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ABSTRACT. Transmembrane signaling via receptor tyrosine kinases generally requires oligomerization of
receptor monomers, with the formation of ligand-induced dimers or higher multimers of the extracellular
domains of the receptors. Such formations are expected to juxtapose the intracellular kinase domains at
the correct distances and orientations for transphosphorylation. For receptors of the insulin receptor family
that are constitutively dimeric, or those that form noncovalent dimers without ligands, the mechanism
must be more complex. For these, the conformation must be changed by the ligand from one that prevents
activation to one that is permissive for kinase phosphorylation. How the insulin ligand accomplishes this
action has remained a puzzle since the discovery of the insulin receptor over 2 decades ago, primarily
because membrane proteins in general have been refractory to structure determination by crystallography.
However, high-resolution structural evidence on individual separate subdomains of the insulin receptor
and of analogous proteins has been obtained. The recently solved quaternary structure of the complete
dimeric insulin receptor in the presence of insulin has now served as the structural envelope into which
such individual domains were fitted. The combined structure has provided answers on the details of insulin/
receptor interactions in the binding site and on the mechanism of transmembrane signaling of this covalent
dimer. The structure explains many observations on the behavior of the receptor, from greater or lesser
binding of insulin and its variants, point and deletion mutants of the receptor, to antibody-binding patterns,
and to the effects on basal and insulin-stimulated autophosphorylation under mild reducing conditions.

Cell—cell communication in multicellular organisms is molecules are secreted by one type of cell and bind to specific
crucial to the coordination of their physiological function. surface receptor molecules on appropriate target cells. These
For such an interaction to occur at a distance, signaling ligandcell surface receptors take on the role of transducers in the
cell membrane which initiate the signal cascade that results
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quaternary structure of the entire insulin receptor complexed indicative of IR dimer activation by transphosphorylatid (
with insulin has been obtained by electron microscaly (  In addition, the crystallographic structure of the N-terminal
In combination with the structures of insulin and of individual domains of the IGF-1 receptor has become availad®), (
subdomains of the receptor solved at atomic resolution, the permitting now the docking of the exact or highly analogous
complex has now not only provided details of insulin binding atomic structures of virtually all subdomains of IR into the
but also illuminated the mechanism of transmembrane quaternary structure of the complex. This has prompted a

signaling. reexamination of the structural details of the interaction of
The existence of a membrane receptor specific for insulin insulin with the receptor and an elucidation of the mechanism
in insulin action was postulated some 30 years &304j. of insulin signaling from extracellular binding to intracellular

The first experimental evidence directly demonstrating such TK activation. It illuminates the crucial first step in the signal
an insulin-specific receptor protein was obtained in 1978 by cascade initiated by insulin binding for its normal metabolic
photoaffinity labeling §). In 1985 the primary structure of  processes and for the multitude of insulin-related diseases.
the insulin receptor was elucidateg) 7). The insulin receptor

belongs to the superfamily of transmembrane receptor Downstream Cascade

tyrosine kinases (TKs)8} which include the monomeric
receptors of the epidermal growth factor (EGF), of the ) Lo S
platelet-derived growth factor (PDGF), of erythropoietin above, there is an almost bewildering similarity in the
(Epo), of vascular endothelial growth factor (VEGF), and intracellular signaling pat_hways |n|_t|ated by these proteins.
of fibroblast growth factor (FGF) and close to 10 other For aII_ receptor TKs, the binding (_)fllgand to th_e e>_<trace||ular
receptor TK familiesg, 10). In contrast, the insulin receptor domain leads to phosphorylation and activation of the

(IR) is an intrinsic disulfide-linked dimer of heterodimeric Y0Siné kinase in the cytoplasmic domain. This in turn
disulfide-linked proteins of the formag), as are its activates a number of common downstream signaling

homologues IGF-1R (insulin-like growth factor 1 receptor) molecules, such as phospholipas¢,q:}hc_)sphatidylinositol
and IRR (insulin receptor-related receptd) 11). Each IR 3 (PI3) kinase, GTPase-activating protein, pp60c-src, p21ras,

o subunit of theo,3 monomer has a molecular mass of 135 Raf-1 kinase, and MAP kinases)(
kDa; eachB subunit, 95 kDa. Thex subunits are entirely For the EGF and PDGF receptors, intracellular signaling
extracellular, whereas thesubunits contain an extracellular is mediated via the Src homology 2 (SH2) domains of
portion, a transmembrane domain, and an intracellular partadaptor and effector proteins that attach to specific phos-
that includes a TK domain. phorylated tyrosine residues of the recept@i.(In contrast,
Monomeric receptor TKs are inactive but are activated intracellular insulin receptor signaling events are mediated
by the extracellular binding of ligand which induces a Primarily through the family of insulin receptor substrates
noncovalent oligomerization that results in autophosphory- (IRS), such as the 185 kDa protein IRS-1 with-Z2
lation of the intracellular TK domains. For many of these Ppotential tyrosine phosphorylation sites that in turn bind
receptors, such as the EGF and FGF receptors, ligand bindingrarious SH2-containing downstream protei@8)( Such an
induces receptor dimerization for activatim(—la_ Three- interaction of IRS-1 with the PI3 kinase molecule leads to
fold receptor complexes are formed by three monomeric one of the diverging branches of the insulin signaling
units, such as the extracellular domains of DR5 (death Pathways believed to be critical for the increase in cellular
receptor 5) that bind the trimeric TRAIL ligand (tumor glucose transport that occurs in response to insulin binding
necrosis factor-related apoptosis-inducing ligand) in crystals (29, 30). This path includes the insulin regulatable glucose
(19, 20) and are thought also to do so in vivo for triggering transporter (GLUT4) system and results in translocating
of apoptosis. In contrast, the already covalently dimeric IR- GLUT4 proteins from a sequestered intracellular pool to the
like receptors are inactive without ligand and are activated Plasma membraneg{). A second insulin-activated pathway
by ligand binding without further oligomerization. Thus the increases the enzymatic activity of glycogen synth@a,
structure of the dimeric IR receptor must inhibit the activation While other metabolic effects include lipogenesis, lipolysis,
of its TK in the absence of insulin and permit the activation and protein synthesis. Growth-promoting effects of insulin
upon binding of this ligand. Many authors, such as Taylor include DNA synthesis, cell division, and differentiation
et al. 1), logically suggest a general mechanism in which (reviewed in ref9).
an insulin-induced conformational change in the extracellular ~ With such a diverse network of insulin-mediated biological
domain of the receptor causes the two receptor monomerresponses, it is not surprising that malfunctioning of the
halves to move closer together and, in doing so, increasesinsulin signaling system would lead to the manifestation of
the receptor kinase activity via a conformational change in a variety of physiological disorders or complications resulting
the intracellular domain. However, how the addition of from the development of diabetes, including neuropathy,
insulin to the receptor accomplishes these conformational nephropathy, retinopathy, and cardiovascular diseases. The
changes was not known, since the quaternary structure ofinsulin signaling system can be divided into three compo-
the IR dimer had not been solved, and high-resolution detail nents: insulin and its production, the insulin receptor, and
was available only for several unconnected subdomains ofdownstream elements coupled to the insulin receptor kinase.
the receptor based on crystallography or modeling of highly Normal carbohydrate metabolism is dependent on the
analogous domain22—25). complex and finely balanced interplay between the three
The quaternary structure of the insulin-bound IR dimer components. The lack of insulin, due to the destruction of
complex was solved by 3D reconstruction from scanning pancreatig cell, leads to type 1 insulin-dependent diabetes.
transmission electron micrographs. The structure showed thafType 2 diabetes, occurring in approximately 5% of North
binding of a single insulin molecule results in a conformation Americans, with a prevalence as high as 37% in some native

Despite the differences in the receptor TKs mentioned
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other dimerizingo.—a disulfide bond is formed between
corresponding FnO domains. In the intracellular region of
the subunit only the TK domain structure has been solved
both in the inactive form and when liganded with a peptide
substrate 42, 23).

Electron microscopic studies provided two-dimensional
views of the IR ectodomain and of the entire IR complex
that indicated X-, Y-, and V-shaped structur86<38). The
recent 3D reconstruction from scanning transmission electron
cryomicroscopy of the insulin-bound IR dimet) (ndicated
a roughly globular aspect within which the higher densities
at different orientations provided a ready interpretation of
the continuity and connectivity of the 2-fold symmetric
structure (Figure 2). Moreover, different views of the higher
density representations also indicated the presence X-, Y-,
and V-shapes within either the ectodomain portion or the
complete complex. The presence of bound insulin labeled
Ficure 1: Sequential spatial arrangement of the subdomains of with an ‘?a.s”y visible gold marker_permitted the identif_ication
one o8 monomer of the insulin receptor deduced from the 3D and division of the structure into the ectodomain, the
structure 1). The N-terminus of thex subunit (red section) is at  transmembrane region, and the intracellular comporgnt (

the top, and the C-terminus of tiflesubunit (blue section) is near  This in turn suggested a logical structural domain sequence

the bottom. The domains and their delimiting amino acid sequences ; ; ; ;
are as follows §): aN-terminal-1—L1-158/159-cysteine rich for the biochemical domains (Figures 1, 2, and 6b). The

(CR)-310/311L2—470/471-fibronectin0 (Fn0y 572/573-aFn1—  Sequence assignment also readily explained the pattern of
661/662-o-insert domain (IDY-719—aC-terminal;3N-terminal- antibody binding observed by Tulloch et aBg], in which
724-BID—779/7806-Fn1-816/817fFn2—913/914-exterior jux- pairs of antibodies to FnO and to tigeinsert domain near
tamembrane 929/930-transmembrane (TM)952/953-interior Fnl (near opposing ends of the reconstruction) provided a

juxtamembrane977/978-tyrosine kinase (TkK}1283/1284-C- ; ; St : :
terminal regior-1388-/3C-terminal. Other important residues are parallel line aspect, while the combination of antibodies to

Cys524 (denoted by 1), which forms am-a bond on the 2-fold N0 and to the Cys-rich domain near the central region
symmetry axis, as does one of Cys682, Cys683, or Cys685 (shownresulted in a cross-pattern for the antibodies on the dimer
as 2). Ano—p bond is formed by Cys647 in Fnl of tlesubunit ectodomain.

and Cys872 in Fn2 of thg subunit (shown as 3). x marks the o ; :
cleavage site between tleeand subunits in the proreceptor with The connectivity and the shape of the higher density

the elimination of four amino acids.AC denotes the catalytic loop ~ Structural elements have provided the potential of docking
and the activation loop [residues 1130137 and 11491170, different atomic domains into the complete 3D reconstruc-
respectively 22, 23)]. tion. Although the total structure was only at a resolution of
2.0 nm, the center of mass of different domains is defined
to within about 0.2 nm, and the shape of the envelope
provides a severe constraint to potential rotations in the fitting
of asymmetric structures. Thus the atomic structures for Fnl
and Fn2 could be readily fitted into the reconstruction of
the IR dimer, as could the TK domain)( Moreover, the
activation loops of the pair of TK domains were then in a
position and at a distance to fit a bridging mass and reach
the opposing domain for activation by transphosphorylation
(see also Figures 5b and 6b).

Insulin Receptor Structure Similarly, the recent monomeric structure of the-tQys-
rich—L2 (LCL) domains of the analogous IGF-1 receptor
has been fitted symmetrically into the dimeric reconstruction
after adapting its sequence to the equivalent IR sequence.
The fitted structure is shown in Figure 3, after several rounds
of energy minimization calculations to eliminate atom
clashes.

populations 83), generally is the result of a combination of
peripheral insulin resistance and defectgtoell function.
Recent advances from the use of transgenic mice to alter
the expression of either the insulin receptor or specific
members of the IRS family in a tissue-specific manner
suggest the multisystem nature of insulin resistance that
involves the insulin receptor and receptor-coupled down-
stream events (reviewed in rgf).

The domain structure of IR is shown for oa§ monomer
in Figure 1 in a schematic representation that was derived
from the 3D quaternary structuré)( The L1-Cys-rich—
L2 domain structure has been solved by crystallography for
the homologous IGF-1 receptdq). The next three domains,
fibronectin type lll-like domains FnO, Fnl, and Fn2, have
been modeled after many such structures solved by NMR |5uiin Binding Region
spectroscopy and crystallograph24( 25, 35). No other
extracellular domain has been solved in detail. The seven- The fit of the two LCL regions forms a diamond-shaped
stranded beta-sandwich Fnl domain links the two subunits,central tunnel (Figure 3). In this arrangement the walls of
being composed of four beta strands from ¢éhgubunit and the tunnel and its entrances are lined with almost all of the
three from thef subunit and containing a covalent bond amino acids that have been linked to the binding of insulin
between the two subunits via Cys647 and Cys872. The (Table 1). The atomic structure of human insulin fits into
C-terminal region of thex subunit, theo-insert domain, this tunnel as shown in Figure 3 and detailed in the
emerges from Fnl at Phe662 and forms one of the two stereoview in Figure 4a, involving binding sites on bath
disulfide bonds that link correspondingd monomers. The  monomers. Insulin proximity to one monomer juxtaposes
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electrostatic salt bridges, with no obvious hydrophobic
components (Figure 4c). These interactions and others are
listed in Table 1, with corresponding side chains rotated
toward each other to a minimum of 2.5 A where possible.
Amino acids Argl4 and Ser323 of IR have been shown to
affect insulin binding but are too distant in this structure for
direct interactions with insulin, without water molecules to
bridge the gap or potential hydrogen bond chains through
other side chains (Table 1). However, these distances could
be slightly smaller if the relative angles between the L1, CR,
and L2 subdomains had not been kept constant during the
adaptation of the LCL structure of the IGF-1R structure to
the sequence of IR.

One constraint on the docking of insulin was the need to
satisfy the location near L1 of the Nanogold label attached
to PheB1l of insulin for electron microscopyl)( This
requirement was easily satisfied by flexing the insulin B
chain between amino acids-6, a motion that appears to
occur naturally, as judged from different crystal structures
of the molecule 39). In the crystal structure of human insulin
the B-chain N-terminal amino acids lie against insulin in the
direction toward the viewer (Figure 4a,b).

The components of the insulin binding tunnel are naturally
arrayed such that the two EICR regions can readily
separate by rotating toward the Fn1/Fn2 region of their own
C monomer. Insulin can bind to each LCL component in one
of two orientations using one of two sets of binding sites as
indicated in Table 1Each of these orientations puts insulin
in the correct position to bind to the complementary set of
sites on the other unliganded monomer. Two insulin mol-
ecules might bind to the dimeric receptor in the open position,
but high-affinity binding of insulin would involve both sets
of sites in an insulin-induced closed position of the two
monomers and would preclude the binding of a second
insulin ligand.

Fibronectin and Insert Domain Linkers

The linkage in the ectodomain between the LCL regions
and the IR transmembrane domain is via three fibronectin
FIGURE 2: Three-dimensional structure of the human insulin type Il (Fn) domains and two insert domains of still
receptor reconstructed from images of the purified dimeric insulin unknown structure, one each on th@nd/ subunits of each

{ecem‘?r complexed with i”;‘)‘(”? )Ogtai“‘?g t\ﬂa 'Ohwlgose Sca“t”ing monomer. This region also provides the two disulfide bonds
ransmission cryomicroscopy)( (a) Density threshold representa- : : I
tion at 100% of the total volume showing roughly globular structure. that covalently link twoo. subunits to form the constitutive

The ectodomain region is in the upper half, above the transparent!R dimer @0). From considerations of symmetry of thef).
disk representing the approximate position of the cell membrane; dimer, the twoo—a disulfide bonds occur one above the

intracellular domains are below. Regions of ax@ monomer of other on the 2-fold symmetry axis of the dimer (labeled 1
the dimeric structure labeled as determined from insulin location, and 2, Figure 1).

connectivity, mass distribution, and fitting with subdomains of . . .
known structures. The maximum diameter is 150 A. (b and ¢)  1Wo of the Fn domains, Fnl and Fn2, are not involved in

Density threshold at 85% of the total volume to show connectivity dimer formation and have been modeled into the 3D
ggftrgcmtrteh (b) th_ewl as _See_f:hln the pl??et(r)]f the mem(br)arll_e,brOIt_atedreconstruction as the normal seven beta-strand fibronectin
about the vertical axis with respect to the view in (a). Labeling ; i ;
as in (a). (c) View as seen from the exterior of the cell, down the t)llge'llllstc;l:ccturetg, 2:’ iS()j (Flggre S)II-II—:hE(!)l msdetr; domain id
2-fold symmetry axis of theo(3), heterodimer, with fainter regions (ID)is le rom the =nl domain past =nuan € near siae
of structure on the distal side of the membrane disk. Arrowheads Of the L2 domain to the diad axis of the dimer. Here it forms
(white) point to the cam-like feature (see text), and the arrow (black) one of thea—a disulfide bonds with its symmetric partner
points to the connecting tether. For domain abbreviations see Figurejnsert domaingID, Figure 5a). The location of the remaining
L 34 C-terminal amino acids of the subunit is unknown,
although the final 1216 residues, which assist in insulin
major hydrophobic areas on the insulin B chain and on L1, binding @, 41-43), must be near the centrally located
as well as charged amino acids with matching side chainsinsulin-binding site.
on the CR and L2 regions (Table 1, Figure 4b). Interactions  The structure of Fn0, designated CD in prior descriptions
of insulin with the other monomer are predominantly (1, 35, 44), is more problematical. The domain sequence of
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Ficure 3: Side view (parallel stereo) of the IR dimer structure at the volume corresponding to total receptor mass, in wire mesh representation
(brown), at a slight rotation compared to Figure 2a, fitted centrally with two LCL regions of IR as adapted with the IR seGuande (

the coordinates of the corresponding IGF-1R struct2ée The amino acid backbone representation is shown as ribbons. One LCL monomer
region is shown as green with LCL regions labeled; the other is shown as orange-brown. Insulin in backbone representation (fuchsia) is
modeled into the diamond-shaped opening between the two LCL regions (enlarged in Figure 4a). Accession numbers: insulin [Protein
Data Bank (PDB): 1BEN]&5); LCL structure (PDB: 1IGR)Z6).

Table 1: Modeled Approaches between Insulin Side Chains and  configuration that contains Cys524 and two neighboring beta

Insulin Receptor Side Chaifhs strqnds (Figure_s 1 a_nd 5a). The additional size of this Fn
insulin insulin receptor inter-side-chain region (_122 amino aC|_ds versus 106 and 97 for Fnl and Fn2,
residue residue (region) distance (A) respectlvely)_stlll provu_jes enough mass to agcommodate the

Monomer | volume of this region in the EM reconstruction.
GluA4® Arg86 (L1) 2.5 The tyrosine kinase domains of tfiesubunits have been
ThrA8 2.6 docked into the quaternary structure previously, as has the
LysB29 Aspl2 (L1) 2.6 potential extension of the flexible TK activation loopk (
Asn34 25 19). The complete set of fitted domains, plus insulin, is
GIuA17 Arg331 (L2) 2.5 shown in Figure 5b. Unfilled mass still remains for the
GInA21 Ser323 538 unknown structures of the C-terminaldomain and for the
Monomer II BID region at the N-terminal of th8Fn1 domain, e.g., below
SerB9 Gln34 (L1) 2.8 Fnl in Figure 2b.
HisB10 Argl4 5.0
GluB13 Arg8e 2:5 Physical Model and Mechanism for Transmembrane
valB12 Phe89 (L1) 25 Signaling
LeuB17 Leu87 25
;3(];5;264 LS#fgs 2é55 In contrast to activation of monomeric membrane recep-
TyrB26 Tyro1 3.9 tors, activation of the IR tyrosine kinase cannot be caused
GluB21 His247 (CR) o5 b_y Ilgand—lnduced dlme.rlzauon, since IR is covalently
AsSn249 25 dimeric. Some monomeric receptors may form spontaneous
ArgB22 Glu250 4.0 noncovalent dimers prior to ligand binding, as suggested
Glu287 2.5 recently by the crystal structure of the ectodomains of the
His247 25 erythropoietin receptor EpoRI§). For these, a scissor-like
zsnﬁiS Arg331 (L2) 223 mechanism has been invoked for TK activation. However,
sn .

the articulated structural features of the IR dimer indicate a
2 Individual amino acids in insulin designated as important in binding  different mechanism.

to the receptor are Al, A4, A5, A19, A21, B12, B16, B17, B24, B25, Ei 2¢ sh that th tral t lul . f
and B26 8, 42, 49). On the insulin receptor amino acids found to be Igure 2C shows that the central, extracellular region o

involved in insulin binding are 12, 14, 15, 34, 36, 39, 64, 86 89, 90, the two sets of contiguous domains from L1 to FnO is flanked
91, 243-251, 323, and 707716 (41, 48—50, 56, 57, 60); of these, on both sides by the pontoon-like Fn1/Fn2 domains, each
only amino acids 707716 are not in the LECR-L2 domains.  of which is tethered near one end only between Fnl and
Potential vicinal interactions are groupédinimum distance of FnO. The two Fn2 ends, which terminate at the juxtamem-
approach modeled at 2.5 A during side-chain rotatidi@osest .
approach; interaction would require a water molecule, a hydrogen bond Prane and transmembrane (TM) domains, are separated from
chain, or a rotation of the entire L1 or L2 regions. the central regions by the bumper-like cam structures of the
two symmetry-related CR domains, which abut the top
the quaternary structuré)(and the accessibility of Fn0O/CD  portion of the Fn2 domains (Figures 2 and 6b). This
to monoclonal antibodies and Fab fragmer8S, @45) put separation affects the positions of the TM domains and also
FnO at the extreme ends of the central region of the IR of the intracellular TK domains which are joined to them.
ectodomain. However, the—a disulfide bond at Cys524 Nuclear magnetic resonance spectroscopy has shown that
within this region requires that this domain extend past L2 helical TM domains of the epidermal growth factor receptor,
to the diad symmetry axis of the IR dimer. This is possible similar to the IR TMs, cannot transmit signals along their
by rotating one surface hairpin loop in the FnO beta-sandwich lengths; at most, a torsional force can be exerted by them
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Ficure 4: Detail of the insulin interaction with IR. (a) View (parallel stereo) of the IR insulin-binding region of docked LCL regions
(orange-brown and green) fitted with insulin (fuchsia). The backbone representation except for amino acid side chains tabulated in Table
1. Dark blue side chains and backbones indicate positive charge; red, negative charge; turquoise, polarized or hydrogen bonding; yellow,
hydrophobic side chains. See panels ¢ and d and Table 1 for identification. (b) Potential contacts of insulin amino acids with one LCL
monomer (orange-brown). Side chains are labeled according to insulin polypeptide chain A or B. Simple numbers refer to side chains of
the LCL region. Most chains in the dense hydrophobic patches are not labeled. For distances of side chain pairs see Table 1 (monomer II).
Color code as in panel a. (c) Insulin contacts with the second LCL monomer (green). Labels and color scheme as in panel a. For interactions
see Table 1 (monomer I).

(47). However, these domains can shift laterally within the only 4 nm between opposite catalytic TK sites, sufficiently
membrane. Such a shift of the TM regions provides a simple, close to be accessed by opposing activation lodps (

Controllable, and direct means for transmembrane Signaling When insulin detaches from the receptor, the two-L1
by IR. CR domains spring apart again, as the two strained-Cys
The structural basis for IR Signaling is modeled schemati- Cys |inkages return to their equi”brium positions (1 and 2,
cally in Figure 6c,d, pared to a two-dimensional representa- Figure 6c). At the same time the CR-region cams again
tion. The open extracellular structure of the IR dimer (Figure restrict the approach of the TK domains, increasing their
6c) is suggested from previous electron microscopic results separation, possibly to facilitate downstream signaling actions

of insulin-free IR ectodomains3g, 38), suggesting thatthe  vija the 185 kDa IRS-1 molecule as well as eventual
two sets of LE-CR regions are splayed apart. The closed dephosphorylation.

structure (Figure 6d) is based on the 3D reconstruction of
insulin-bound IR {). The Model and Reality

In the inhibitory, insulin-free state (Figure 6¢), a minimum
separation is maintained between the two intracellular TKs, The detailed model of insulin binding, the relative
despite thermal motion of the two tethered Fnl1/Fn2/TM positioning of the known domain structures into the quater-
domains, by ther-ectodomain CR cam regions that contact nary structure of the IR dimer, and the mechanism for
the Fn2/TM domains. Consequently, the distance betweentransmembrane signal transduction as proposed here explain
the intracellularly attached TKs prevents the flexible TK Virtually every observation on the behavior of IR. Only a
activation loop 23) of one TK from reaching the catalytic ~few examples are detailed here.
transphosphorylation site of the other TK. The Insulin Binding SiteA number of ligand/IR interac-

High-affinity binding of a single insulin molecule joins tions change in character as either insulin or IR is modified.
the two LCL domains of the ectodomain (Figure 6d) against Experimentally, the interaction of insulin with the CR loop
a small torsional resistance offered by the two on-axis from 242 to 251 is strengthened by the CR mutations
disulfide bonds (1 and 2 in Figures 1 and 6c¢,d). This rotation PRRYY DFQDW from APPYYHFQDW, which create an
also moves the cam protrusions upward, such that thermaladditional positive charge in this regio#g]. In the modeled
motion can bring the pair of Fn2/TM-axle regions closer to binding site, GluB21 of insulin is near the slightly positive
the central region of the ectodomain. The reduction in His247 in the CR loop (Table 1), with a negatively charged
separation between the TM axles permits a sufficiently close Asp250 in the vicinity weakening the interaction. The
approach of the associated TK domains to allow transphos-mutation of His247Asp makes a direct interaction of Asp247
phorylation of the TK activation loops at the catalytic loci with ArgB22 possible, while the introduction of the positive
of each opposite TK, as suggested by the structure in Figurecharges from Arg243 and Arg244 provides a potential
6b. Docking of the TK structures indicated a separation of stronger electrostatic attraction to GluB21.
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Ficure 5: (@) Views of fibronectin domains (parallel stereo) docked into the ectodomain quaternary structure of IR. ED seglons
are modeled as extending around L2 to the 2-fold symmetry axis to form the-twodisulfide bonds between the two g3 monomers.
Domains of onexs monomer are colored and labeled for identification, as arethg disulfide bond and one of the—a disulfide bonds.
For clarity, the LCL regions are shown only with part of the CR domain and all of the L2 domain (amino acid4 7250 (b) Fit of 14

domains plus insulin docked into 3D EM reconstruction of the quaternary structure of the IR dimer. The TM and juxtamembrane domains,
of unknown structure, modeled as helix and loop structures are arbitrarily placed to connect the Fn and TK domains. The ectodomain has
been raised slightly to show the TM domain positions more clearly. The unknown structuresfbthegion at the N-terminus of the

BFN1 domain and the C-termindtdomains have not been modeled. Color scheme as in panel a. Activation loops in Tks are in black and

silver. Accession numbers: modeled Fn0/Fnl/Fn2 (PDB: 1FRE)Q6); TK structure (PDB: 1IRK) 22).

Experimentally, a mutation in Phe89 of the L1 domain
reduces insulin bindingd@). Phe89 forms part of a hydro-
phobic contact region between L1 and insulin (Table 1,

and Arg331 of IR, respectively (Table 1). Only a partial
compensation would be expected from the additionally
changed Leu(A13)Arg in guinea pig insulin, which permits

Figure 4a,b), which would be weakened by any decrease ina new interaction between ArgA13 and Glu287.

the size of this region.

A mutation of HisB10 in insulin to AspB10 creates a
superactive insuling0). In the binding site, HisB10 is close
to Argl4 of L1 (Figure 4a,b). A stronger and closer ionic
interaction with Arg14 would be expected with the introduc-
tion of the negatively charged side chain of aspartic acid in
insulin at position B10.

The more potent insulin from urodeles has an Ala-Arg
N-terminal extension and a Thr1OHis substitution in the A
chain 61). The extension easily fits into the structure.
Moreover, the additional Arg moiety can interact with the
nearby Glu287 of the CR region (Figure 4c), while HisA10
(at the position of ThrA8 in human insulin) can reach Asp59
in L1 to potentiate binding. Conversely, the 10-fold lesser
potency of guinea pig insulirb@) can be based in part on
amino acid changes Leu(B17)Ser, Arg(B22)Asp, and Glu-
(A17)Asn, which weaken the interaction to Phe89, Glu287,

Reduction otv—a Disulfide BondsHigh-affinity binding
of insulin and also basal insulin-independent autophospho-
rylation are initially augmented and then diminished by
reduction of the disulfides of IR with increasing concentra-
tions of dithiothreitol 63). In the signal tranduction model
(Figure 6c,d), normal high-affinity insulin binding must
overcome a torsional energy barrier created by the binding-
induced elastic strain in the twa—a disulfide bonds on
the diad axis of the IR dimer. Reduction of one of the two
disulfide bonds eliminates this torsional strain and facilitates
high-affinity binding. Further reduction separates IR into
monomers, abrogating high-affinity binding, which involves
two o subunits in close proximity. Similarly, basal levels of
transphosphorylation in the absence of insulin reflect the
torsional resistance of the two on-axis disulfide bonds which
tend to maintain the blocking cams in the insulin-free
equilibrium position against random thermally induced
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Ficure 6: (a) End view of the full-mass representation of the IR dimer: left half, surface rendering; right half, wire mesh representation.
Fitted structure of two IR-adapted LCL regions (green and orange-brown) showing correspondence of surface features and extent in uppermost
regions (L1). Arrow: cam-like region on the CR domain. (b) Higher density solid surface representation of the view rotated slightly from
panel a to show CR loop regions (cams) of atomic structure reaching the top portion of Fn2 domains of the 3D reconstruction (compare
with top view in Figure 5a). (c and d) Simplified schematic of structural changes during activation of the insulin receptor. (c) Inhibitory
state: ectodomain of dimerig subunits each with two differing insulin binding sites and a blocking cam. Unbound bivalent ingulin:
subunits resting against cams, crossing membrane, with tyrosine kinase (TK) domains separated. Abbreviations: A-loop, activation loop;
C, catalytic region. Small on-axis circles (1 and 2) represent theotwa disulfide bonds. Arrows indicate thermally induced motion. (d)

Insulin bound state: blocking cams rotated ghsgubunits resting closer to the center of the ectodomain. TK domains are in position for
transphosphorylation via A-loops (compare with panel b in this figure and Figure 5b). Sets 1 and 2 indicate schematically different sets of
amino acids from monomers | and Il (Table 1) interacting with corresponding different sites on insulin.

motion (Figure 6¢). The breakage of one disulfide bond be affected, as well as the insulin-induced change in the

would remove the torsional resistance, resulting in a more relative configuration of the entire LCL regions.

frequent random approach of the TK domains for transphos-  other aspects of the function of IR that can be explained

phorylation. The reduction of both bonds would result in py the arrangement of the domains in the 3D structure include

monomeric IR, halting transphosphorylation altogether.  the negative or positive cooperativity of binding of insulin
The effect on |n§ul|n binding and TK trgnsphosphorqutlon to native or mutant receptorsg, 57), the loss of intracellular

by deletions that include one of the-a disulfide bonds is TK activity from the extracellular Cys647Ser mutatid), (

explained similarly $4). _ _ - the impaired TK action by the Phe383Val and Asp919Glu
Deletional Actiation. The IR is activated artificially by mytations 21, 58, 59) which are near the cam and cam-
removal of amino acids-1578 through tryptic digestiorsg). contact regions, the effect on extracellular binding of insulin

This cleavage still retains covalent links between the py the intracellular TK mutant Met115315Q), the pre-
monomers and between theand/ subunits. However, the  gominantly passive role of the transmembrane regédn-(

insulin-binding region and the CR domains have been g3) and the changes in downstream kinase activity between
removed, along with the CR cam structures that, in the monomeric and dimeric IR64).

model, block the approach of the Fn2 domains to central

portions of the ectodomain. Thus tifedomains and their  conclusions

TKs can move closer together and transphosphorylate,

independent of insulin. A more limited deletion, which The quaternary structure of IR, fitted with the atomic
removes part of L2 and most of the CD region, activates IR coordinates of highly analogous domains of IGF-1R substi-
and blunts the action of insulib4). Such a deletion removes tuted with the IR sequence, has resulted in a detailed
the physical support for the CR cam region of the partner description of the insulin-binding site on the insulin receptor
monomer, thus partly collapsing the cam to permit the both in the normal state and in the presence of mutations.
approach of the TK regions. At the same time the geometry Moreover, the combination of structural detail from the 20
of the insulin-binding site in the L2 and CR region would A electron microscopic structure of the entire IR dimer and
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of atomic resolution from the crystal and NMR structures
of IR domains vyielded a self-consistent model for the
mechanism of the initial phase of insulin action on extra-
cellular binding to effect intracellular receptor tyrosine kinase
activation.

The model is highly explanatory as well as predictive in
terms of potentiating or diminishing insulin action by suitable
mutations that affect the binding surfaces both in insulin and
in IR. Moreover, it suggests that the signaling response can
be affected as well, independent of insulin binding, by
modifications in the cam region and in the linkages of the
domains by mutations or appropriately designed ligands.

The model provides a simple mechanical paradigm for the g

reversible transmembrane signaling response. It explains the
need for the complexity of structural components to control

both inhibition and accommodation of tyrosine kinase 27

activation. The model gives ready structural explanations for

many normal effects, for various mutations, and for mild ,g
chemical reduction of the insulin receptor. It thus provides 29,

a comprehensive structural basis for the mechanics of

transmembrane signal transduction for the intrinsically 30

dimeric insulin-like membrane receptors and a comparative
model for the action of the class of monomeric receptors,

such as EpoR, that assemble as ligand-free preformed 32.

noncovalent dimers.
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