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The insulin degrading enzyme activates ubiquitin and promotes
the formation of K48 and K63 diubiquitin.
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Abstract. We report an ATP-dependent ubiquitin conjugation with
IDE which, in turn, promotes Ub-Ub linkages in tube tests. We
propose a novel function for IDE as a non-canonical ubiquitin
activating enzyme.

The insulin-degrading enzyme (IDE) is a ubiquitous zinc
metalloprotease that is generally considered to be crucial in
controlling insulin degradation.1 However, the role played by
IDE in this proteolytic pathway is still a subject of some
controversy,2 and an increasingly large number of evidences
point to a broader physiological role for this metalloenzyme.
For example IDE is present in tissues, such as testis, that are
not involved in insulin metabolism.? Furthermore, although IDE
is mainly located in the cytosol, it has also been found in
peroxisomes where it exerts specific proteolytic activities.” In
neurons, IDE is also present at the membrane surface and can
be delivered to the extracellular space.':"6 A number of
evidences suggest that extracellular IDE is a key regulator of
amyloid inhibition/malfunction has been
proposed to be implicated in the pathogenesis of Alzheimer’s
disease and type 2 diabetes mellitus.”*? Cytosolic IDE is also
involved in the cleavage of the intracellular domain of the B-
amyloid precursor protein (APP) that is activated to regulate
the transcriptional activity in the nucleus.™ It has been also
evidenced that IDE is associated in the cell to the 26S
proteasome, the endpoint of the ubiquitin-proteasome system
(UPS).15 Additionally, ubiquitin (Ub) was shown to inhibit
degradation by IDE insulin-IDE
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interactions.’®” It is controversial whether Ub itself may b~

degraded by IDE. Y718
that IDE silencing induces a reduction of the
ubiquitinated proteinslg‘20 and one possible explanation of ...,
could involve the inhibition of the proteasome by IDE. }
However, to date, little is known about the exact role(s) playe”
by IDE in regulating the UPS. The UPS takes advantage of Ub 1
regulate the intracellular fate of proteins via numero: :
biological processes including proteasomal degradation or
autophagy.21’22 At the apex of the UPS there is an activatir. 1
enzyme (E1) which, in the presence of Mg2+ and ATP, binds Up
and then drives the activated Ub-E1 thioester-bonded comple «
to downstream Ub conjugation routes.” Ub-tagged proteins
are substrates for the conjugation of further Ub moieties t /
Ub conjugating enzymes (E2s), leading to the formation o
differently arranged polyubiquitin chains which, in tur ,
provide dainty specificity in multifunctional Ub signaling.23 In
the last two decades, an article of faith in the field was that
unique E1 enzyme, UBA1, may bind to and activate u.
Nevertheless, recent reports that distinguished at least eight
E1 enzymes in humans have confuted this dogma and opened
new avenues in the research focusing on alternative UL»
activation routes.?® In particular, these studies have evidence i
that, although Els may have rather different structures, two
bacterial proteins, MoeB and ThiF, are highly homologous to :
domain shared by all Els that drives Ub binding ar .
adenylation.25

Two recent studies have demonstra.cu
levels of

Figure 1. 3D representations of MoeB (pdb code: 1JWA) (a), the
Ser580-11e850 domain of IDE (pdb code: 2JG4) (b) and .
superimposition of the two aligned structures (c). The 3D structure
were superimposed by using the jFATCAT alignment tool of the proteir
databank website.
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Thus, the presence of a Moeb/ThiF domain in a protein may
somehow represent a signature for a possible E1-like activity
of the protein. The observed structural similarities existing
between the MoeB-like domain of UBA1 and the C-terminal
region of IDE, (Fig. 1 and Scheme S1, Fig. S1 and S2 of
Supplementary Info) encouraged us to investigate the possible
involvement of IDE in activating the ubiquitination pathway. A
prerequisite for such a study is a thorough description of
stoichiometry, binding equilibrium and residues involved in
IDE/Ub interactions. Surface Plasmon Resonance (SPR)
sensograms describing the interaction between immobilized
IDE and Ub flowing above the SPR chip surface evidenced a
binding affinity similar to that of other IDE substrates® even in
the presence of EDTA, a strong inhibitor of the peptidase
activity of IDE (see Fig S3 and Table S1 of Supplementary info).
Notably, although the presence of EDTA and the consequent
chelation of the zn®* ion in the catalytic site of the enzyme
lowers the Ub affinity for IDE by changing the dissociation rate
constant kg, IDE is still able to bind Ub even when its
proteolytic activity is turned off. The 'H, N, chemical shift
perturbation NMR analysis of Ub after sub-stoichiometric
addition of IDE shows that the overall protein fold is
maintained, even though a number of resonances were
perturbed. To quantify these changes, intensity variations of
the amide cross-peaks in the presence and absence of IDE (Al)
were determined and plotted versus the residue number
(Fig.2). Mapping these differences onto the structure (Fig. S4
of Supplementary Info) outlines a region of Ub interaction
involving residues G2, F4, L15, 144, F45, D52, V70, R72, R74. Of
note, these residues resemble the intermolecular contacts
driving canonical E1-Ub interactions which mainly involve two
Ub domains i.e. the hydrophobic patch centred around lle44
and Val70 and the Ub C-terminus.”’ In order to describe the
atomistic details of IDE-Ub interactions, NMR results were
refined by molecular modeling. Upon docking IDE with Ub,
three main binding poses have been evidenced. In all of them,
in accordance with the SPR results, the Ub anchoring site to
IDE is far from the enzyme catalytic site. Indeed, Ub features
the R74 residue located in the C-terminal segment as its
anchoring site (Figure 3). In particular, in the first binding pose,
R74 of Ub contacts through salt-bridge interactions the E529
residue of IDE (Figure 3a).
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Figure 2. Human Ub intensity variations of the 'H and N amide cross-
peaks after addition of IDE as a function of protein residue numbers.
*N-3C labeled Ub (100puM) and unlabeled IDE (10 pM) were dissolved
in 550 pL of 50 mM phosphate buffer pH 7 and 10% D,O. Further
experimental details are reported in the supplementary information.
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Figure 3. The three lowest energy binding poses for the IDE/Ub complex. IT :
sections are shown by yellow ribbons, Ub sections are shown by gree ~
ribbons. The residues of Ub interacting with IDE are shown by solid sticks
and those involved in salt-bridge interactions are also labeled. Docking
simulations have been performed using HADDOCK interface. The startil.,
coordinates of Ub were considered from the X-ray structure of the comple
between the UBA1 enzyme and Ub (pdb code: 3CMM). The residues Q2, F-
L15, 144, F45, D52, V70, R72, R74 of Ub were considered as active residues,
since observed through NMR experiments to interact with IDE. Structur .
underwent rigid body energy minimization, semirigid simulated annealing .
torsion angle space, with a final clusterization of the results.

In this pose, the flexible C-terminal tail of Ub approaches .-
flexible segment of IDE comprising A516 to Y547. A second
binding pose involves R74 and R72 of Ub both contacting E653
of IDE (Figure 3b), while IDE is rotated through the vertic |
axis. In this pose, the flexible C-terminal tail of Ub approaches
the loop connecting the alpha-helix comprising Q638 to M6Z s
and the alpha-helix encompassing E656 to N671. A thiru
binding pose features Ub rotated through the horizontal a... .
Here, R74 of Ub contacts the E606 residue of IDE through
salt-bridge interaction (Figure 3c). In this pose, the flexible (¢
terminal tail of Ub faces the short loop encompassing E60F
and connecting the long alpha helix belonging to L588 towarc -
E612.
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Figure 4 Upper panel. Reaction scheme of Ub activation. Bottom left
panel. Pyrophosphate formation during Ub activation by IDE (ope 1
black squares) and by E1 (open red circles) in the presence of the E.
25K conjugating enzyme was monitored by colorimetric assay at A=7730
nm with a time interval of 5 minutes by a 96 well plate re dJer
Varioskan. In each well, 10 pL of a 400 mM EDTA solution were usec =
quench all reactions. Then, solutions were incubated for 10 min with
200 pl of 3 MM ammonium molibdate in 0,6 M HCI (60% AcN/W). Tt 2
colorimetric reaction was started by adding 80 pL of a solution
ascorbic acid (500 mM) in 2M HCI (60% AcN/W). Reaction mixturc
contained 1 pM E2 25K, 0.5 uM UBA1, 15 pM Ub (data points are ar
average of three independent measurements and the error bars a 2
the standard deviation of the experiments). Bottom, right panei.
Western Blots revealing the formation of a thioester linkage betwee
IDE and Ub (see suppl. Information). The monitoring of formation « ¢
activated ester covalent linkage between Ub and E1 and IDE, using the
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ubiquitylation kit ABCAM (139472). Lane A: Ub (50uM), E1 (2.5 uM),
IPP (10 U/ml), DTT (1mM), MgATP (5 mM) in ubiquitinylation buffer
(Tris 50 Mm pH 7,2); lane B: Ub (50 uM), IDE (2.5 uM), inorganic
pyrophosphatase (IPP) (10 U/ml), DTT (1 mM), MgATP (5 mM) in
ubiquitinylation buffer (Tris 50 mM pH 7,2); control - :same conditions
as for lane B without ATP.

From the former poses, R74 results the first recognition site of
Ub that in turn causes the movement of V70 and R72,
accompanied by the movement of the central region (144, F45,
D52) and followed by the Ub N-terminal region (Q2, F4, L15).
Remarkably, in all the three binding poses, Ub binds MoeB-like
domains of IDE thus resembling the behavior of a Ub-
activating enzyme. Normally, the E1 enzyme binds ATP-Mg2+
and Ub and catalyses acyl adenylation of the Ub C-terminus
with concomitant release of pyrophosphate. Next, a cysteine
of the E1 enzyme attacks the Ub-AMP complex through acyl
substitution, creating an high energy Ub-E1 thioester bond
(see the upper panel of Fig. 4). Therefore, in order to establish
if IDE may act as an E1 we employed a colorimetric assay to
monitor the amount of pyrophosphate released during IDE- (or
E1l-) mediated ubiquitin activation (see bottom left panel of
Fig. 4).”® These results evidence that, in the presence of Mg2+,
DTT and Ub, IDE consumes ATP at approximately the same
rate as E1. Furthermore, the E1-Ub covalent complex should
be visible if Ub activation works properly. To show to what
extent IDE may mimic E1, we have incubated Ub and IDE (or
E1) in activation buffer (MOPS, Mg2+, ATP, DTT), (bottom right
panel of Fig. 3). The Western blot analysis confirms that the
formation of the E1-Ub complex has only occurred in the
presence of ATP (bottom right panel of Fig. 4, line B). Next, we
investigated whether IDE may replace E1 in promoting Ub
chain growth. To this aim, western blotting assays were
performed to assess the impact of IDE on K48 and K63 self-
polyubiquitination reactions in tube tests as reported
elsewhere.”®* Indeed, if IDE is used in place of E1 to promote
K48 and K63 Ub chain growth, only the formation of Ub2
species is observed (Fig. 5). On the contrary, if we use IDE in
place of E2, Ub chain elongation reactions cannot take place
(Figure S5 of Supplementary info). It is likely that IDE-activated
ubiquitin units may self-conjugate to produce also K6, K11 or
other forms of polymeric chains. Unfortunately, it is difficult to
verify this hypothesis in tube tests because cell-free protocols
for these self-conjugation reactions have not yet been
optimized.31 In conclusion, we identify at least three IDE-Ub
binding modes. None of them involve the proteolytic site of
IDE. By contrast, Ub binds a region of IDE which is structurally
analogous to a domain that is common to all Ub-activating
enzymes.
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Figure 5. Western blots showing that IDE is a E1 Ub activating enzyme
in K63- (a) and K48 (b) self-polyubiquitination reactions. Panel a) linel:
Ub (5uM), E1(UBA1) (100nM), DTT (500uM), MgATP (5 mM) UbcH? .
(500nM) MMS2 (500nM) in ubiquitinylation buffer (MOPS 50 Mm p*
7,2); lines 2,3,4,5: same than line 1 with different concentrations of
IDE (1,3, 5,10 uM) instead of UBA1. Panel b) linel: Ub (10uM), UB/ L
(500nM), DTT (500uM), MgATP (5 mM) E225K (1pM) .
ubiquitinylation buffer (MOPS 50 Mm pH 7,2); lanes 2, 3: Ub (10}
DTT (500uM), MgATP (5 mM) E225K(1uM) in ubiquitinylation bufte:
(MOPS 50 Mm pH 7,2) with different concentrations of IDE (1,10 -
instead of E1; lane 4 control - : as in lane 2 without ATP. Samples were
analyzed as described in the caption of figure 4 and in supplementary
info.

Moreover, IDE forms an IDE-Ub adduct in a ATP-dependen*
fashion and is, in turn, able to promote the formation of K42
and K63 diubiquitin in the presence of E2 conjugatir :
enzymes. It is worthy to remind here that unanchored
diubiquitin chains are widely expressed in mammalian cel s
and represent biologically relevant species32 that may be
rapidly promote Ub-mediate 4
signaling.33 For example, K48-diubiquitin was found to be a
competitive inhibitor of the 26S proteasome.34 In addition, KZ »
and K63 ubiquitin dimers have been shown to regulate in vive
the U,

transferred en bloc to

the activity of specific Ub-processing proteases,
carboxyl-terminal hydrolases (UCHs).*®

It is challenging to fully describe, on a structural basis, th~
mechanism of E1l-like function of IDE and some key process.
including IDE changes during thioester
formation, IDE-E2 interactions during transthioesterification
and IDE-mediated formation of Ub-Ub isopeptide linkage .
remain unknown. Our results evidence a Ub-activating activi ¢

conformational

of IDE in cell-free polyubiquitination models and open avenues
to further studies addressing the cross-talk between IDE ar .
Ub-dependent protein quality control machinery in ensurir
proteome integrity. This work was supported by by the Italiz

Ministry of University and Research (MIUR), Prin pr°
2010M2JARJ.
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