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Insulin-degrading enzyme (IDE) is a Zn>* metalloprotease
with a characteristic inverted catalytic motif. IDE is ubiqui-
tously expressed and degrades peptide substrates including
insulin, endorphin, and the amyloid- 3 peptide. Although IDE is
mainly expressed in the cytosol, it can also be found on the cell
surface and in secreted form in extracellular fluids. As IDE lacks
a characteristic signal sequence that targets the protein to the
classical secretory pathway, release of the enzyme involves non-
conventional mechanisms. However, functional domains of IDE
involved in its secretion remain elusive. By bioinformatical, bio-
chemical, and cell biological methods, we identified a novel
amino acid motif (3**3EKPPHY?°®) close to the C terminus of IDE
and characterized its function in the non-conventional secre-
tion of the protein. Because of its close homology to an amino
acid sequence found in bacterial proteins belonging to the SlyX
family, we propose to call it the SlyX motif. Mutagenesis
revealed that deletion of this motif strongly decreased the
release of IDE, whereas deletion of a potential microbody-tar-
geting signal at the extreme C terminus had little effect on secre-
tion. The combined data indicate that the non-conventional
secretion of IDE is regulated by the newly identified SlyX motif.

IDE* or insulysin is a highly conserved Zn>" peptidase and
member of the M16 metallopeptidase family, characterized by
an inverted sequence at the catalytic site (His-X-X-Glu-His).
The enzyme was first isolated from beef liver and demonstrated
to degrade insulin (1). Later, IDE was found to degrade addi-
tional peptide substrates including glucagon, transforming
growth factor, and some others (for review, see Ref. 2). Inter-
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estingly, IDE substrates share little or no homology in primary
amino acid sequence (3, 4). Accordingly, the secondary struc-
ture of peptide substrates appears to be a major determinant for
the cleavage by IDE. Due to its involvement in the degradation
of the amyloid-B peptide (AB), IDE has also gained consider-
able interest in Alzheimer disease-related research.

Like AB, most other substrates of IDE are extracellular
or luminal peptides. However, IDE lacks a classical signal
sequence that targets the protein to the conventional secretory
pathway. Although abundantly expressed in the cytosol, frac-
tions of IDE are also found in extracellular fluids and condi-
tioned media of cultured cells (5-11). Thus, IDE could be
grouped with other proteins including fibroblast growth fac-
tor-2 and interleukin-18 that follow non-conventional path-
ways for secretion (12). Recent evidence indicates that IDE
could be released from cultured cells in association with exo-
somes, where it might come into contact with its extracellular
substrates (13, 14).

However, signaling sequences within IDE that determine its
secretion are unknown. Here, we identified a novel motif (EKP-
PHY) within IDE, which is also found in bacterial SlyX proteins.
These proteins are usually less than 80 amino acids long, with
the PPHY/W motif located at C terminus. Up to now, the func-
tion of SlyX proteins is unknown. Mutation of this motif
strongly affected the secretion of IDE. Thus, this SlyX motif
determines the non-conventional secretion of IDE.

MATERIALS AND METHODS

Reagents—All reagents for molecular biological and bio-
chemical experiments were purchased from Sigma or Calbio-
chem/Merck if not stated otherwise. Restriction enzymes and
T4 ligase were obtained from Fermentas and used as recom-
mended. Kits from Promega were used for DNA purification
and elution from agarose gel. Cell culture media and transfec-
tion reagent were ordered from Invitrogen.

Antibodies—The following antibodies were used: rabbit
polyclonal antibody for IDE (Abcam catalog number ab25970);
mouse monoclonal antibody for B-actin (Sigma, catalog num-
ber a1978); mouse monoclonal antibody for c-Myc, clone 9E10
(Abcam, catalog number ab32); mouse monoclonal antibody
for GFP (Roche Applied Science, catalog number 11 814 460
001).

In Silico Analysis—The amino acid sequence of mouse IDE
(NP_112419) was analyzed by free online tools according to the
guidelines found on the corresponding web sites. The products
used were PPSearch from the European Bioinformatics Insti-
tute-European Molecular Biology Laboratory (EMBL-EBI),
SMART from the EMBL, and Motif Scan from MyHits.

Cell Culture—COS7 cells were grown on 10-cm dishes
(Greiner) or T75 flasks (Corning) in DMEM supplemented
with 1% penicillin and streptomycin (v/v) and 10% fetal
bovine serum (v/v). For transfection, cells were grown to 85%
confluence and incubated with a mixture of the respective
plasmids and Lipofectamine 2000 (Invitrogen) according to
the supplier’s protocol.
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Cloning of IDE Variants—Specific primers with BamH]I,
EcoR], and Xhol restriction sites, respectively, were designed
for cloning of truncated IDE variants and used to amplify the
corresponding DNA by PCR. For cloning of the IDE variant
with deletion of the SlyX domain, internal primers were
designed lacking this domain. The sequences of all primers
used in the study are listed in supplemental Table S1. Amplified
DNA fragments were digested with BamHI, EcoRI, and Xhol,
respectively and cloned into pcDNA4/Myc-His vector using T4
ligase. Chemically competent strain of Escherichia coli DH5a
was transformed with plasmid DNAs and used to inoculate 2 ml
of LB medium supplemented with antibiotics and grown over-
night at 37 °C with shaking at 220 rpm. Plasmid DNA was pre-
pared using the kit from Fermentas and analyzed by DNA
sequencing using sequencing primers listed in supplemental
Table S1.

Protein Extraction and Western Immunoblotting—Briefly,
cells were washed with PBS, resuspended in 800 wl of radioim-
mune precipitation buffer (150 mm NaCl, 10 mm Tris, pH 7.5,
1% IGEPAL, 5 mm EDTA), homogenized using a syringe with a
23-gauge needle, and centrifuged at 13,200 rpm for 15 min at
4 °C. The supernatant was boiled with loading buffer and sepa-
rated by SDS-PAGE. Proteins were electrotransferred onto
nitrocellulose membranes at 300 V for 2 h and detected with the
indicated primary antibodies and HRP-conjugated secondary
antibodies by enhanced chemiluminescence reagent (Amer-
sham Biosciences). Signals were quantified with an ECL imager
(Bio-Rad) and Quantity One software.

Immunocytochemistry—COS7 cells were seeded on cover-
slips in a 12-well plate (30,000 cells/well) and transfected with
the respective constructs 24 h later. After an additional 48 h, the
medium was removed, and cells were gently washed with warm
PBS following fixation with 4% paraformaldehyde/PBS (w/v)
for 20 min. After three washing steps with PBS, cells were per-
meabilized for 5 min with 0.25% Triton X-100 in PBS. Cells
were blocked with 10% normal goat serum (v/v) or 10% BSA
(w/v) in 0.125% Triton X-100 in PBS. The primary and second-
ary antibodies were incubated on cells for 1 h each. Intermedi-
ate washing steps were performed three times for 5 min with
0.125% Triton X-100. Coverslips were mounted on microscope
slides using IMMU-Mount and dried overnight at room
temperature.

Statistical Analysis—ECL signals were quantitated using an
ECL imager (ChemiDoc XRS, Bio-Rad) and the Quantity One
Software (Bio-Rad). Statistical analysis of three independent
experiments (n = 3) was done by one-way analysis of variance
using GraphPad PRISM 5. **, p < 0.01; ***, p < 0.001.

RESULTS

In Silico Analysis of Mouse IDE—To identify functional
domains in the primary amino acid sequence of IDE, we first
performed an in silico analysis using online bioinformatical
tools. Our analysis revealed that IDE contains three protease
domains, one active with the catalytic core (aa 74-212) and
two inactive ones (aa 236-418 and 706-889) (Fig. 14),
which are typical for M16 peptidases. Protease domains I and
II are localized in the N-terminal half, whereas protease
domain III is in the C-terminal half of the protein (Fig. 1, A
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and B). A nuclear localization sequence (NLS) was also iden-
tified between the second and third protease domains (posi-
tions 643— 660 aa) (Fig. 1, A and C) (15). Three-dimensional
modeling revealed that the NLS is present on the surface of
IDE (Fig. 1C). Consistent with a functional NLS, a fraction of
IDE has been detected previously in the nucleus (16). In
addition, a microbody-targeting signal (MTY) is localized at
the C terminus of the protein (17).

Interestingly, we also identified a novel sequence motif EKP-
PHY located at the end of the inactive protease domain III (aa
853-858) (Fig. 1A). This motif shares 100% identity with the
motif within the C terminus of the bacterial SlyX protein (Inter-
Pro Database number, IPR007236; Pfam Database number,
PF04102), a member of the SlyX superfamily with a conserva-
tive motif PPHY/W of unknown function (18). Notably, this
motif is also localized at the surface of IDE in a three-dimen-
sional model (Fig. 1D).

To investigate a potential functional relevance of the identified
SlyX sequence, we first generated truncated variants of IDE (Fig.
1E). In addition, a specific deletion mutant of the SlyX motif was
also generated. To distinguish the recombinant IDE variants from
the endogenous protein, mutant IDE proteins were tagged with
C-terminal Myc epitope. As control, a full-length IDE construct
carrying a C-terminal Myc epitope was also generated.

Expression and Subcellular Localization of IDE Variants—
Different variants of IDE were expressed in COS7 cells and
analyzed by Western immunoblotting and immunocytochem-
istry. All variants of IDE could be expressed in these cells (Fig.
2A). Full-length IDE and the TMTS IDE mutant were detected
atsizesaround 115 kDa, and 7Ct and 7SlyX were detected at 100
kDa. The shortest mutant of IDE, TNLS, was detected at ~75
kDa. Immunofluorescence microscopy demonstrated that the
full-length IDE, as well as a TMTS mutant of IDE, were mainly
localized in the cytoplasm. In addition, prominent association
with the plasma membrane was also observed (Fig. 2B). Cells
expressing shorter variants of IDE, 7Ct, 7SlyX, and ASlyX, dem-
onstrated a similar pattern and were indistinguishable from the
full-length IDE and TMTS variants, i.e. the protein was found in
the cytoplasm and at the membrane. The 7NLS variant of IDE,
however, was present in vesicular-like structures around the
nucleus (Fig. 2B). The overall expression of this variant was
significantly lower as compared with other forms of IDE, prob-
ably due to decreased stability. Therefore, this mutant was not
analyzed further.

Importance of the SlyX Motif in the Non-conventional Secre-
tion of IDE—It has been shown previously that IDE can be
secreted via a non-conventional pathway in association with
exosomes (13, 14). Thus, we analyzed the secretion of the dif-
ferent IDE variants. Consistent with previous data, significant
amounts of full-length IDE were readily detected in the condi-
tioned media of transfected COS7 cells (Fig. 2C).

The IDE mutant with deleted MTS motif showed slightly
decreased secretion (75 * 2% as compared with full-length IDE;
Fig. 2C). Notably, secretion of shorter variants was markedly
decreased as compared with full-length IDE or tMTS IDE (4 *
3% for 1Ct, 8 = 6% for 7SlyX, and 3 * 2% for ASlyX; Fig. 2C).
These data indicate that the C-terminal region and/or the SlyX
motif play a role in non-conventional secretion of IDE. Evi-
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FIGURE 1. In silico analysis of mouse IDE revealed new functional domains. A, diagram of IDE summarizing the results of in silico analysis. The relative size
scale is shown above the diagram to illustrate the positions of featured domains: inactive protease domains Il (aa 236-418) and Ill (aa 706-889); NLS (aa
643-660) between protease domains Il and Ill; SlyX domain (EKPPHY, aa 853-858) at the end of protease domain Ill; and a previously described MTS domain
atthe C-terminal end of the protein (aa 1017-1019). B, protease domains | and Il are forming the N-terminal half (N-term.) of the protein responsible for catalytic
activity, and the protease domain lllis localized in the C-terminal half (C-term.) and involved in substrate binding. C and D, three-dimensional mapping of NLS
and SlyX domains demonstrated that these domains are located at the protein surface. £, schematic representation of IDE constructs with truncations and

deletion cloned to assess the role of newly identified domains.

dence for a critical involvement of the SlyX domain in secretion
came from the analysis of the ASlyX variant of IDE that only
lacks the EKPPHY sequence. These combined results demon-
strate the importance of the identified SlyX motif in the non-
conventional secretion of IDE.

To confirm the role of the SlyX domain in secretion, we also
generated fusion proteins of GFP with the SlyX domain of IDE.
The presence of the SlyX motif strongly increased the secretion
of GFP into the conditioned medium, further indicating that
this domain could promote secretion of cytosolic proteins (sup-
plemental Fig. 1).

DISCUSSION

In this work, we sought to identify functional domains in the
primary amino acid sequence of mouse IDE and found several
motifs including inactive protease domains II and III, an NLS,
and a novel SlyX sequence (EKPPHY). Inactive protease
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domains are a typical feature of M16 proteases. These domains do
not exert catalytic activity but are involved in the interaction and
positioning of peptide substrates for subsequent cleavage by the
active protease domain. In IDE, the inactive protease domains II
and III initially bind peptide substrates, which are subsequently
cleaved by the catalytically active protease domain I in the N-ter-
minal half of the enzyme (20).

Little is known about the specific mechanisms that target
IDE to different cell compartments. In addition to the MTS
(17), a mitochondria-targeting signal, which can only be found
in a particular splice variant of IDE, has been described (21). A
previous study showed that the MTS motif is crucial for IDE
stability, and its deletion (DEL.pts) led to the destabilization of
the protein (17). In another study, however, larger deletions of
N- and C-terminal domains could be efficiently expressed (22).
Here, we also show that C-terminal deletion variants, including
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FIGURE 2. Importance of the SlyX domain in the secretion of IDE. A, expression of truncated and deletion variants of IDE in COS7 cells. Western immunoblot
detection with anti-Myc antibody demonstrated expression of full-length (fl) IDE (~115 kDa), TMTS (~115 kDa), 7Ct (~100 kDa), 7SlyX (~100 kDa), and the
ASlyX IDE variant (~110 kDa) at comparable levels. Expression of the 7NLS IDE variant (~75 kDa) was very low, probably due to low stability. B,immunocyto-
chemical analysis of COS7 cells transfected with various IDE constructs using anti-Myc antibodies. Full-length IDE and TMTS, 7Ct, and 7SlyX IDE are present in
the cytoplasm and at the plasma membrane (arrowheads). ASlyX variant of IDE demonstrated very similar distribution. TNLS IDE was detected in punctate
structures with very little if any cytoplasmic or membrane localization. Scale bar, 20 um. C, Western immunoblot analysis of IDE secretion. Cells were transfected
with the indicated IDE variants and incubated for 48 h, IDE was then detected in the cell lysates and conditioned media by Western immunoblotting. Weak
bands represent endogenous IDE. The secretion of the 7Ct, 7SlyX, and ASlyX variants was strongly reduced as compared with full-length IDE, whereas deletion
of the MTS (7MTS) had minor effect on secretion. Quantification of IDE secretion was done by ECL imaging; values represent means of three independent
experiments *+ S.E. (secretion level of full-length IDE was set as 1). **, p < 0.01; ***, (p < 0.001). a.u., arbitrary units.

TTS, 7CT, and the 7SlyX, were expressed at similar levelsand 376 amino acids showed strongly decreased expression and
showed similar localizations as compared with the full-length  aberrant localization, suggesting that this variant has decreased
variant of IDE. Only the TNLS variant that lacks the C-terminal  stability, likely due to impaired folding.
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Interestingly, although IDE has no classical signal sequence
for secretion, it is found in extracellular fluids including blood
and cerebrospinal fluid and also in conditioned media of cul-
tured cells (14, 19, 23). However, the mechanism by which IDE
is secreted was largely unclear. Only recently has it been shown
that IDE is predominantly secreted via a non-conventional
secretion pathway, which involves multivesicular bodies and
exosomes (13, 14). Notably, C-terminal deletions of IDE
decreased the secretion of IDE variants. Although the deletion
of the MTS motif slightly decreased secretion, larger trunca-
tions led to almost complete inhibition of IDE release. More
importantly, the specific deletion of the newly identified SlyX
motif also led to blockage of release, indicating that this
sequence plays a crucial role in non-conventional secretion of
IDE. Because the 7Ct form of IDE that contains the SlyX motif
also showed decreased secretion, interaction of the SlyX motif
with more C-terminal domains might also be involved in the
secretion process. Thus, it will be interesting to further evaluate
the structural requirements of IDE for efficient secretion.

Also, to assess involvement of the SlyX domain in protein
secretion, we fused the SlyX motif to GFP. Its addition drasti-
cally increased secretion of GFP into the medium indicating
that the SlyX motif may be sufficient for protein secretion via
non-conventional secretory pathway.

Interestingly, the same domain is present in other proteins,
which are reported to be secreted via non-conventional path-
ways, such as heparan sulfate proteoglycans (12) and phospho-
lipid scramblase 1 (24). Together, these results demonstrate the
importance of a novel hexapeptide sequence EKPPHY in non-
conventional pathways for secretion of IDE that we call the SlyX
motif. A selective targeting of this motif might help to modulate
release of the enzyme and thereby regulate extracellular degra-
dation of peptide substrates, including insulin and AfB.
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