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More than 142 million people in the world
suffer from diabetes mellitus; according
to the World Health Organisation, this
number is expected to double by the year
2025. This chronic disease, a dysfunction
of carbohydrate and lipid metabolism, is
caused by the failure of the pancreas to
produce (sufficient amounts of) insulin.
Diabetes can also be due to mutations in
the insulin receptor which prevent the
hormone from binding to and signalling
through it. Thus, both sufficient availabil-
ity of insulin and a functioning insulin
receptor are essential for glucose homeo-
stasis.

While external application of insulin
has been used for the treatment of
diabetes patients since the early 1920s,
it has so far not been possible to match
the insulin levels in healthy individuals as
they vary throughout the day, depending
on glucose uptake. Until now, the focus of
the development of insulin analogues has
been on generating variants with a modi-
fied ability to self-associate. A prominent
example is LysPro insulin®’@ which shows
a significantly reduced self-association
and fast absorption upon subcutaneous
injection. A long-acting insulin, Hoe901,
will be introduced into the market this
year. Strong interhexameric contacts in-
troduced by “crystal contact engineer-
ing"l'™ are responsible for stabilization of
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Hoe901 crystals formed in the subcuta-
neous space, thereby generating an in-
sulin depot with protracted glucose-low-
ering activity, and resulting in a much
improved basal insulin supply.l'e!

While these new developments cer-
tainly contribute to an increased quality-
of-life, several injections of fast-acting
insulins before meals plus one injection
of a long-acting preparation will continue
to be the day-to-day reality for most
type | diabetes patients. At present, an
orally applicable insulin preparation re-
mains a dream. However, chances are that
it could become reality one day, if we
continue to improve our understanding
of the interactions between insulin and its
receptor, thereby facilitating the design of
small-molecule insulin agonists. Today,
there is no full consensus as to what the
receptor binding sites of the hormone are
(see below), and even the 1:1 stoichiom-
etry of the interaction is debated by
some. This is due to the severe lack of
structural information on the insulin -re-
ceptor complex. Efforts to crystallize this
complex for X-ray structural analysis have
been made throughout the past two
decades, with little success. It became
increasingly clear that a “divide and
conquer” approach would be more prac-
tical. This route was recently followed by
Luo etal.,”” who determined the tertiary
and quaternary structure of the insulin-
receptor complex at low resolution by
cryoelectron microscopy and interpreted
their findings with the help of the avail-
able X-ray and NMR structures of isolated
domains.

The insulin receptor is a disulfide-linked
(af), dimer of molecular mass 480 kDa.
Each monomer consists of an a- and a -
chain, again linked by a disulfide bond."!
The a-chain is extracellular, whereas the
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pB-chain consists of a short extracellular
portion (which, together with the entire
a-chain, constitutes the ectodomain of
the receptor), a single transmembrane
segment, and an intracellular tyrosine
kinase domain. Thus, the insulin receptor
differs from most other tyrosine kinase
receptors by being in an intrinsic dimeric
state even in the absence of the ligand.
Binding of insulin to the extracellular a-
chain results in autophosphorylation of
specific tyrosines in the cytoplasmic do-
main and the initiation of an intracellular
signal transduction cascade.” However,
the structural basis for insulin receptor
activation upon ligand binding is a riddle
yet to be solved.

Thanks to the efforts of X-ray crystal-
lographers and NMR spectroscopists,
three-dimensional structures for some
building blocks of the insulin receptor
are available today. In 1998, the crystal
structure of the first three N-terminal
domains of the a-chain of the homolo-
gous receptor for insulin-like growth
factor 1 (IGF1) was solved.@ This frag-
ment, which comprises part of the IGF1
binding site (although it fails to bind the
hormone), consists of the domains L1,
cysteine-rich, and L2 (together known as
the “LCL region”). The same domains are
present in the insulin receptor a-chain.
The rest of the ectodomain largely com-
prises three fibronectin type lll domains,
to which both the a- and f-chains con-
tribute. Structures of several homologous
domains in other proteins, including
fibronectin itself, have been determined
by X-ray crystallography and NMR spec-
troscopy.**-4 Finally, the crystal structures
of the intracellular tyrosine kinase domain
with and without a bound ATP analogue
and a peptide substrate have been de-
termined,”*? providing a high-resolution
picture of the conformational changes
likely to occur in this domain upon
receptor activation.

Previous electron microscopic (EM)
studies have been carried out on deter-
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gent-released whole receptors®@ and
solubilized receptors reconstituted into
lipid.®! The images of the whole receptor
suggested a thin T-shaped molecule.’62*!
In contrast, images reported for the
soluble ectodomain alone showed varia-
ble shapes.*“@ Some light was recently
shed onto the ectodomain structure by
the preparation of Fab-ectodomain
complexes which revealed a U-shaped
form, containing a cleft between the two
arms wide enough to accommodate a
ligand.®® These data also provided the
first experimental evidence for the inter-
nal symmetry model proposed by De
Meyts.”? Compared to previous studies,
the approach of Luo etal? offers a
number of advantages. In contrast to
negative staining, cryofixation, as applied
in their work, should prevent any severe
chemical modification and the receptor
molecules can be expected to be in a
more functional state. Application of
STEM (scanning transmission electron
microscopy) with a beam size of only
3 A at —150°C and a low dose of 6 e A2
yields a higher resolution (20 A) and low
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Figure 1. 3D Reconstruction of the insulin - receptor complex with twofold symmetry, shown at approximately

sample damage. For identifying and de-
limiting the insulin-binding site, a 70-
atom gold cluster was coupled to the N
terminus of the B chain (residue Phe-B1)
of bovine insulin. This residue is not
directly involved in receptor binding.
The 3D reconstruction of the insulin -re-
ceptor complex at the full expected
volume is—in contrast to previous stud-
ies—compact and globular, while at an
intermediate density threshold, single
domains become visible with a strong
twofold vertical symmetry (Figure 1). The
high density of the gold label identifies
the extracellular region in the reconstruc-
tion and for most of the complexes, it
reveals the binding of just one insulin
molecule per receptor molecule.

What do we know about the insulin
binding site? Can the electron micro-
scopic 3D reconstruction help us see
conformational changes upon insulin
binding? It has been shown previously
by use of a photoreactive insulin that the
latter binds to the LCL region of the
insulin receptor.®® These three domains
(see above) form the minimal binding

Side view | 255

70% of full volume. Labels, for only one a8 monomer, refer to biochemical domains. The arrowhead (TM)
indicates the proposed position of the cell membrane. L1, C-R, and L2 = L1, cysteine-rich, and L2 domains,
respectively; CD = “connecting domain” (a putative fibronectin Ill domain); Fn1 and Fn2 = fibronectin Il
domains 1 and 2; TK=tyrosine kinase; TM = transmembrane domain. (Reprinted with permission from Luo
et al., Science 1999, 285, 1077 - 1080. ©American Association for the Advancement of Science, 1999).
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fragment of the receptor, and are respon-
sible for the initial, low-affinity ligand-
binding event.®¥ Surprisingly enough, it
was shown by the crystal structure of the
LCL region of the IGF1 receptor® that the
L domains exhibit a parallel -helix archi-
tecture with a-helices capping the N- and
C-terminal ends (Figure 2). The cysteine-
rich domain consists of a series of disul-
fide-linked modules. A large cleft is

c

Figure 2. Ribbon diagram of the L1, cysteine-rich,
and L2 domains of the insulin-like growth factor 1
(IGF1) receptor showing the putative ligand binding
site between the three domains. Residues important
for ligand binding are located on the underside of
the L1 domain (indicated by the arrow) and in the
loop of the cysteine-rich domain. (Reprinted with
permission from Garrett et al., Nature 1998, 394,
395-399. ©Nature Macmillan Publishers Ltd., 1998).

formed by the three domains, which is
believed to be the site of ligand binding.
Facing the cleft is a S-sheet from the
underside of L1 and an extended loop
from the cysteine-rich domain. The size of
the cleft as observed in the structure is
slightly too large to bind IGF1 tightly; yet
an approximately 25° rotation of the L2
domain towards the L1 domain would be
sufficient to produce a cleft in which all
three domains could contact IGF1.54 A
rotation of the L2 domain was suggested
to be one element of the signal trans-
duction mechanism used by the IGF1 and
insulin receptors. Unfortunately, the reso-
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Insulin — Receptor Structure

lution of the electron microscopic 3D
reconstruction by Luo et al.? (Figure 3) is
not yet high enough to make such move-
ment visible.

Why is there only one insulin monomer
bound to the dimeric insulin receptor?
Luo et al? observe a slightly asymmetric
location of the gold-labeled insulin on the

mains of one a-subunit and to the L2
domain of the other (Figure 3b). This is
also supported by previous results re-
viewed by Mclnnes and Sykes.®¥ Inves-
tigations with many site-specific mutants
have generated information on the resi-
dues and regions of insulin involved in
receptor binding, although it is not easy

to make a distinction between each
residue’s role in receptor interaction and

receptor surface and suggest insulin
binding to the L1 and cysteine-rich do-

Figure 3. Fitting of the known X-ray structures of domains to the 3D reconstruction from electron microscopy.
a) Schematic presentation of the domain organization for one oS monomer. Structures not to scale;
a-subunit, red; 3-subunit, blue and green; unknown structures, spheres or lines. Labels: A= activation loop, 1,
2, and 3 = positions of specific cysteine residues. Other labels as described in Figure 1. b) Fitting of LCL domains
as approximate cylinders to the insulin receptor ectodomain (wire mesh representation). One insulin molecule
(purple ribbon) is shown inserted with its receptor-binding sites contacting the L1 and cysteine-rich domains
(red) of one a-subunit and the L2 domain of the other. The gold marker (yellow) coincides with a high-density
site. ¢) Right-angle view of (b) with LCL domains, fitted tyrosine kinase structure (green),** two dimeric Fnlll
structures (blue and red), A loop (black) of the left tyrosine kinase domain in crystallographic position, and
A-loop (dark-blue) of symmetry-related kinase extended to overlap peptide substrate of opposite kinase."”
d) Right-angle top view of (c) without the LCL domains. One wire mesh square is 6.5 A. (Reprinted with
permission from Luo et al., Science 1999, 285, 1077 - 1080. ©American Association for the Advancement of
Science, 1999).
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in ensuring the integrity of the fold of the
hormone. Current belief is that there is a
primary receptor binding site comprising
residues A1-A5, A16, A19, and, perhaps,
A21 in the insulin A chain, and B12, B15,
B16, B23, B24, B25 and, possibly, B26 in
the B chain.®®e9! A secondary site consist-
ing of leucines A13 and B17 has also been
described.®" Obviously, two distinct bind-
ing surfaces on insulin are required to
achieve cross-linking to the binding sites
on each of the a-subunits of the recep-
tor.B This would also explain the neg-
ative cooperativity of insulin binding®!
and the low binding affinity of insulin
receptor monomers. B!

Prior to the work of Luo etal.,? the
relative orientation of the fibronectin
type lll (Fnlll) domains in the extracellular
juxtamembrane region was totally un-
known. There are three such domains in
tandem, one each in the a- and fS-
subunits and one shared between the
two.®»><d However, Luo etal.? did not
observe them in a linear array as in the
structure of fibronectin itself,*® but in a
much more compact form (Figure 3a).
These domains form at least two inter-
chain disulfide bonds®® and may play a
role in dimerization.”® The L2-proximal
Fnlll domain, frequently also called the
“connecting domain”, was suggested to
be involved in the signal transmission to
the tyrosine kinase.”

What does the combined information
from electron microscopy and X-ray crys-
tallography tell us about the cytoplasmic
domain? The overall architecture of the
tyrosine kinase domain comprises an
N-terminal lobe whose predominant
structural feature is a five-stranded /-
sheet, and a larger C-terminal lobe which
is mainly a-helical. ATP binds in the cleft
between the two lobes, and the tyrosine-
containing substrate binds to the C-ter-
minal lobe. Three tyrosine autophosphor-
ylation sites are present in the activation
loop of the domain (Tyr1162/1163/1158).
In the absence of insulin, a conformation
of this loop is favored with Tyr1162
engaged in the active site and both
substrate and ATP binding sites being
inaccessible.”® Upon ligand binding,
however, a conformational change places
the activation loop within reach of the
active site of the other subunit in the
dimer, thus permitting trans autophos-
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phorylation."” The latter results in a
dramatically different loop conformation
(Figure 4).5% This allows unrestricted ac-
cess to the binding sites for ATP and
protein substrates (neighboring insulin
receptor f-chain and downstream sub-
strates such as IRS-2), and facilitates the

Figure 4. Ribbon diagram of the phosphorylated
tyrosine kinase domain of the insulin receptor. The
a-helices are shown in red, the 3-strands in blue, the
nucleotide binding loop (N-loop) in yellow, the
catalytic loop (C-loop) in orange, the activation loop
(A-loop) in green, the ATP analogue AppNHp in
black, and the peptide substrate in pink (ribbon
below (311). The termini are denoted by N and C.
(Reprinted with permission from Hubbard, EMBO J.
1997, 16, 5572 - 5581. ©Oxford University Press,
1997).

proper spatial arrangement of residues
involved in MgATP coordination. The
electron microscopic study of Luo et al.”?
is not in disagreement with these ideas
but lacks the resolution to provide much
support either.

We now have an almost complete
three-dimensional picture of the mutual
arrangement of domains that compose
the insulin receptor. However, further
improvement of resolution of the model
will be required to finally shed some light
on the process of signal transmission. A
first step in that direction has been
achieved by the work discussed here.?
The newly gained knowledge of the
tertiary and quaternary structures may
assist crystallization studies and help us to
obtain X-ray grade crystals of the whole
ectodomain or even the whole receptor,
and of the complexes with insulin, thus
making real high-resolution studies pos-
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sible. On the other hand, one has to be
aware of the limitations of cryoelectron
microscopy, not only in terms of resolu-
tion. For example, the fixation of func-
tionally intact receptor molecules on a
support may not necessarily yield a
realistic model. Thus, Luo et al.? indicate
that the membrane-spanning portion of
their 3D reconstruction is much thicker
than one would expect.

In summary, it can be safely stated that
the known pieces of the puzzle fit nicely
together, but that several important parts
are still missing. Further progress in
understanding the structural basis of
receptor activation, including more accu-
rate determination of the molecular rec-
ognition sites on both the ligand and the
receptor, will in the future allow us to
focus on the development of insulin
analogues with a modified receptor in-
teraction. New and exciting advance-
ments in the design of therapeutic agents
for the treatment of diabetes almost
certainly lie ahead.
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