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Human Insulin-Degrading Enzyme Shares Structural
and Functional Homologies with E. coli Protease II1

JOoSEPH A. AFFHOLTER, VICTOR A. FRIED, RICHARD A. RoTH*

A proteinase with high affinity for insulin has been proposed to play a role in the
cellular processing of this hormone. A complementary DNA (cDNA) coding for this
enzyme has been isolated and sequenced. The deduced amino acid sequence of the
enzyme contained the sequences of 13 peptides derived from the isolated protein. The
c¢DNA could be transcribed in vitro to yield a synthetic RNA that in cell-free
translations produced a protein that coelectrophoresed with the native proteinase and
could be immunoprecipitated with monoclonal antibodies to this enzyme. The
deduced sequence of this proteinase did not contain the consensus sequences for any of
the known classes of proteinases (that is, metallo, cysteine, aspartic, or serine), but it
did show homology to an Escherichia coli proteinase (called protease III), which also
cleaves insulin and is present in the periplasmic space. Thus, these two proteins may be
members of a family of proteases that are involved in intercellular peptide signaling.

ESPITE EXTENSIVE STUDIES, THE
D mechanism by which insulin elicits

its varied responses remains un-
known. Recent data implicate the intrinsic
tyrosine kinase activity of the insulin recep-
tor in the initiation of many of the biological
responses to insulin (7). However, other
proposed pathways include the generation
of a nc.:l inositol phosphate glycan (2),
effects via Ca?* (3), or possibly a direct
effect of insulin on subcellular organelles (4).
Also controversial has been the subsequent
processing of insulin by cells. Although it is
known that the same cells that respond to
insulin also degrade the hormone (5), the
fate of the internalized insulin has been
difficult to determine. For example, several
reports have indicated that the internalized
insulin is transported directly to lysosomes
where it is degraded (6); others indicate that
most of the insulin is first cleaved in a
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nonlysosomal pathway at several specific
sites (6).

One enzyme that has been proposed to
play a role in the cellular processing of
insulin is a proteinase (called insulin-degrad-
ing enzyme or IDE) with high affinity for
insulin (K4 = 100 nM). Although this en-
zyme was first described over 40 years ago
(7), its purification has proven very difficult
and considerable uncertainty still exists as to
its properties (size, specificity, and metal-
and thiol-dependence) (6). Evidence that this
proteinase participates in the intracellular deg-
radation of insulin includes the following: (i)
inhibitors of the purified proteinase inhibit
insulin degradation in cells (8); (ii) the insulin
cleavage sites observed in vitro with the puri-
fied proteinase are also observed in insulin
extracted from cells (9); (iii) microinjection of
monoclonal antibodies to this proteinase in-
hibits cellular insulin degradation (10); and

(iv) insulin can be cross-linked in intact cells
to this proteinase (11). However, since IDE is
primarily cytosolic, it has remained unclear
how the enzyme could come in contact with
endocytosed insulin.

In the current studies, we have used an
affinity column composed of monoclonal
antibodies to IDE (10) to purify 200 g of
the enzyme from 12 liters of packed human
red blood cells (12). The purified protein,
which gave a single band on SDS gels of M,
= 110,000, was found to have a blocked
NH,-terminus, a characteristic of many
cytosolic proteins. The enzyme was there-
fore digested with trypsin, the resulting
peptides were isolated by high-performance
liquid chromatography (HPLC), and the
sequences of 13 peptides were determined
by automated Edman degradation (12). Six
different synthetic oligonucleotides were de-
signed on the basis of five of these peptide
sequences and were used to screen various
cDNA libraries (12). A partial clone was
identified and used to obtain a full-length
cDNA from a Agtl0 human hepatoma li-
brary, and its insert was subcloned and se-
quenced (Fig. 1).

The sequence of this cDNA clone (3048
bp) contains a single open reading frame
(ORF) of 952 amino acids with an initiator
methionine codon at nucleotide 0 and a
terminator codon at nucleotide 2855 (Fig.
1). The predicted polypeptide encoded by
this cDNA has a calculated M, of 110,453
and contains the sequences of all 13 previ-
ously determined tryptic peptides. Codon
usage analysis of the ORF reveals a strong
preference for the “least common” codons
(13) at positions encoding highly hydrophil-
ic amino acids (Glu, Asp, Lys, and Asn),
which may decrease the efficiency of transla-
tion in vivo. This is consistent with the low
levels of this protein observed in most cells.
Sequence analysis reveals one possible glyco-
sylation site (Asn-X-Thr) at amino acids 732
to 734. A Kyte-Doolittle hydrophobicity
plot (14), however, shows no obvious NH,-
terminal signal peptide sequence, suggesting
that the protein is not processed and there-
fore not glycosylated. Finally, blot analyses
of total RNA from human lymphocytes
(Fig. 2) and human hepatoma cells
(HepG2) reveal message sizes of 3.1 and
3.5 kb, perhaps this is because of differences
in the processing of the RNA, but possibly
because of different isozymes.
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To confirm that the isolated cDNA codes

110,000 and two

contained in the “full-length” 3.1-kb band  major band of M;

d that coelectrophoreses with the smaller IDE

smaller bands of M, = 50,000 and 60,000
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but not control anti

in vitro transcription an
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translation of this synthesized RNA gives a

translation systems (Fig. 3). Greater than message on an RNA blot (Fig. 2). In vitro
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Fig 1. (Facing page) Nucleotide sequence and
deduced amino acid sequence of human IDE
(GenBank acquisition number M21188) and E.
coli protease III. Nucleotides and amino acids
corresponding to IDE are numbered. The amino
acid sequence of E. coli protease III (16) is aligned
with that of IDE and regions of >50% identity
are shaded. A 35-bp oligonucleotide probe (12)
was labeled with [y*?P]ATP with the use of T4
polynucleotide kinase (23) and was used to screen
cDNA libraries. Hybridization with this oligonu-
cleotide was for 14 hours at 42°C in 20% forma-
mide, 5X Denhardt’s solution, 6 X saline sodium
citrate (SSC) (1x SSC = 105 mM NaCl and 15
mM sodium citrate), yeast RNA (100 pg/ml), 10
mM sodium phosphate, pH 6.5, and 0.1% SDS,
and cells were washed at 50°C for 1 hour in 5%
SSC. A 2.5-kb cDNA was isolated from a Agt-11
human lymphocyte library (24) and subcloned
into pUC19; the 5’ 1400-bp (Eco RI-Sac I)
fragment was used to screen a Agt-10 human
hepatoma library (25). Hybridization with this
cDNA probe (labeled with random priming (23)
was for 14 hours at 42°C in 50% formamide, 5X
Denhardt’s solution, 5% SSC, yeast RNA (100
ng/ml), and 1% SDS; washing was at 50°C for 1
hour in 0.1x SSC and 1% SDS. A single full-
length (3.1 kb) cDNA was identified from this
screen. Suitable restriction fragments and exonu-
clease III fragments were subcloned into pUC19
and Bluescript (26) and sequenced by the dideoxy
double-stranded method (27). The sequences of
the IM-9 and HepG2 cDNAs were identical over
the overlapping region. Abbreviations for the
amino acid residues are as follows: A, Ala; C, Cys;
D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K,
Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R,
Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

Fig2.RNAblotanalysis A B

of in vitro—transcribed
RNA (A) and 20 pg of
total IM-9 RNA (B).
Total RNA was isolated
from IM-9 cells (23),
separated by electropho-
resis, and transferred to a
NYTRAN  membrane
(Schleicher and Schuell)
as described (28). Hy-
bridization with ran-
dom-prime (23) labeled
cDNA was exactly as de-
scribed in Fig. 1.

— 285

- -=—3.6kb
= <32k

-

— 188

M, = 110,000 band and the two smaller
fragments (Fig. 3C). The bands of lower M,
therefore appear to be fragments of IDE,
whereas the upper band is the fully translat-
ed product.

To determine whether IDE shares se-
quence similarity with other known protein-
ases, we performed homology searches of
the National Biomedical Research Founda-
tion and Protein Information Resource Da-
tabanks using either the Intelligenetics, Inc.,
Bionet system or the VAX/VMS facility of
the Stanford cell biology department. Man-
ual comparisons with known proteinase

9 DECEMBER 1988

Fig 3. SDS-PAGE analysis of purified IDE and in
vitro—translated IDE. (A) SDS-PAGE analysis of
IDE purified from human red blood cell lysates.
The gel was stained with Coomassie blue. (B)
SDS-PAGE analysis of the products after transla-
tion in a rabbit reticulocyte system of either 1 g
(lane 1) transcribed IDE RNA or a control with
no added RNA (lane 2). (C) SDS-PAGE analysis
of the immunoprecipitated products. The in vi-
tro—translated proteins were precipitated with
either monoclonal antibodies to IDE (lane 2) or
control monoclonal antibodies (lane 3). Lane 1
shows the anti-IDE—precipitated proteins from a
control in vitro translation without IDE RNA.
Bluescript vector (Stratagene) containing the 3.1-
kb IDE DNA segment was linearized with restric-
tion enzyme Xho I, extracted with phenol-chloro-
form, and precipitated with ethyl alcohol. For
transcription and translation we used the proce-
dures described by the suppliers (Stratagene for
transcription; ProMega Biotec for translation).
Briefly, the linearized plasmid was transcribed by
T7 RNA polymerase and translated in a micro-
coccal nuclease-treated rabbit reticulocyte lysate
in _the presence of 50 pCi of [*°S]cysteine and
[>*S]methionine (1000 Ci/mmol; ICN). A frac-
tion (1/20) of the radioactive products was sepa-

A B Cc

— 200

rated by electrophoresis on a 7.5% SDS-polyacrylamide gel, dried, and exposed to autoradiographic
film (Kodak XAR-5). The remainder was immunoprecipitated for 2 hours at 4°C with protein A
Sepharose coated with either control immunoglobulin or monoclonal antibodies directed against IDE.
Immunoprecipitated products were separated by electrophoresis with the same method. Markers are

shown as M, X 10°.

consensus sequences (15) were also done.
Theses analyses revealed no significant ho-
mologies between IDE and the classical
metallo, cysteine, aspartic, or serine protein-
ase.
Surprisingly, the sequence of IDE is ho-
mologus to that of Escherichia coli protease
III (16) (Fig. 1). Overall sequence identity is
26%, but when conserved amino acid
changes are included as matches, the similar-
ity increases to 46%. Three regions of high-
er homology are readily visible: amino acids
69 to 121, 208 to 254, and 821 to 834 share
57, 54, and 80% sequence identity, respec-
tively (Fig. 1). These regions may be con-
served because they play an important role
in the active site and catalytic mechanism of
IDE and protease III. Furthermore, these
high-homology regions may serve as con-
sensus sequences for identifying related
members of this family.

In addition to sharing sequence identity,
both proteinases are remarkably similar in
molecular mass (110,000 versus 107,000)
and both are dependent on divalent cations
for activity (6, 7, 17). Both enzymes hydro-
lyze the insulin B chain at two of the same
sites, and both proteinases also cleave gluca-
gon (17, 18). E. coli protease III differs from
IDE in not being sensitive to sulfhydryl-
modifying agents and in having an NH,-
terminal signal sequence that directs the
enzyme to its periplasmic location (16, 17).
A proteinase similar in its properties to IDE
and protease III was also recently isolated
from Drosophila melanogaster (19).

The availability of a cDNA clone encod-
ing for human IDE should allow additional
tests of the role of this enzyme in insulin
signaling in mammalian cells. Moreover,
this cDNA should allow one to determine
whether the elevated synthesis of this en-
zyme is responsible for the increased degra-
dation observed in certain patients with
insulin resistance (20). Finally, this cDNA
should allow us to test whether this protein-
ase has other roles; for example, similar
proteinases have been proposed to function
in membrane fusion (21), muscle differentia-
tion (22), and intracellular turnover of pro-
teins (18).
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12. IDE (200 wg) was purified at 4°C from 12 liters of
packed human red blood cells in batches of 1.6 liters
cach, as follows. Cells were centrifuged at 1,500,
washed with cold phosphate-buffered saline (PBS),
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Many Transcription Factors Interact
Synergistically with Steroid Receptors

RoLAND SCHULE, MARC MULLER, CHRISTIAN KALTSCHMIDT,

RAINER RENKAWITZ

Progesterone (PRE) or glucocorticoid receptor (GRE) DNA binding sites are often
found clustered with binding sites for other transcription factors. Individual protein
binding sites were tested without the influence of adjacent factors by analyzing isolated
combinations of several transcription factor binding sites with PREs or GREs. All
show strong synergistic effects on steroid induction. The degree of synergism is
inversely related to the strength of the GRE. Thus, a steroid responsive unit can be
composed of several modules that, if positioned correctly, act synergistically.

NE OF THE FIRST SYSTEMS IN

which regulatory sequences and

the corresponding trans-acting fac-
tors were characterized was that of steroid-
inducible gene expression (). Active ste-
roid-receptor complexes bind with high af-
finity to sites in the chromatin and, by an
unknown process, regulate transcription of
specific genes. Progesterone or glucocorti-
coid receptor binding sites (PRE/GRE) in
several cases are tightly clustered with other
regulatory sequences: upstream of the chick-
en lysozyme gene (2, 3) and the human
metallothionein IT4 gene (4) and in the long
terminal repeats (LTRs) of murine mamma-
ry tumor virus (MMTV) (5, 6), murine
sarcoma virus (MSV) (7), and Moloney
murine leukemia virus (Mo-MuLV) (8). A

PRE/GRE 29bp

computer search revealed many more simi-
larities to transcription factor binding sites
in the direct vicinity of PREs and GREs (9).
We thus hypothesized that the DNA-bound
progesterone or glucocorticoid receptor can
cooperate with other transcription factors.
This idea is supported by the fact that some
receptor binding sites seem to be nonfunc-
tional when analyzed individually (5, 10-
12). Because single interactions between
pairs of bound transcription factors cannot
be analyzed within a complex cluster of
binding sites, we have tested combinations
of several transcription factor binding sites
with binding sites for the progesterone or
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Fig. 1. Different combinations of PRE/GRE transcription factor binding sites were cloned in front of
the fusion gene tkCAT. Binding sites for CACCC-factor, NF1, CP1, Spl, and OTF were synthesized
and cloned at a distance of 29 bp to the PRE/GRE. As a control the mutagenized CACCC-box
(CACCC¥) and an unrelated linker sequence were also cloned at the same distance.
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