermal stability. It is worthy to remind that
IDE adopts a purely α-helical conformation at neutral pH and a coiled
coil structure in basic conditions.

To improve our understanding of the conformational and/or
oligomerization transitions that occur for IDE at different pH values,
we surmised that it may be possible to monitor the changes in the
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Fig. 5. SPR signal recorded for immobilized IDE at different pH values. Flowing rate of the
buffer was 100 μL/min. Solid line is drawn to guide the eyes.



Table 2
Kinetic parameters obtainedfitting the curves reported in Fig. 6.While for pH ≥ 5.3 the two
binding sitemodel is necessary tofit the experimental sensorgram, at pH b 5 the one bind-
ing site model has been used, producing a single KD value. Discussion is in the text.

pH ka kd Rmax KD Res sd

3.0–4.5 8.1 × 102 2.0 × 10−1 1.66 × 103 250 μM 3.738
5.3 5.0 × 104 1.2 × 10−2 1.80 × 101 0.2 μM 1.347

2.3 × 103 1.2 × 10−1 2.02 × 101 52.4 μM 1.347
7.4 1.3 × 104 5.1 × 10−3 4.21 × 101 0.4 μM 5.582

2.9 × 103 9.0 × 10−2 9.0 × 102 31 μM 5.582
9.0 2.1 × 104 3.6 × 10−3 1.91 × 101 0.2 μM 1.651

1.8 × 104 4.0 × 10−2 6.80 × 101 2.3 μM 1.651
10.0 2.0 × 103 1.1 × 10−3 8.0 × 101 0.5 μM 1.499

1.0 × 103 4.6 × 10−2 5.0 × 102 100 μM 1.499
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hydrodynamic radius of the enzyme using label free methods. Large
scale protein conformational changes can be observed using surface
plasmon resonance (SPR). For example, SPR was previously utilized
to observe the conformational changes or unfolding that results
from urea-induced unfolding of immobilized luciferase, lysozyme,
and RNase proteins [49,50]. However, it has been reported that the
potential origins of shifts in the angle of SPR can be numerous and
tricky, so, before assigning SPR shifts to pH induced conformational
changes, one should take into account all the factors that may affect
the properties of the bulk solution, the carboxymethyldextran
(CMD) layer and the immobilized biomolecule at the sensor surface.
Besides pH, these factors include temperature, flow rate, refractive
index, and ionic strength of the solution, each of whichmust be carefully
regulated if accurate assignments are to bemade and definitive informa-
tion on the capabilities of SPR for thedetection of protein conformational
changes obtained [51]. Indeed, once those factors are controlled, the SPR
signal is dependent on the refractive index and changes in the dielectric
medium in the immediate vicinity of the protein bound to the sensor
surface. Enzyme conformational changes and/or oligomerization of the
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Fig. 6. SPR sensorgrams obtained experimentally (solid lines) for immobilized IDE and insulin fl
been obtained by using the fittingmodel described in Section 2.4. Please note that in the case of
site model was necessary to fit the experimental curves.
enzyme cause changes in the local water structure and hence in the
refractive index. In Fig. 5 the SPR signal recorded for immobilized IDE
at different pH values is reported after subtraction of the SPR signal
recorded for a bare CMD layer in the same experimental conditions.
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owing solutions (8 μM, OneStep mode) at the pH indicated. Simulation (dashed lines) has
pH=3 one binding site modelwas used, while for all the other pH values the two binding
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It is important to highlight that within the pH range reported in Fig. 5
(3–11), the SPR response was reproducible in our experimental
conditions, that is the same values were recorded independently
from the order at which the immobilized IDE got in contact with
the solutions at different pH values. This reproducibility proves
that the changes in the SPR baseline are not due to irreversible
degradation of the CMD layer, which indeed occurs in our experimental
conditions outside the indicated pH range [51]. Moreover, the same
experiment was performed with immobilized albumin and the large
increase of SPR response for acidic pH was not observed (data not
reported). The large SPR response obtained for IDE at acidic pH is here
attributed to a change in the enzyme conformation. However, we are
aware that it is not straightforward to interpret the large SPR signal
obtained at acidic pH as a conformational change of the enzyme, as
this could be simply due to a larger electrostatic interaction of the
enzyme for the negatively charged CMD layer below IDE isoelectric
point (5.8) [43]. For this reason, we have performed another SPR experi-
ment where the interaction of IDE with insulin was monitored in real
time at different pH values. In Fig. 6 the SPR sensorgrams are shown
while in Table 2 the kinetic parameters obtainedbyfitting the experimen-
tal curves as described in Section 2.4 are also reported. It is important to
highlight that while at pH ≥ 5.3 it was necessary to use the two binding
site model in order to fit the experimental sensorgrams, in the case of
pH b 5, the one binding site model was able to produce a good fitting of
the experimental curves. It is known that IDE binds its long substrates
(insulin, Aβ, etc.) through two anchoring sites, namely the catalytic site
and the exosite that is at about 30 Å away [5]. Our SPR results indicate
that at very low pH (b5) IDE loses its capability to bind insulin at the
catalytic site, so that the substrate is quickly released (see Table 2) and
fragments are not formed, as assessed by the MS investigation reported
above.

4. Conclusions

In this workwe have investigated the effect of different pH values on
IDE conformation and oligomerization state aswell as on IDE capability to
bind and degrade insulin molecules. We have found that IDE undergoes
conformational and oligomeric changes that occur in a gradual mode
over the pH range scrutinized (3–11). SPR results indicate that insulin
binds IDE only at one anchoring site at acidic pH, while two binding
sites have to be considered to fit the experimental SPR curves obtained
for the insulin–IDE interaction at neutral and basic pH.MS results confirm
that such different binding features affect IDE capability to degrade
insulin, as the enzyme is inactive toward the hormone at acidic pH.
Moreover, the insulin fragments detected by MS at basic pH involve
the C-terminal residues of the insulin A chain [A (14–21) and A
(15–21)] and the fragments B (17–24) and B (17–25). The same set of
insulin fragments are known to be produced in solutions containing
IDE at high concentrations, where the equilibrium in the oligomerization
state of the enzyme ismainly shifted toward the dimeric and/or tetramer-
ic forms. These results indicate that IDE has a different conformation at
acidic pH that shifts the oligomeric equilibrium toward the monomeric
form. AFM study confirmed that IDE molecules increase their volume in
basic conditions, while analysis of the CD data concerning IDE thermal
denaturation and pH titration provided further insights into the role of
ionic interactions to the enzyme overall stability and conformational
dynamics. IDE thermal stability exhibited a significant immunity to pH
perturbation in the 3 b pH b 10 range, while conformational alterations
at extreme pH values appear to be associatedwith the formation of coiled
coil structures. The demonstrated low sensitivity of the protein melting
temperature to pH variations suggests that native ionic interactions do
not play a predominant role to the stabilization of IDE. On the other
hand, our results indicate that disruption of the native ionic contacts
may interfere with IDE oligomerization and results in a prompt inactiva-
tion of the enzyme. Therefore if on one hand pHwas shown to have poor
influence on IDE stability thus suggesting a high degree of structural
plasticity of this protein, on the other hand it is crucial for ensuring the
functional integrity of IDE in that pH variations invariably result in
changes of the oligomerization state and enzyme inactivation, even in
conditions that do not disrupt the general topology of the protein.

It has been reported that IDE is expressed in several different tissues
as well as being located in various cellular compartments [33] that
experience different pH values. Our results show that IDE capability to
bind and degrade insulin molecules, as well as the cryptic peptides
generated by the action of the enzyme on insulin, are strongly
dependent on the pH. It is important to highlight that diabetic
ketoacidosis is a potentially life-threatening complication in patients
with diabetes mellitus, resulting from a shortage of insulin in response
to which the body switches to burning fatty acids and producing acidic
ketone bodies that cause most of the symptoms and complications.
Here we have demonstrated that cellular acidosis can also have a large
effect on IDE oligomerization state, inducing an enzyme inactivation
and an altered insulin degradation that could have an impact on insulin
signaling.
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