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ABSTRACT. How insulin binds to and activates the insulin receptor has long been the subject of speculation.
Of particular interest are invariant phenylalanine residues at consecutive positions in the B chain (residues
B24 and B25). Sites of mutation causing diabetes mellitus, these residues occupy opposite structural
environments: PH&5 projects from the surface of insulin, whereas Phpacks against the core. Despite

these differences, site-specific cross-linking suggests that each contacts the insulin receptor. Photoactivatable
derivatives of insulin containing respectipeazidophenylalanine substitutions at positions B24 and B25
were synthesized in an engineered monomer (DKP-insulin). On ultraviolet irradiation each derivative
cross-links efficiently to the receptor. Packing of PHat the receptor interface (rather than against the

core of the hormone) may require a conformational change in the B chain. Sites of cross-linking in the

receptor were mapped to domains by Western blot.

Remarkably, whereas B25 cross-links to the C-terminal

domain of theo. subunit in accord with previous studies (Kurose, T., et al. (19948iol. Chem. 269
29190-29197), the probe at B24 cross-links to its N-terminal domain (theSiielix). Our results
demonstrate that consecutive residues in insulin contact widely separated sequences in the receptor and
in turn suggest a revised interpretation of electron-microscopic images of the complex. By tethering the
N- and C-terminal domains of the extracellularsubunit, insulin is proposed to stabilize an active
conformation of the disulfide-linked transmembrane tyrosine kinase.

The biological activities of insulin are mediated by binding
of the hormone to receptors on target cells (nsulin is a
globular protein containing two chains, A (21 residues) and
B (30 residues). Stored in the pancregiicell as a zinc-

(Figure 2A;6—8). The insulin receptor (IR) comprises two
extracellulara. subunits and two transmembrafiesubunits
(Figure 3A,B; for a review, see ré). Binding of insulin to
the a. subunits activates the tyrosine kinase activity of the

stabilized hexamer, insulin functions in the blood stream as cytoplasmic domains of thé subunits, which leads in turn
a zinc-free monomer. The structure of the free hormone hasto a cascade of signal-transduction events. Here, we dem-
been extensively characterized as a dimer and hexamer byonstrate by residue-specific photo-cross-linkirig)( that

X-ray crystallography (Figure 1A2—5).! Complementary

consecutive residues in the B chaieach a site of mutation

NMR studies of engineered monomers have demonstratedcausing diabetes mellitud )—contact distinct domains of
that major features of such structures are retained in solutionthe IR. Implications for the mechanism of transmembrane
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1 Crystal structures of zireinsulin hexamers define three alterative
conformations: ¥, TsR';, and R hexamers 4, 4, 49). The solution

signaling are discussed.

Despite decades of investigation, how insulin binds to and
activates the IR is not well understood. The present study is
motivated by anomalous structuractivity relationships in
the B chain 12—14). Our approach highlights similarities
and differences between PRgand its neighboring residue
Phé?25, Invariant among vertebrate insulin sequences (Figure

2 Abbreviations: Aib, a-aminoisobutyric acid; CR, cysteine-rich
domain of the receptoa. subunit; DTT, dithiothreitol; EM, electron
microscopy; IGF-I, insulin-like growth factor I; IR, insulin receptor;
IRa-N, polyclonal antibody that recognizes 20 amino-terminal residues
of the a subunit; kDa, kilodalton (unit of mass); NAv, NeutrAvidin;
Pap,p-azido-Phe; Pmpp-amino-Phe; UV, ultraviolet; WGA, wheat-
germ agglutinin. Amino acids are designated by standard three- and
one-letter codes. “Native” elements of structure designate features of

structure of an engineered insulin monomer (Figure 2A) resembles the crystal structures 3) and may not correspond to the functional

crystallographic T-state protomer, (8).

conformation in a receptor complef3).
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Ficure 1: Structure of insulin and sequence conservation of the B chain. (A) Ribbon model of native insulin 8inTére( A chain is

shown in light gray and the B chain in dark gray. Residues B24 and B25, sites of present photo-cross-linking, are as indicated: packed
against the core of a protomer (B24) and engaged at the dimer interface (B24 and B25). Coordinates were in each case obtained from the
Protein Databank: grhexamer (4INS). (B) Sequences of insulin B chains. Invariant positions B24 (red) and B25 (purple) are boxed.
Diabetes-associated mutations Fie—~ Ser and PhH&> — Leu (11) are shown above the top sequence; shown in parentheses are the three
substitutions in DKP-insulin that prevent its self-assembly §His> Asp, Pr&28 — Lys, and Ly§2° — Pro; 34). The structure of DKP-

insulin is shown in Figure 2.

1B), these residues occupy different structural environ- cross-linking has been mapped to the aromatic-rich carboxy-
ments: Ph&° projects from the surface of an insulin terminal tail of the a subunit @0). Structure-activity
monomer (Figure 2A), whereas PRgpacks against its core  relationships at B24 are by contrast enigmatic. As at B25,
(Figure 2B). Although one edge of the B24 ring is exposed receptor binding is impaired by nonaromatic substitutions
(Figure 2C), predicted solvent accessibilities among crystal- (Table 1A;17), including diabetes-associated variant Bte
lographic protomers and NMR models range from 14% to — Ser {nsulin Los Angelesl1). As a seeming paradox,
19%. Structure-activity relationships at B25 are straight- however, GI{¥?* analogues exhibit near-native activity, and
forward: a strong preference is observed for aromatic rings diversep-amino acid substitutions enhance activity,(18,
(including nonstandard side chains sharing &dsbridized 20). It is not known whether P& functions to stabilize
trigonal carbon at thes position of the side chainl5), the structure of insulin, provides a site of main-chain
suggesting that PE& docks against an extended flat conformational change on receptor binding, or itself contacts
nonpolar surface. Aliphatic substitutions, including the the IR. We and others have hypothesized that on receptor
diabetes-associated variant Pfie~ Leu (designatedhsulin

Chicagg),’ markedly '".‘pa'r rec?ptor binding (T?‘ble. 185~ 3 Clinical insulin variants are designated by the location of the
18). Photo-cross-linking studies of B25 derivatives have original family by analogy to nomenclature describing abnormal
established a direct contact to the IR)(19). The site of hemoglobins 11).
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Ficure 2: Solution structure of an engineered insulin monomer (DKP-ins)in(A) Pheé®?* packs against the core, whereas #his less

well ordered on the protein surface. The coloring scheme is otherwise as in (A). (B) Packing schenf&dhRhe solution structure of
DKP-insulin. Neighboring side chains VEa#, LelP5, TyrB16, Cy<$19 TyrB26 TyrAl9 and Cy$2° are shown. Sulfur atoms in the disulfide

bridge are shown in gold; the coloring scheme is otherwise as in (A). Coordinates were obtained from the Protein Databank: DKP-insulin
(1LNP). (C) Dot-surface representation illustrating the partial exposure of the ring B¥*Rteal) as packed against the core. Predicted side
chain solvent accessibilities range from 14% to 19%, butpHazido moiety would be expected to extend into the solvent. The structure
shown is from molecule 1 of thegTzinc hexamerJ).

binding the carboxy-terminal segment of the B chain analoguesd5), and protein engineering studies of monomeric
reorganizes to expose a hidden functional surface comprisingminimized receptor construct2€). Implications for models

Phé&24 and part of the A chainl@, 21, 22). of the IR and possible mechanisms of insulin bindiag-
In this paper we exploit site-specific insulin cross-linking 32) are discussed. Together, our results and their structural
to demonstrate that PP, like Phé&?® contacts the IR.  implications demonstrate the novel utility of contiguous

Experimental design employsazidophenylalanine (Pap) as photoactive probes as a molecular ruler.

a nearly isosteric substitution for Phe (Figure 3Z3).
Remarkably, these probes cross-link to noncontiguous se—'vl'A‘TERI'A‘LS AND METHODS

guences in thex subunit: Pap?* cross-links to the amino- Materials Human insulin was provided by Eli Lilly and
terminal domain of thex subunit (the L13-helix), whereas Co. (Indianapolis, IN)tert-Butoxycarbonylamino acids and
Paf?® cross-links to its carboxy-terminal regioriQ). derivatives were obtained from Bachem Inc. 4-Methylbenz-

Because consecutive residues in insulin contact sites distantlyhydrylamine resin (0.63 mmol of amine/g; Star Biochemicals,
spaced in the sequence of thesubunit, the amino- and Inc.) was used as the solid support for synthesis of the A
carboxy-terminal domains must be close to each other in thechain; (N-butoxycarbonyD-benzyl)threonine-phenylaceta-
hormone-receptor complex. Although surprising, these midomethyl (PAM) resin (0.6 mmol/g; Bachem, Inc.) was
results are broadly consistent with prior photo-cross-linking used as the solid support for syntheses of B-chain analogues.
studies of insulin derivatized at tkeamino group of Lyg*° Amino acid analyses of synthetic chains and insulin ana-
(24), effects of receptor mutations on the binding of insulin logues were performed after acid hydrolysis with a Hewlett-
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Ficure 3: Structures of the insulin receptor apeazidophenylalanine. (A, B). Modular structural domains of insulin receptor (adapted

with permission from re®). (A) Cartoon of thea,f3, structure of the IR. The left half of the diagram shows boundaries of the regions
encoded by the 22 exons of the IR gene. The right half of the diagram outlines predicted boundaries of protein modules. Orange arrowheads
indicate N-glycosylation sites. Green arrowheads indicate ligand-binding “hot spots” that have been identified by site-directed mutagenesis
(9, 46, 71). (B) Supradomain organization of the IR, depicting a “stretched-out” schematic representation of predicted or actual modular
structures. The intracellular tyrosine kinase domain is not shown. Residue numbers at boundaries of L1, CR, and insert domains are indicated.
A ribbon model of insulin (T state; PDB entry 4INS) is also shown (not to scale); the A chain is shown in red and the B chain in blue.
Phé2* (purple) and PH&® (orange) side chains are shown as sticks. (C) Chemical structyr@zitiophenylalanine. Only the side chain

of this amino acid analogue is shown.

Packard Amino Quant analyzer (model 1090). Chromatog- containing p-amino-Phe (at B24 or B25) and 6-biotinyl-
raphy resins were preswollen microgranular carboxymethyl- amidocaproyl-Ph& were performed by a modification of
cellulose (CM-cellulose; Whatman CM52), DE52 cellulose the procedure of Kurose and colleagu&8)( In brief, the
(Whatman), and Cellex E (Ecteola cellulose; Sigma); solvents p-amino-Phe side chain was protected by a 2-chlorobenzyl-

were HPLC grade. oxycarbonyl groupe-Aminocaproyl and biotinyl moieties
Chemical Syntheses of Insulin Analogu€&ke protocol were incorporated successively at the amino terminus of the
for solid-phase synthesis is as describag).( 30-residue peptidyl resin by reaction with (a) preformed

(i) Synthesis of the A Chaiithe carboxy-terminal Asnin  1-hydroxybenzotriazole ester in 3-fold excess, Ksjtert-
the synthesis of A-chain analogues was incorporated into butoxycarbonylaminocaproic acid, and (c) biotin. The latter
the solid support by couplingert-butoxycarbonylaspartic ~ active esters were prepared from their respective carboxyl
acid a-benzyl ester with 4-methylbenzhydrylamine resin. components upon reaction with 1-hydroxylbenzotriazole and
After the final deprotection, the Asp residue was converted N,N'-diisopropylcarbodiimide. From 0.5 g of the-tert-
to an Asn residue. Synthesis of A-chain tetra-S-sulfonate wasbutoxycarbonyl©-benzylthreonine-PAM resin, approxi-
performed as described34). Isolated A-chain tetra-S- mately 2 g of each protected peptidyl resin was obtained;
sulfonate derivatives were also obtained by oxidative sulfi- following deblocking and sulfitolysis, crude B-chain deriva-
tolysis of human insulin followed by separation of S-sul- tives were obtained with an apparent yield of ca. 40% (by
fonated A and B chains as described) weight per gram of peptidyl resin). B-chain analogues were

(i) Syntheses of Modified B ChainB-chain analogues purified by DE-52 cellulose chromatography with apparent
each contain three “DKP” substitutions to prevent self- yields of 25-30% (by weight per gram of crude peptide).
association of insulin (HE° — Asp, Pr&?® — Lys, and (iii) Syntheses of Insulin AnalogueShain combination
Lys®2® — Pro; 8, 35). Syntheses of DKP-B-chain analogues was effected by interaction of the S-sulfonated derivative of
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Table 1: Relative Receptor-Binding Affinities of Selected Insulin Analogues

protein activity protein activity
A. B24 Analogues
human insulin 100 - TyrB?4 -PheB28-insulin® 163+ 10 (3)
DKP-insulin 161419 (4) [AlgB24]-insulin® 1.0+£0.1(2)
tg-DKP-insulin 132+ 5(3) [GlyB24-insulinbd 78+ 11 (6)
PmpP?*-tg-DKP-insulin 594+ 2 (3) [LetP?4-insulinsf 10
[D-AlaB24)-in sulin® 150+ 9 (3) [SeP?4-insuline” 7.0 (3)
[D-Phé#24-in sulin® 140+ 9 (3) [Tyr824 Phé29)-insulin® 2.0+£0.2(3)
B. B25 Analogues
human insulin 100 [G§?9-insulin® 1.54+0.3(3)
DKP-insulin 161419 (4) [LeltP®]-insulinfik 1-2
tg-DKP-insulin 1324+ 5(3) [SeP?9-insulin® 1.3
Pmp*?>-tg-DKP-insulin 147+ 3 (3) [Tyr®29-insulin 103+ 11
[PmPP25,AlaB29-insulin 6647 [Tyr825 Phé&29-insulin® 8247 (3)
[D-TyrB25, -Phé®?¢]-insulin® 0.10+ 0.01 (2) Nal(2525-insulin® 50
[AlaB29-insuling 7.0(2) Nal(1$%-insulink 24

apPmp analogues each contain biotinylamidocaproyl tagged taxthmino group of B1 §). ° Data were obtained from ref2. ¢ Data were
obtained from re®0. It is possible that this value is an underestimate (S.H.N., personal communic&#anaffinity of 22% of insulin was also
reported (8). ¢ Data were obtained from réf6. f Data were obtained from ré&f7. A related double-mutant analogue [IE&tLewP?5-insulin has an
affinity of 0.4% (68). 9 Data were obtained from réf8. " Affinities in the range of 0.73% were also reported9). ' Data were obtained fom refs
15and17. 1 Data were obtained from r&@0. k Data were obtained fom réf7. The receptor binding affinity and biopotency of depsi-insulin ([B24
B25 CO-0O]J-insulin)—an insulin analogue with native sequence but substitution of the main-chain peptide bond by-aarestecreased to 1.7%
and 3.5%, respectivelybp). Abbreviations: Nal(2)L-3-(2-naphthyl)alanine; Nal(1),-3-(1-naphthyl)alanine. Pmm-aminophenylalanine.

the A chain (40 mg) and B-chain analogue (20 mg) in 0.1 for radioactivity. Data were corrected for nonspecific binding
M glycine buffer (pH 10.6, 10 mL) in the presence of (amount of radioactivity remaining membrane-associated in
dithiothreitol (7 mg) 8, 34). CM-52 cellulose chromatog- the presence of &AM human insulin). The relative activity
raphy of each combination mixture enabled partial isolation is defined as the ratio of analogue to human insulin required
of the hydrochloride form of the protein contaminated by to displace 50% of specifically boun@-labeled human
free B chain. Final purification was accomplished by rp- insulin (Amersham). In all assays the percentage of tracer
HPLC. Predicted molecular masses were in each case verifiedoound in the absence of competing ligand was less than 15%
by electrospray mass spectrometry. Final yields were lower to avoid ligand-depletion artifacts.
than those obtained in a control synthesis of DKP-insulin.  Cell Culture.A stably transfected dihydrofolate-deficient
For p-amino-Phe- and biotin-modified analogues, relative Chinese hamster ovary cell line (DG44) overexpressing
yields were in the range ¥320%. human insulin receptor, P3-A (kindly provided by Prof.
(iv) Preparation of p-Azido-Phe Daratives.An ice-cold Donald F. Steiner, HHMI and The University of Chicago)
solution of the correspondirgamino-Phe analogue of DKP-  was cultured ina. minimum essential medium along with
insulin (3 mg; described above) dissolved in 0.4 mL of 0.1 100 nM methotrexate containing 10% dialyzed heat-
N HCI was treated in the dark with 384 of 0.5 M NaNG; inactivated fetal bovine serum and Ppenicillin/streptomycin
solution. After being stirred on ice for 15 min, the reaction (Invitrogen Life Technologies, CA) at 3TC under 5% CQ@
mixture was treated with 74 of 0.1 M sodium azide, stirred  Confluent cells were detached either by treatment with 1
further for 30 m, and diluted with 5 mL of saturated picric trypsin—ethylenediaminetetraacetic acid (EDTA) solution
acid solution. The precipitated picric acid salt of the analogue (Cellgro, VA) or by Hanks-based enzyme-free cell dissocia-
was isolated and converted to the hydrochoride. Purification tion buffer (Invitrogen Life Technologies, CA). Cells were
of the analogue by rp-HPLC gave the purifipéhzido-Phe collected and washed with ice-colckPBS. Cell pellets were
derivative in 36-35% yield. A photostable analogue of DKP- saved at—80 °C.
insulin containing Phe at B24 and B25 with a biotin tag at  Insulin Receptor PurificationP3-A cell pellets were
B1 was likewise prepared as a control. All procedures were solubilized in 1% Triton X-100, 20 mM HEPES (pH 7.8),
performed in dim light. Predicted changes in molecular mass and 150 mM NacCl containing a protease inhibitor cocktail
were verified by electrospray mass spectrometry. (Roche, IN) for 30 min at 4C. Cell lysates were centrifuged
Insulin Binding AssaydTo verify the activities op-amino- at 2000@ for 30 min at 4°C. The supernatant was collected,
Phe-substituted and biotin-modified analogues prior to photo- and the particulate was removed. Glycerol was then added
cross-linking studies of the correspondingazido-Phe to a final concentration (v/v) of 10%. The cell extract was
derivatives, a human placental membrane preparation con-then incubated with wheat-germ agglutinin-coupled agarose
taining the IR was employed as describ&6)( Membrane (WGA, Vector Laboratories, CA) on a rotator at@ for 4
fragments (0.025 mg of protein/tube) were incubated with h. The resin was then transferred into 15 mL columns (Bio-
129-labeled insulin (ca. 30000 cpm) in the presence of Rad, CA) and washed once each with 20 mM HEPES (pH
selected concentrations of unlabeled peptide for 18 h at 47.8), 150 mM NaCl, 0.1% Triton X-100, and 10% glycerol
°C in a final volume of 0.25 mL of 0.05 M TrisHCI and and 20 mM HEPES (pH 7.8), 500 mM NacCl, 0.1% Triton
0.25% (w/v) bovine serum albumin at pH 8. After incubation, X-100, and 10% glycerol at 4C. The holoreceptor and other
each mixture was diluted with 1 mL of ice-cold buffer and glycoproteins were eluted with 20 mM HEPES (pH 7.8),
centrifuged (1000g) for 5 min at 4°C. The supernatantwas 0.15 M NacCl, 0.1% Triton X-100, 10% glycerol, and 0.3 M
then removed by aspiration, and the membrane pellet counted\-acetyl-glucosamine in 0:51 mL fractions. The concentra-



Photoactive Probes of the Insulin Receptor Biochemistry, Vol. 43, No. 26, 2008361

tion of the eluted protein fraction was measured by the Deglycosylation of Insulin Receptor and Tryptic Frag-
Bradford assay (Bio-Rad, CA). Peak fractions were pooled, ments.Tryptic fragments of the Pap-cross-linked IR com-
and receptor purity was evaluated by sodium dodecyl plexes were deglycosylated with peptideglycosidase F (N-
sulfate-polyacrylamide gel electrophoresis (SBBAGE) Glycanase; Prozyme, CA). Samples were denatured at 95
following Commassie Blue staining. Typically, 560% pure °C for 5 min in 20 mM sodium phosphate (pH 7.5)
IR was obtained. Binding was measured with polyethylene containing 0.1% SDS and 50 mgtmercaptoethanol prior
glycol-8000 precipitation according to the method of Sféva  to deglycosylation. The solutions were cooled to room
(37). temperature, and nonionic detergent NP-40 (final concentra-

Photo-Cross-Linking Studie§o obtain 1:1 hormone  tion 0.75%) and N-Glycanase (1 miy of receptor in the
receptor complexes, WGA-purified IRs or the isolated initial tryptic digestion) were added. Samples were mcubated
secreted ectodomains were mixed with photoactive insulins & 37°C for 4 h. The reaction was stopped by heating at 95
labeled at indicated positions at ligand and receptor concen-"C for 10 min. An equal volume of Laemmli sample buffer
trations of 106-200 nM at 4°C followed by shaking  Was added for SODSPAGE. Control deglycosylatmn of the
overnight. The complexes were then transferred to a Costarintact o subunit indicated complete conversion of the 135
assay plate (Corning Inc., NY) for UV irradiation. Photo- kDa'egcoproteln band to a 98 kDa band in accord with past
cross-linking was effected by short-wave ultraviolet irradia- Studies 88). _
tion (UV at 254 nm as generated from a Mineralight lamp, ~ Interpretation of Molecular Massedhe electrophoretic
model UVG-54; UVP, Upland, CA); optimal parameters mobility of the B24-cross-linked N-terminal glycosylated
were a duration of 20 s and a distance of 1 cm from the tryptic fragment corresponds to a molecular mass of 31 kDa;
light source. After cross-linking and reduction of the com- following enzymatic deglycosylation the apparent mass is
plexes by dithiothreitol (100 mM DTT), the solutions were 20 kDa (see the Results). Inferred masses in SB&GE
separated by 1620% gradient SDSPAGE. The separated anaIygs of the correspondmg unlinked receptor fragme_nt
proteins were then blotted onto a nitrocellulose membrane. (Obtained by analysis of noncovalent IR complexes contain-
Cross-linked adducts were probed with NeutrAvidin (Pierce ing native insulin) are 28 and 17 kDa, respectively. These
Chemicals, Rockford, IL; designated NAv in Figures?. masses are consistent with the sequence of the L1 domain
To identify amino-terminal fragments of tesubunit, blots ~ @nd its pattern of N-linked glycosylation as follows. The
were also probed with polyclonal anti-Rantibody (catalog ~ Putative structure of the -21CR—L2 region (as obtained by
number SC-710, Santa Cruz Biotechnology, Santa Cruz, CA).homology modeling; see below) predicts three prominent

This anti-peptide antibody (designatechR! in the figures) tr_yptic sites at positions K149, K164, and K166. The first
recognizes residues-20 of thea subunit. site (NKDD; residues 148151) projects from an exposed

loop near the C-terminus of the L1 domain (Figure 6C). The
following sites (PGTAGK TNCP; residues 160170) project
from a loop at the beginning of the CR domain. Cleavage at

Proteolytic Mapping of Cross-Linking SiteSites of cross-
linking between Pap derivatives of insulin and the WGA-

ggg:gslsf m;esum& pn?fgst?oﬁon\jvlgo- or carboxy-terminal these sites would yield (in the absence of glycosylation) 17
' 19 kDa fragments; the tethered B chain would provide an

(i) Chymotrypsin DigestiomAffinity-purified holoreceptors  additional 3.7 kDa. An additional 11 kDa (the difference in
were photo-cross-linked with photoactivatable insulins la- apparent mass on deglycosylation; see the Results) is
beled at indicated positions as above. Digestion was per-attributed to carbohydrate moieties consistent with the three
formed at 37°C with 100ug/mL chymotrypsin (Sigma, St.  N-linked glycosylation sites in the L1 domain (at residues
Louis, MO) in 50 mM HEPES (pH 7.4), 0.1% Triton X-100, N16, N25, and N111; the average mass per N-linked
and 0.11 M NacCl. At the indicated time pOintS the digestion g|ycosy|ation site in thex subunit is ca. 4 kDa39)
was stopped by heqting aliquots at@sfor 5 min; an equal Control Studies of the B25-Cross-Linked CompRaq52>
volume of Laemmli sample buffer was then added. The nas previously been shown to cross-link to residues—704
solutions were treated with or without 100 mM DTT as 718 of thea. subunit (0). To correlate this result with the
described. The digestion mixtures were then separatgd by resent mapping strategy, studies of the®zgmalogue were
12.5%.SDSPAGE gel and transferred eIectr0ph0retlca||y extended to studies of a pretrypsinized but active receptor.
to a nitrocellulose membrane. Samples were probed with Gentle digestion of the cell-bound IR serendipitously yielded
NAv or anti-IRa. antibody (IRx-N). an active derivative containing a carboxy-terminal cleavage

(i) Trypsin Digestion WGA-purified holoreceptors were  about 28 kDa (including glycosylation) from the end of the
cross-linked with photoactivatable insulins labeled at indi- o subunit. The truncated subunit (apparent molecular mass
cated positions as described above. Digestion was performedbout 107 kDa) contains the amino-terminabHRl epitope
at room temperature with 7@g/mL trypsin supplemented and hence contains the L1 domain (asterisk in Figure 7D).
with EDTA (Cellgro, VA) in 50 mM HEPES (pH 7.4), 0.1%  Under native conditions carboxy-terminal fragment(s) are
Triton X-100, and 0.11 M NaCl. At the indicated time points presumably retained within the disulfide-cross-linkegh,
the digestion was stopped by addition of 2@mL soybean  structure, giving rise to a nativelike assembly able to bind
trypsin inhibitor (Sigma, MO), followed immediately by insulin. Although present in both B25 and B24 reaction
heating at 95°C for 5 min. An equal volume of Laemmli  mixtures, the 107 kDa band cross-links only to the #&p
sample buffer was added, and the solutions were treated withanalogue (asterisk in Figure 7C, lane 12 versus lane 10).
100 mM DTT. The digestion mixtures were then separated Resolution of this high-molecular-weight band from the
by 10-20% gradient SDSPAGE and blotting onto a  native a subunit by low-percentage SBRAGE (5%
nitrocellulose membrane. Samples were probed with Neutr- acrylamide) implies a mass difference of 28 kDa (data not
Avidin or anti-IRa. antibody. shown). Given the glycosylation pattern of the receptor (tan
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arrowheads in Figure 3/39), we estimate that the 107 kDa
fragment lacks the carboxy-terminal 15060 residues.
Additional mapping information is provided by observation
of a smaller domain obtained on further chymotryptic
digestion of the B25-cross-linked complex: its mass is 20
kDa (glycosylated) and 17 kDa (deglycosylated; data not

Xu et al.

was verified in each case by electrospray mass spectrometry.
p-Amino-Phe-containing precursors each exhibit high affinity
for the IR: 594 2% for PmF?* and 147+ 3% for Pm2®
(mean and standard deviation of three replicates) relative to
native human insulin. Under these conditions, the relative
affinity of the corresponding biotin-tagged DKP-insulin,

shown). On the basis of the results of Steiner and colleaguesprepared as a control, is 13510%. A short UV exposure

(10), this fragment (ca. 120 residues and containing two
glycosylation sites) consists of tlespecific portion of the
Fnlll; domain (residues 61%656) and C-terminal tail
derived from the insert domain (residues 6581). It is not
known whether the fragment extends to the extreme C-
terminus.

Molecular Modeling A homology model of the L+ CR—
L2 region of the IR was constructed on the basis of the crystal
structure of the corresponding domain of the IGF receptor
(40) as described by De Meyts and Whittake®).(The
modeling procedure employed the SWISS-MODEL protocol
(website http://swissmodel.expasy.org) as describ@d The
L1-CR—L2 sequences of the IR and IGF receptor exhibit
60% identity and 78% similarity.

RESULTS

Our study has two parts. We first investigated the photo-
cross-linking properties of photoactivatable insulin deriva-
tives containing Pap substitutions at position#her Phé&2,
Cross-linking is in each case demonstrated to both the
secreted ectodomain of the IR and the lectin-purified

time (20 s) yields essentially complete photolysis or cross-
linking. The analogues and receptor were mixed at 1:1 overall
stoichiometry at a concentration (ca. 200 nM) more than 100-
fold higher than the weakest dissociation constant. Under
these conditions the predominant species is expected to be
a 1:1 molecular complex, although higher-order hormene
receptor complexes are also possible. Efficient photo-cross-
linking is observed to the secreted ectodomain of IR (Figure
4A; 42) and WGA-purified holoreceptor (Figure 4C). Similar
results are obtained at successively higher concentrations of
the insulin derivative, demonstrating that the extent of cross-
linking is not limited by site occupancy and is independent
of possible changes in the stoichiometry of the molecular
complexes. Control experiments to verify specificity were
performed to demonstrate competition between binding of
the Pap analogues and native ligands (human insulin and
IGF-I; Figure 4B,D, respectively). Additional control experi-
ments demonstrated that no photo-cross-linking reactions
occurred between P2j5 and heterologous proteins (lysozyme
and IgG) or between the photostable precusor PrpKP-
insulin and the ectodomain under the same conditions (data
not shown). Addition of a 24-fold molar excess of P&g-

holoreceptor. Receptor contact sites were then mapped bypkp_insulin to the WGA-purified IR did not result in an

limited proteolysis. Chymotryptic and tryptic sites in the
subunit are utilized to assign contacts to amino- and carboxy-
terminal domains. The domain organization of thsubunit,
inferred from comparative sequence analysis, is as follows:
a tripartite amino-terminal region containing two globular
L domains flanking a cysteine-rich domain (designatee-L1
CR—L2) followed by fibronectin-homology regions (Fnlll-0
and Fnlll-1) and a carboxy-terminal tail derived from the
insert domain of the second Fnlll domain (Fnlll-1; Figure
3)4

Pap was chosen on the basis of its rigidity, small size,
and resemblance to native phenylalanine (Figure 3C). The

photoactivatable side chain was in each case introduced into

an engineered insulin monomer (DKP-insulin), which was
chosen as a template for its efficiency of synthesis, enhance

receptor binding, and absence of confounding self-association

(8, 35. The analogues contain a biotin tag at th@mino
group of the B chain to enable detection of photo-cross-linked
fragments by avidin-based reagents. Although photoactive
probes at residue B25 have previously been characterize
(10, 19), to our knowledge this is the first description of a
photoactive probe at B24. Whereas P@rojects from the
surface of the monomer, P#é is largely buried as a
structural component at the edge of the hydrophobic core
(Figure 2).

I. Photo-Cross-Linking StudiesThe photoactivatable
derivatives of B24 and B25 were prepared by total chemical
synthesis (see the Materials and Methods). Fidelity of
synthesis and quantitative conversiorpedmino-Phe to Pap

4The nomenclature describing the modular domains of the IR is
defined as describe®,(58).

increased yield of photo-cross-linkedsubunit.

II. Mapping Studieslinsulin-binding regions of the IR are
contained within itsx subunits. Cross-linking studies suggest
that sites of contact are distributed among noncontiguous
segments of ther polypeptide sequencd(, 24, 43, 44).
Several models of the quaternary organization of the extra-
cellular IR domains have been proposed on the basis of
single-molecule EM image27—32). Despite considerable
such efforts, atomic-scale interpretation remains unélear.

To identify insulin-binding domains of the receptar
subunit, we exploited domain-specific markers following
limited chymotryptic or tryptic digestion of the covalent
complexes (Figures47). The essential idea is to distinguish

J)etween the L1 domainpreviously shown to be a major

determinant of insulin bindingdd—46)—and the rest of the

o subunit. The L1 domain spans residueslb57 and folds

as af-helix (40). A commercial polyclonal antiserum has
been raised against a peptide encompassing the 20 amino-
erminal residues of this domain (Santa Cruz Biotechnology);
his antibody (designated RN in the figures) is suitable

for Western blotting. Cross-linked hormoneeceptor frag-
ments were likewise visualized by enzyme-enhanced chemi-
luminescence following blotting with NAv Pierce Chemi-
cals). Apparent molecular masses were inferred in relation

5The crystal structure of the homologous-+CR—L2 region of
the IGF receptor, determined at 2.6 A resolution, demonstrates that
the L1 and L2 domains (blue and orange in Figure 3B) f@rmelices
(40) as depicted in Figure 3B. Although the tCR—L2 fragment does
not bind IGF-1 or insulin, mutagenesis studies of secreted IGF-I- and
IR-derived ectodomains demonstrate that respective L1 domains play
major roles in ligand binding4@, 74) in accord with the results of
cross-linking 24) and analysis of chimeric receptod5( 61, 63).
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FIGURE 4: Photo-cross-linking of P& and Pap?* to isolated secreted ectodomain (A) or holoreceptor (C) and respective cross-linking
control assays (B and D). (A, C) Western blots showing the ectodomain of the IR (pangs'4, 290 kDa;a, 115 kDa;s', 30 kDa) or
holoreceptor (panel Gy,f3,, 460 kDaj;o, 135 kDa;f, 95 kDa) cross-linked with DKP-insulin containing Pap substituted at either position

B25 (lanes 4 in panel A and lanes-12 in panel C) or position B24 (lanes8 in panel A and lanes-36 in panel C) treated without
(odd-numbered lanes) or with (even-numbered lanes) UV irradiation. DKP-insulin analogues have a biotin tag at B1. After cross-linking,
reduction with DTT (top and middle panels of parts A and C), SIPAGE separation, and blotting onto nitrocellulose membranes, cross-
linked adducts were probed with alkaline phosphatase conjugated NAv (top panels of parts A and C). Control blots probed by IR
(middle panels of parts A and C; after DTT reduction) demonstrate equal amounts of IR. Similarly, control blots probed with NAv (bottom
panels of parts A and C; without DTT reduction) demonstrate equal amounts of insulin analogue. (B, D) Competition experiments. Western
blots showing photoactive P25 binding to receptor competing with increasing amounts of human insulin (or IGF-I) followed by photo-
cross-linking and Western blotting analysis; data for the ectodomain are shown in panel B and for the holoreceptor in panel D. Concentrations
of the competing ligands (panel B, lanes@. (insulin) and lanes-#12 (IGF-1)) were successively 0, 6, 20, 60, 200, and 600 times that of
PafP25, The same stoichiometries were employed in panel D (lan€s (thsulin) and 9-14 (IGF-I), respectively). The absence of photo-
cross-linking in the absence of UV irradiation are also shown in panel D (lanes 1 and 8).

to standards with and without N-linked glycosylation; there PagF?*-cross-linked complexes (lanes-8 in Figure 7A,B)
are no O-linked carbohydrates in thesubunit 39). but not in Pap?>cross-linked complexes (lanes—4a).

Our initial strategy is based on the previous identification Analogous to “supershift” gel assays, both the free L1
by Pilch and colleagues of a unique amino-terminal 50 kDa domain (28 kDa in the glycosylated form) and cross-linked
chymotryptic fragment of the. subunit @7). This glycosy- L1 domain (31 kDa; 3 kDa contributed from the B chain of
lated fragment, which is relatively resistant to further the photoactive analogue) were observed using amino-
proteolysis 47), contains the amino terminus of thesubunit terminal a-subunit receptor antisera as the Western probe
(on the basis of Edman sequencing) and spans thehelix (Figure 6A). Following enzymatic deglycosylation, the
and most of the CR domain. Parallel Western oiR apparent mass of this fragment is 20 kDa (lanes 1 and 2 in
antiserum) and NAv blotting of chymotryptic digests of the Figure 6B); control tryptic digestion of a native insutitR
PagF2*-photo-cross-linked complex thus enables visualization complex yields a corresponding 17 kDa N-terminal degly-
of a 50 kDa band indicating photo-cross-linking to the-L.1  cosylated fragment. The molecular mass of this fragment
CR region (lanes 58 in Figure 5A,B). The identity of this  indicates that it contains about 150 amino acids (given
amino-terminal 47 kDa chymotryptic receptor fragment was possible electrophoretic anomalies, a conservative upper
validated by affinity pull-down using streptravidin-conjugated bound would be fewer than 170 amino acids) and thus
agarose beads followed by Western blotting with the-IR consists of the L1 domain. Inspection of the homology model
antibody: the same fragment contains both biotin and the of the L1-CR—L2 domains (Figure 6C) predicts exposed
L1 epitope (left-hand lanes of Figure 5C,D). Whereas such tryptic sites at positions K149, K164, and K166 (red in Figure
mapping demonstrates that P#pDKP-insulin cross-links 6C). Cleavage at K149, within a loop connecting the L1
to the amino-terminal fragment, the Pdpanalogue does f-helix to the CR domain, would be most consistent with
not (lanes +4 in Figure 5A and open box in Figure 5D). the mass of the deglycosylated fragment. The difference in
Cross-linking of Paf?>-DKP-insulin to sites carboxy- mass between the glycosylated and deglycosylated fragments
terminal to the LE-CR region is consistent with previous (11 kDa) is consistent with the presence of three N-linked
studies 10).5 Control studies of the P&P-cross-linked
complex are described in the Materials and Methods. 6 Steiner and colleagues characterized a®Pagerivative of the

To define further the B24-binding region, we have truncated insulin analogue des[B2B30]-B25p-azidophenylalanine-
employed analogous amino-terminal tryptic fragments fol- o-carboxamide-insulin containing a B1 biotin tag. The Pap moiety was

; Fi ; ; found to cross-link to a carboxy-terminal peptide derived from the insert
lowing limited digestion of the covalent hormongsceptor domain (residues 704718; 10). Similar results have been obtained

complex (Figure 6A). A unique amino-terminal 31 kDa yjth the Pap?® derivative of intact insulin (L. Scfiter, personal
cross-linked glycosylated fragment was thus identified in communication).
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Ficure 5: Limited chymotrypsin digestion of P&y or Paf?*-cross-linked IR and affinity pull-down assays. (A, B) Affinity-purified
holoreceptor was cross-linked to Pépor PafF2* derivatives of DKP-insulin and digested with chymotrypsin as described in the Materials
and Methods. At indicated time points (top of the gels), aliquots of the digestion mixture were mixed with an equal volume of Laemmli
sample buffer containing 100 mM DTT and heated at@5or 5 min. SDS-PAGE gels were probed with alkaline phosphatase conjugated
NeutrAvidin (panel A) or anti-I antibody (B). Three times as much protein was loaded in laresdf panel A as in lanes-58. “NS”

(panel A) designates nonspecific binding of NAv to a contaminating protein. Positions of molecular weight standards are shown at the left
of each gel. (C, D) The P&- or Paj¥?>-conjugated IR complex was digested with chymotrypsin and mixed with streptavidin-linked
agarose beads after reduction by DTT. Unbound receptor fragments were washed away, and bound receptor fragments were eluted by
boiling at 90°C for 15 min in Laemmli sample buffer. Eluted fragments were separated by 12.5%B8SGE and blotted on nitrocellulose
membranes. Signals were visualized by either alkaline phosphatase conjugated NeutrAvidin (C) ar antidBdy (D). The empty box

in panel B indicates the absence of the 40 kDa band diagnostic of photo-cross-linking of teaPafogue to the carboxy-terminal region

of thea subunit. “WB” indicates Western blot; NAv, NeutrAvidin; anddRN, anti-peptide antibody recognizing 20 amino-terminal residues

of o subunit.

glycosylation sites (see the Materials and MethogS). DISCUSSION

Absence of this SDSPAGE fragment without reduction of

the tryptic products by DTT is consistent with the presence  Binding of insulin to the IR plays a central role in the

of interlocking disulfide bridges spanning the candidate hormonal control of metabolisnil). The present study is

tryptic sites (Supporting Information). motivated by anomalous structudractivity relationships in
the insulin B chain. Such anomalies have attracted broad

e o . interest in relation to possible mechanisms of binding to the
allows photo-cross-linking efficiency to be estimated on the g “gecayse insulin exhibits conformational variability

ba§i§ of.the relative int.ensities of these bands. Apparent among crystal structure&,(4, 49, 50), its active conforma-
efficiencies are approximately 20% for both P#pand  {ion s not well understood. In this paper we have focused
Paf7%; actual effiencies might be even higher since the o two invariant side chains in the C-terministrand,
WGA-purified IR may not be completely active. Because ppe24 and Ph&5, These conserved residues are of special
Phé>* and Ph&” are contiguous residues, cross-linking of importance as sites of rare clinical mutations causing diabetes
the corresponding Pap derivatives to different regions of the mellitus (11), and their roles in receptor binding have been
IR demonstrates that the amino- and carboxy-terminal regionsextensively investigated by mutagenesi®, (17, 20, 51).

of the o subunit lie in close proximity in the hormore  Residue-specific photo-cross-linking studies have previously
receptor complex. These results do not indicate whether thesuggested that PF& directly contacts the IRIQ, 19). Here,
proximate domains belong to the samsubunit or lie across ~ we have extended this approach to Phea proposed site

a subunit interface of theyf, heterotetramer. of conformational change on receptor binding.

Separation of free and cross-linked receptor fragments
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Ficure 6: Supershift of the cross-linked receptofragment and model of LCR—L2 domains of the IR. (A) The apparent efficiency

of cross-linking is determined by comparison of free and photo-cross-linked receptors. Left-hand lane: WGA-purified IR was cross-linked
to the Pap?* derivative of DKP-insulin and digested with trypsin. Right-hand lane: the corresponding digestion of free IR. In each case
digestion was stopped after 10 min by adding soybean trypsin inhibitor. Heat-inactivated and denatured aliquots were resolved by SDS
PAGE and visualized by I1&-N. A 12.5% linear resolving SDSPAGE system was used for optimal separation of 26 kDa fragments.

(B) Enzymatic deglycosylation of B24-cross-linked tryptic fragments enhances resolution, sensitivity, and accuracyBASESnalysis.

Lane 1. NAv-detected Western blot demonstrates that above 31 kDa the glycosylated B24-cross-linked fragment runs at 20 kDa following
deglycosylation. Lane 2: I&\-detected Western blot demonstsa#e3 kDa mass difference between B24-cross-linked and native fragments
(20 versus 17 kDa). Lane 3: controldiR! blot following tryptic digestion of IR bound to unmodified insulin (i.e., in the absence of Pap
probe). (C) Ribbon representation of a homology model of CR—L2 domains of the IR based on the crystal structure of the corresponding
domain of the IGF receptor. The modeling procedure employed the SWISS-MODEL protocol as described in the Materials and Methods.
The L1 domain is shown in blue, CR in black or green, and L2 in purple. Junctional segments between L1 and CR domains (residues
149-194) are represented as black sticks. Within this sequence, two disulfide bridges (cystind82%thd 169-188) are shown in

yellow; the disulfide bridge at cystine 12855 is not shown. Three putative tryptic sites (Lys149, Lys164, and Lys166) are highlighted

in red. The sequence of the IR ECR—-L2 domains is given in the Supporting Information in relation to the sequence of IGF-I.

Does PhE&* Redirect the Main-Chain Configuration of respectively; Table 1)1@, 16, 19, 79).2 Molecular interpreta-
the B-Chains-Strand?Phé2* occupies a similar environment  tion of these relative affinities is not apparent.
in all crystal structures of insulin. Stable packing interactions A possible role for PH&* in redirecting the main chain
are observed between the aromatic side chain and conserve@f insulin on receptor binding has been proposed on the basis
side chains in the core; van der Waal contacts are observed! the unexpectedly high activities ofamino acid substitu-
with ValB12, LelP!S, and the A26-B19 disulfide bridge 3, tloqs_(lz 53). RemarkanyD—AIa, D-Phe, anda—Tyr enhancg .
4, 50). These interactions are retained in a monomer in aCt'V'ty. to S'”?"af. eXteT“S (Table 1A), suggest]ng that it s
solution (Figure 2B6, 7, 52). Phé? thus seems to provide the main-chain disruption rather than the identity of the side

a key structural support to seal one face of the hydrophobic - Ludvigsen and colleagues propose that in @lyanalogues at
core. Surprisingly, substitution of PFéby glycine does not  neutral pH a structural reorganization takes place in which?#he

iynifi i i replaces the absent PR&in the hydrophobic core, leading to a larger
significantly affect the affinity of the hormone for the IR turn (B20-B24) but a similar C-terming$-strand (4). Inspection of

(relative affinity ca. 80%; Table 1A). The variant protein their depositedH NMR chemical shifts is not in accord with this model
retains a nativelike:-helical moiety with partial or complete  as the expected ring-current effects of an internal®Phen the

: : _ : neighboring side chain of L&t (75) are not observed. Reinvestigation
disorder between residues B20 and B30. The C-terminal of the analogue [GRI®G-insulin at neutral pH suggests an

p-strand detaches from the core under acidic conditiép)s (  alternative model in which the B24830 segment is only partially
whereas at neutral pH it remains in part attach&d).( ordered and in equilibrium between attached and detached conformers

. . L . - (Q. X. Hua and M. A. Weiss, manuscript in preparation). No evidence
Alanine, serine, and tyrosine impair receptor binding more 5" ained for hydrophobic insertion of PRein accord with ring-

significantly (relative affinities 1%, 7%, and ca. 2%, current analysis of chemical shifts.
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Ficure 7: Limited trypsin digestion of P&g> or Pajff?*-cross-linked IR. (A, B) WGA-purified IR was cross-linked to P#&por Paf?*
derivatives of DKP-insulin and digested with trypsin. At indicated time points (beneath the gels in panels A and B), digestions were
stopped by adding soybean trypsin inhibitor. Heat-inactivated and denatured aliquots were resolvedHASESand visualized by
alkaline phosphatase conjugated NAv (panel A) oodR (panel B). (C and D) P&g° and Pap?* cross-linking to pretrypsinized insulin
receptor. After SDSPAGE separation and blotting, samples were probed with NAv (C) or antid®ibody (D).a-B designates the
covalent complex between the intactsubunit and B-chain analogue. £B (apparent molecular mass 31 kDa) designates the covalent
complex between the L1 domain and B-chain analogue. In panels A am(CE (apparent molecular mass 37 kDa) designates the fragment
containing the carboxy-terminal contact site of Ba@mnd the B-chain analogue. Abbreviations are otherwise as in Figure 5.

chain that strengthens receptor binding. The proposedbe expected to be broken on detachment of the strand in the
detachment or reorganization of the carboxy-terminal region hormone-receptor complex. In an attempt to facilitate such
of the B chain near B24 would expose the side chains of detachment by design, Wollmer and colleagues designed a
Pheé24 and 1l€? and so enable them to engage the receptor novel nonstandard analogue in which the BBR5 peptide
(Figure 10A;13, 21). Such an induced fit would also expose bond was replaced by an ester bob8)( the first report of

the side chains of If¢ and Vaf®, otherwise inaccessible in  replacement of a main-chain atom in insulin. Although meant
native structures. Direct contacts between these A-chainto enhance activity, loss of the B2&19 hydrogen bond
residues and the IR would rationalize the exquisite sensitivity was associated with impaired activity. Structural studies of

of binding to such subtle substitutions as*fle~ allo-1le*? the analogue revealed an unexpected gain in hydrophobic
(affinity decreased by 50-fol®2) and Vaf*— Leu (affinity interactions achieved by insertion of the PReside chain
decreased by 500-fold54). into the core, shielding this side chain and hindering (rather

In the crystallographic T state the C-terminal B-chain than facilitating) detachment of thstrand 66). Ascribed
p-strand not only packs against nonpolar side chains of theto increased rotational freedom of the main chain due to the
A chain but is also tethered by a hydrogen bond between ester bond, this structural reorganization honors the breach
the amide proton of PKe& and the carbonyl oxygen of TA# in the detachment model.

(3). This hydrogen bond is broken in the R state due to a  Thg present photo-cross-liking results strongly suggest that
small displacement of thé-strand 4, 49) and would likewise Phé?* like Phé?, contacts the insulin receptor. It is not

clear, however, whether such contacts take place within a
8 Tager and co-workers investigated Tfrin the context of an native structural context or by means of an altered conforma-
analogue containing substitution P$f— Phe @0). However, the latter tion. Given the structural environment of Pffeat the edge

has only a small effect on receptor bindiri2f). We note in passing . o . N
that the low activity of the Ty#4 analogue is surprising in light of the ~ Of the core (Figure 2C), it is likely that in a nativelike

higher activity of the present Prfifj analogue (50% relative to the  structure the azido moiety of P& would project from the
parent biotinylated template). Thpehydroxyl function of Tyr exhibits surface of the protein even as the remainder of the aromatic

chemical similarities to th@-amino function of Pmp, including size, : . e . .
polarity, and potential to donate and receive hydrogen bonds. BecauseSId€ chain is buried in the core. Itis also possible that the

the synthesis of the T§# analogue was not verified by mass azido moiety perturbs side chain packing, enhancing its
spectrometryZ0), it is possible that effects of this substitution activity ~ solvent accessibility in the free hormone. Although these

should be revisited. Recent reinvestigation of Pthpnd TyE?*in the il ;
context of despentapeptide[B2830]-insulin-amide gave relative possibilities cannot be excluded, we propose that extensive

activities of 52% and 14%, respectively (S. H. Nakagawa, unpublished CONtacts between the IR and IEngserve to trigger a
results). conformational change in the C-termirtaktrand, mimicking
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effects of D substitutions. In this model the aromatic ring  The present study has extended the approach of Steiner
packs within a pocket of the L#-helix rather than against and colleagues1Q) to employ an aryl azide (Pap) at the
the core of the hormone. The details of side chain packing preceding residue of the B chain. Unlike B1 and B29,%he

in this pocket could rationalize the otherwise puzzling effects and Ph&%° are each invariant and contained within the
of L-amino acid substitutions (see above). We further suggestclassical binding surface3( 9, 11, 57). The choice of
that contacts by P& follow secondarily to stabilize this  p-azidophenylalanine is noteworthy. Although other photo-
novel conformation. The anomalous effects of substitutions active reagents have been developed, Pap is closest in shape
at B24 contrast with consistent structwiactivity relation- and size to Phe (or Tyr). Its substitution for PHeor Phé&?2>
ships at B25 (Table 1B), i.e., a straightforward preference thereby minimizes steric perturbation to insulin or the
for aromatic rings sharing an%pybridized trigonal carbon  receptor complex. Further advantages of Pap derive from
at they position of the side chairl§). Modification of the its short length and restricted mobility: avoidance of the
para position of the B25 phenylalanine ring (Pmp or Tyr) nonspecific or multiple sites of cross-linking that can be
does not affect receptor binding. Indeed bulky aromatic side associated with long and flexible tethers. This is of particular
chains such ag-naphthylene are relatively well tolerated, significance in the present study. Our goal was to compare
suggesting packing of the side chain over an unrestrictedshort-length cross-linking reagents at contiguous sites in
surface or within a large slot. By contrast, diabetes-associatednsulin. Fortuitously, this provided a “molecular ruler” with

variant Ph&% — Leu (insulin Chicagd contains an sk which domain-domain distances in the hormoneeceptor
hybridized tetrahedral carbon at thegosition and exhibits ~ complex could be probed. The present characterization of
a >50-fold reduction in receptor-binding activityL¢—18). Pa?>-DKP-insulin, although of lower resolution than that
Substitution by alanine, glycine, and serine also impairs of Kurose et al. (based on Edman sequencih@), is
receptor binding (Table 1B). nonetheless consistent with the sequence of their cross-linked
Relationship to Preious Cross-Linking Studie€hemical carboxy-terminal peptide: in the context of an intact insulin

and photoaffinity cross-linking methods have previously been a@nalogue P& cross-links within a carboxy-terminal 25 kDa
employed to identify sites of contact between insulin and 9glycosylated fragment (3 kDa B chain of insulin derivation
the IR (for a review, see red). A chemical cross-linking ~ contained) containing the carboxy-terminal tail derived from
study identified an amino-terminal 55 kDa chymotryptic the insert domain (see the Materials and Methods). By
fragment (which includes the L1 and CR domains; Figure contrast, Paf#*-DKP-insulin cross-links within the amino-
3) as containing a major site of insulin binding7f. Because ~ terminal L1 _domaln. To our kn_owledge_, this is the fII’S'F direct
chemical cross-linking of native insulin is not residue- demonstration that the amino-terminal L1 domain and
specific, efforts have otherwise focused on the design of carboxy-terminal tail of the recepter subunit are in close
modified insulins containing specific photoactivatable probes. Proximity in the hormonereceptor complex.
Two studies utilized azido-based probes to derivatize the Interestingly, contiguity between the amino- and carboxy-
e-amino group of Ly8% (24, 43). Discrepant results were terminal domains of theo subunit is in accord with
obtained (sites of cross-linking were mapped to the L1 comparative receptor-binding studies of native insulin and
domain in one case and tentatively ascribed to the CR domaina truncated high-affinity analogue, designated X92 (Figure
in the other Likewise, a photoreactive probe at the amino 8; 25). The analogue lacks the five carboxy-terminal residues
terminus of the B chain has been shown to contact a fragmentof the B chain (B26-B30; 37).2° Comparison of intact insulin
spanning residues 39@88 (i.e., carboxy-terminal to the CR  and X92 enabled the role of the carboxy-terminal segment
domain;44). Because sites of photo-cross-linking by probes of the B chain to be probed in the hormeneceptor
at B29 and B1 are likely to be peripheral to the hormene complex @5). Two key substitutions (R14A and H710A) in
receptor interface and influenced by the flexibility of these the IR were observed by Whittaker and colleagues to impair
terminal segments, Steiner and colleagues focused d#*®Phe binding of insulin more significantly than binding of X92.
which as discussed above is a conserved site in the B-chainControl studies demonstrated that such differential binding
B-strand of critical importance for biological activitylg). was due to the carboxy-terminal truncation of the B chain
In the context of truncated analogue despentapeptidefB26 and not to the substitutions at position A8 or BIZb)
B30]J-insulin-o-carboxamide, P&#° cross-links to the car-  Remarkably, one of the alanine substitutions is in the amino-
boxy-terminal insert domain of the IR.Q). Together, these  terminal L1 domain (R14A), whereas the other is in the
results raise the possibility that regions of thesubunit carboxy-terminal tail derived from the insert domain (H710A).
distant in the sequence are brought into proximity by the Whittaker and colleagues thus proposed that the amino- and
overall folding of the receptor. carboxy-terminal domains of the receptor each contact the
carboxy-terminal region of the B chaitand hence must

_ ) . themselves be in close proximity%). This proposal is
9The alternative reported sites of photo-cross-linking may be due

to the design and location of the probes at a site extrinsic to insulin’s strongly supported by the present results.
receptor-binding surface8(57). It is also possible that the proposed Structure of the Insulin ReceptoFaken together, cross-

CR assignment of Yip and colleagues is in error. The initial assignment ||nk|ng studies Suggest that sites of contact are distributed

of the photolabeled fragment was to the CR domain (obtained on the : :
basis of its reactivity toward an antibody raised to a peptide derived among noncontiguous segments of thgolypeptide {0,

from this domain); sequence analysis was not performed. The assign-24, 43, 44). Although the structure of the receptor is not
ment was ambiguous, however, as it was also demonstrated that theknown, comparative sequence analysis suggests that the
photolabeled fragment reacts with the antireceptor monoclonal antibod-
ies MA-5, MA-10, and MA-20, which do not bind to the CR domain.
Yip and colleagues thus concluded that the photolabeled fragment might °To enhance activity, the X92 analogue also contained three
alternatively be derived from the region of the subunit between substitutions (TH®® — His, His?®— Asp, and Ph#&>— Tyr), and the
residues 518 and 6333). B25 a-carboxylate was amidate@7).
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Ficure 8: Cylinder models of (A) native insulin and (B) X92 truncated analo@T. Structures based on the crystallographic T sta}e (
Residues B24 and B25, sites of present photo-cross-linking, are as indicated. X92 lacks five carboxy-terminal residues of the B chain and
contains substitutions P®& — Tyr, Thr*® — His, and Hi§® — Asp; the carboxy terminus of the truncated B chain is amidated. The
receptor-binding activity of X92 is ca. 100-fold higher than that of native ins@8) 87).

intact insulin

subunit consists of a series of modular domains as illustratedalanine scanning mutagenesis: fourteen critical amino acids
in schematic form in Figure 3. Several models of the were identified in four discontinuous segmer§)( It would
quaternary organization of the extracellular IR domains have be of future interest to define where Pfecontacts the L1
been proposed on the basis of single-molecule EM imagesf-helix in relation to those mutational hot spots and a possible
(27—32). Various T-, Y-, X-, U-, bar-, and globular-shaped mechanism of aromatic complementarity.

structures are observed, but their atomic-scale interpretation How the L1 S-helix is oriented with respect to the
remains unclear (for reviews, see re¥sand 58). An remainder of the IR is not well understood. A Y-shaped
overarching idea is provided by the bivalent model of the model emerged from early studiex’-29) and has received
insulin—IR complex in which one insulin molecule simul-  recent support from a cryo-EM study (Figure 9Y¥). Image
taneously contacts twa subunits. This scheme is reminis- reconstruction of the insulinholoreceptor complex based
cent of how growth hormone and other cytokines bind to on scanning transmission EM has been described at 20 A
their respective receptors9). In addition to its structural  resolution 82). An atomic-scale interpretation was proposed
elegance, such a model rationalizes the kinetic properties ofby Yip and colleagues on the basis of computer-based
nonclassical insulin analogues and provides an intuitive docking of insulin (based on a crystallographic protomer;
mechanism for the complex phenomenon of negative coop- Figure 9B) within a putative ligand-binding tunnel between

erativity 37, 60).

The importance of the L1 domain of the subunit in
conferring high-affinity insulin binding has been highlighted
by studies of chimeric receptor$l, 62). The IR and
homologous IGF-I receptor (IGHR) bind insulin and IGF-I
with opposite orders of affinity. Chimeric receptors based
on “mixing and matching” domains have thus enabled
determinants of ligand specificity to be identifie@3]. In

o subunits 48). Although this procedure is in part specula-
tive, it is noteworthy that the Lf-helix emerges as a major
insulin-binding surface and in particular that PHeis
proposed to contact residues Leu87, Phe88, Phe89, and
Tyr91, in accord with the aromatic-complementary model
of De Meyts 65). This and other features of the Yip model
will require future testing. Attempts have been made to
resolve the domain organization of the IR by single-molecule

accord with these results, the present study has documente®M techniques with varying results.

a specific role for the L1 domain in the docking part of the
carboxy-terminugs-strand of the insulin B chain. The L1
domain forms g-helix (Figure 3B), a structural motif shared
by otherwise diverse protein§4). Larger than insulin, the

U-shaped models of quaternary organization of the se-
creted ectodomain have been also proposed on the basis of
single-molecule EM images30, 58). Domain assignments
were obtained on the basis of decoration Qy flragments

L1 p-helix presents both polar and nonpolar surfaces asfrom anti-IR monoclonal antibodies with known epitopes
potential ligand-binding sites. In the absence of structural (Figure 9C). Although these assignments seem well estab-

information a model was propose®5] on the basis of
“aromatic complementarity”: residues Pht Phé&?5, and
Tyr828 in insulin were envisaged to interact with aromatic
side chains within residues 834 of the L1 domain
(RGSRLFFNYALYV; key aromatic residues in bold). This

lished, it is not clear in such a model how the carboxy-
terminal tail of theot subunit might adjoin the L1 domain of
eithero. subunit. To accommodate this structural constraint,
we propose a reinterpretation of the U-shaped model (Figure
9D). We envisage that the same overall shape can be

suggestion was motivated by an analogy between receptorpartitioned betweei subunits not as a side-by-side dimer

binding and dimerization of insulir6f). Those ideas have

as originally proposed (Figure 9(88), but instead as

been refined on the basis of a homology model derived from interlocked pieces (Figure 9D). This scheme retains tige F

the crystal structure of the IGHR L1—CR—L2 region @0).

Whittaker and colleagues have defined putative insulin-

based assignments of the L1 and L2 domains, but switches
their respective assignments to one or the othesubunit.

binding sites on the surface of this model on the basis of The resulting subunit interface naturally juxtaposes the
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Ficure 9: EM-derived models of the IR and ectodomain. (A) Y-shaped model of IR based on two-dimensional projection of cryo-EM
images 81). The IR was solubilized and purified in detergent; similar images were obtained following reconstitution in liposomes. (B)
Globular holoreceptor EM image reconstruction (panel a) and proposed domain assignments (panel b) of the-tRrownplex B2,

73). (C) Side-by-side U-shaped model of secreted ectodon®&in Assignments of L1 and L2 domains were based on binding.ef F
fragments. The ectodomain was fixed by glutaraldehyde and stained with uranyl acetate, uranyl formate, potassium phosphotungstate, or
methylamine tungstate. (D) A proposed reinterpretation of the U-shaped model in accord with the present results. The same overall U-shape
is achieved by interlocked protomers. The proposed shape of teh single protomer is shown at far right. Fnlll designates fibronectin-
homology regions. The interlocked model is in accord with model 2 in Figure 10B in whid#¥®am Pap?® contact differentx subunits.

carboxy-terminal tail of one subunit near the L1 domain
of the other. Such an arrangement predicts in turn that®he
and Ph&% themselves bind to different subunits.

within the classical receptor-binding surface of insuf@) (
and are sites of mutation causing diabetes mellitd3. ©On
brief ultraviolet irradiation each derivative cross-links ef-

Proximity between the L1 domain and the C-terminal tail
of the a. subunit is broadly consistent with the design of
minimized receptor constructions in which the tail is fused
to the end of the L+ CR—L2 region @6, 66). Remarkably,

ficiently to the insulin holoreceptor and isolated ectodomain.
Contacts between PF# and the IR may initiate a confor-
mational change in the hormone, exposing a hidden func-
tional surface 22). Unexpectedly, our results have demon-

addition of the tail restores hormone binding to the otherwise strated that the L1 and tail domains of thhesubunit are in

inactive L1-CR—L2 fragment: insulin is able to bind this
construct, albeit with 10-fold lower affinity than to the
secreted ectodomai®). In such an engineered complex it
is not known how close the tail comes to the L1 domain
due to possible domairdomain flexibility within the
construct. Irrespective of the details of the structure, this

close proximity in the hormonereceptor complex. Such
proximity rationalizes effects of alanine substitutions on
binding of a truncated insulin analogu2sf and suggests a
revised interpretation of electron-microscopic images of the
insulin—receptor complex5g8).

We suggest that on receptor binding the C-terminal

distance is presumably smaller than the diameter of insulin S-strand of the B chain detaches from the hydrophobic core

itself. (The orientation of domains observed in the crystal
of the IGFR L1I-CR—L2 fragment (Figure 3B) may reflect

to insert between amino- and carboxy-terminal domains of
the a subunit of the IR. This model is shown in schematic

crystal packing rather than the single preferred conformation form in Figure 10. Whereas the free hormone adopts a closed

(40).) The functional properties of the monomeric minimized
receptor 6, 66) seem to be at variance with the interlocked

conformation, the bound hormone would expose a hidden
functional surface containing f# (Figure 10A). It is not

U-shaped model proposed above. We caution, however, thatclear whether PHé* and Ph&% (green and red circles)

structure-function relationships in the minimized receptor

contact the samet subunit (model 1 in Figure 10B) or

have not been systematically investigated. It may be thatdifferent a subunits (model 2). In either case, it would be

structural features of recognition, including domadomain
relationships, differ from those characteristic of dimeric forms
of thea subunit, such as present within thgs, holoreceptor.
Concluding Remarks In the present study two photo-
activatable derivatives of insulin, containing respective

intriguing if the L1 and tail domains were distant in the free
receptor but brought together as a consequence of insulin
binding. Because the subunit is tethered to the subunits
(transmembrane tyrosine kinases) by disulfide bridges, it is
possible that such a change in domadtomain distances

p-azido-phenylalanine substitutions at contiguous positions could alter the structure or orientation of the t@subunits

Pheé24 and Ph&25, were synthesized to provide a molecular
ruler within an engineered monomer. These positions lie

and in turn activate the receptor tyrosine kinase. It will be
of great importance to test the present models by high-
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lle”?

B

tail

model 2

model 1

Ficure 10: Schematic models of insulin and the insulR
complex. (A) Model of conformational change of insulin upon
receptor binding. Locations of &, Phé&2* (green), and PI#é° (red)

are

represented as light and dark gray regions. (B) Possible models of

schematically shown. A and B chains are schematically

insulin receptor in the bound form illustrate the close proximity of

the

amino-terminal L1 domain and the carboxy-terminal insert

domain. In model 1 the amino- and carboxy-terminal domains of
eacho subunit are in close proximity, whereas in model 2 the
amino-terminal domain of one subunit packs near the carboxy-
terminal domain of the othex subunit. The carboxy-terminal tail
of the o. subunit is derived from the insert domain (see Figure

3A,

B).

resolution crystallographic studies of insutiiR complexes.
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