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ABSTRACT. Naturally occurring mutations in insulin associated with diabetes mellitus identify critical
determinants of its biological activity. Here, we describe the crystal structure of indldkayamaa

clinical variant in which a conserved valine in the A chain (residue A3) is substituted by leucine. The
substitution occurs within a crevice adjoining the classical receptor-binding surface and impairs receptor
binding by 500-fold, an unusually severe decrement among mutant insulins. To resolve whether such
decreased activity is directly or indirectly mediated by the variant side chain, we have determined the
crystal structure of Letf-insulin and investigated the photo-cross-linking properties of an A3 analogue
containingp-azidophenylalanine. The structure, characterized in a novel crystal form aszarcRexamer

at 2.3 A resolution, is essentially identical to that of the wild-typehBxamer. The variant side chain
remains buried in a nativelike crevice with small adjustments in surrounding side chains. The corresponding
photoactivatable analogue, although of low affinity, exhibits efficient cross-linking to the insulin receptor.
The site of photo-cross-linking lies within a 14 kDa C-terminal domain ofdksubunit. This domain,
unrelated in sequence to the major insulin-binding region in the N-termingthdlix, is also contacted

by photoactivatable probes at positions A8 and B25. Packing of®\althis interface may require a
conformational change in the B chain to expose the A3-related crevice. The structure of\iviakiiigama

thus evokes the reasoning of Sherlock Holmes in “the curious incident of the dog in the night”: the
apparent absence of structural perturbations (like the dog that did not bark) provides a critical clue to the
function of a hidden receptor-binding surface.

Insulin is a globular protein containing two chains, A (21 (3) (Table 1)! Processed and secreted normally, insulin
residues) and B (30 residues) (Figure 1A). Expressed as aWakayamacontains a mutation at a conserved site in an
single-chain precursor (proinsulirt) and stored in the  a-helix (Vah® — Leu; asterisks in Figures 1A and 2). A
pancreatic3-cell as a zinc-stabilized hexame?)( insulin clinical mutation at the homologous position of human IGF-
plays a central role in the hormonal control of metabolism. 12 (V44M; Figure 2) likewise impairs its binding to the type
Molecular mechanisms of its folding, processing, secretion,

and receptor binding are incompletely understood and define 1 In addition to insulinwakayamaother diabetes-associated substitu-

active fields of investigation. “Experiments of nature” are  jons in the mature hormone occur in the B chain: ®he- Ser (insulin
provided by the mutant insulin syndromes: rare monogenic Los Angelesand Ph&5 — Ser (insulinChicagg 8). By analogy to

forms of diabetes mellitus associated with mutations in the aPnor_rHal hem??rllobir]lrs, tth% mUtgn:&;‘?\L/j\}if:]S are dAessi%nZéZted %yég% city
; ; ; ; of residence of the affected probar).(Whereas A3, ,an

huma.n .msu“n gene 36 Thr'e.e classes . of .ar.“'”o acid mutations impair insulin binding, the H¥¥ — Asp clinical mutation

substitutions have been identified, perturbing (i) intracellular \ould enhance activity but is associated with hyperproinsulinemia due

trafficking of the variant proinsulin to the glucose-regulated to mistrafficking of the variant proproteir). A preliminary account
Secretory granu|e of trﬁ_ce“ (4), (”) proteo'ytic processing of the phOtO-CrOSS-llnklng of photoactlvatable A3, B24, and B25

- S . . . analogues to the isolated secreted ectodomain of the insulin receptor
of proinsulin in the endoplasmic reticulum to yield the mature |, reviously been publishedl.

hormone $—7), or (iii) the conformation or receptor-binding 2 Abbreviations: CD, circular dichroism; CR, cysteine-rich domain
activity of the mutant insulin&—10). This study focuses on  of the receptora-subunit; DPI, degB26—B30]insulin, a truncated

; ; ; i ; analogue; DPI-amide, modified DPI analogue in which the truncated
insulin Wakayamd(3), the least active among clinical variants B chain contains a C-terminal amide; DTT, dithiothreitol; EM, electron

microscopy; IGF-1, insulin-like growth factor I; IR, insulin receptor;
T Supported in part by grants from the National Institutes of Health IRa-N, polyclonal antibody that recognizes 20 amino-terminal residues

to P.G.K. (DK56673) and M.A.W. (DK40949). of thea-subunit; NAv, NeutrAvidin; rms, root-mean-square; rmsd, rms
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Ficure 1: Insulin and the insulin receptor. (A) Cylinder model of insulin T- and R-state protomers. A chains are colored red and B chains
white. The R-state-specific extension of the B-chahelix is colored gray. The asterisk denotes the position of the A3 side chain. (B)
Putative domain structure of the IR (right) and corresponding organization of exons in the IR gene (left). Putative structural modules (L1,
CR, L2, Fn0O, and the N-terminal portion of Fn1-ID) are inferred from homology modeB5Yjy Orange arrowheads indicate sites of
N-linked glycosylation; green arrowheads indicate sites of mutations that impair binding of insulin. The black box and asterisk indicate the
14 kDa fragment which contacts A3, A8, and B25. (C) Stereoview of¥ahd the A3-related crevice in a T-state protomer (PDB entry
4INS). Residues surrounding Valform a crevice within which the side chain of Valis mostly buried (see Table 3A). V@l methyl

groups (CPK representation) are partially (red ball) or completely buried (purple ball); methyl groups are more clearly visible in the enlargement
in panel D. The A chain is colored dark blue and the B chain surface light blue. The portion in the red box is enlarged in panel D. (E) For
clarity, a ribbon representation of insulin and side chains surroundin§ \éashown in the same orientation and color scheme as in panels

C and D. The asterisk denotes the position of the A3 side chain.

| IGF receptor and is associated with severe growth- and binding surface (Figure 1C,Dt2, 17, 20, 21). Bordering
mental retardation in utero and in childhodtL), this crevice are sequence-contiguous side chairtd H#ad
Val”3 is contained within the N-terminal-helix of the A GluM4, the internal A6-Al11l disulfide bridge, Ty#®° and
chain (residues AtA8), an invariant feature of insulin-like  LetP!!in the hydrophobic core, and T8 and Pr&28 projec-
folds (12—16), and an essential recognition elemeh?-{ ting from an overlying B-chain “lid” (Figure 1E). Although
19). The wild-type side chain packs within a nonpolar crevice substitution of valine by leucine would seem to be conserva-
between A and B chains that adjoins the classical receptor-tive or even stabilizing [as leucine exhibits a greater intrinsic
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Table 1: Relative Receptor Binding Affinities of Insulin Analogties

analogue activity analogue activity
(A) A3 Variants

Gly”3-insulin 0.09%¢ 0.4 Ala”3-insulin 1.8
AbuA3-insulin 1.8 Nva*3-insulin 1.4
lle”3-insulin 1P Leu*3-insulin 0.18
AilA3-insulin 18 Tle*3-insulin 36
Trp”3-insulin 3 Thr3-insulin 1350

(B) Photo-Cross-Linking Studies
human insulin 100 Prip-ta-insulin 3.0+ 0.4 (3)
DKP-insulir? 161+ 19 (4) porcine Pmf$-ta-insulin 52+ 6 (3)
ts-DKP-insulin 132+ 5(3) Pm?*-tg-DKP-insulin 59+ 2 (3)
Pmp-tg-DKP-insulin 2.0+£ 0.2 (3) Pm?>-tg-DKP-insulin 147+ 3 (3)
Pmp4-ta-insulin 28+ 3 (3) Pmp4-tg-insulin 74+ 12 (4)

aValues are relative to human insulin, assumed to be 100%. The number in parentheses indicates the number of repetitions. Pmp analogues each
contain a biotin tag attached to theamino group of B1 (designateg)tor thee-amino group ob-lysine substituted at the Al position )i ® Data
were obtained from ret7. N®Phé*!,N<LysB?-Bisacetyl-insulin was used as a template for all A3 mutations tested in this study. Affinity results
shown here are relative to this template, which exhibits 76% binding affiniata were obtained from ré&0. ¢ Data were obtained from reo,
in which an engineered monomer (GWGIuB,GIuB6,GIuB?",deB30)-insulin (4E insulin) was used as a template. The*&iyutation exhibited
0.1% affinity, whereas the 4E template exhibited 47% affirfitpata obtained from re#3. f Data obtained from ref03 9 Value obtained from ref
43. The placental membrane assay aCAunderestimates the activity of DKP-insulin relative to cell-based binding studies and lipogenesis assays
at higher temperature4g, 105).
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FIGURE 2: Sequences of insulin A chains (top group) in relation to the A domain of human IGF-1 and -2 (middle group) and representative
f-class INS proteins of. elegangbottom group97). Residues at position A3 are boxed (asterisk). The circled residue in IGF-1, V44, is

a site of clinical mutation causing human dwarfism (V44M). Ancillary photo-cross-linking site A8 is denoted with an arrow; cysteines

at positions A6, A7, Al1, and A20 are shown in bold. Noncanonical cystein€s éhegansequences are boxed at the bottom right. Gray
cylinders denotex-helices.

a-helical propensity than valine2—24)], the activity of demonstrates that substitution of ¥&vith leucine is readily
Leu*3-insulin is impaired by 500-fold relative to that of native accommaodated in angZinc hexamerZ6). The substitution
insulin (17). To investigate the molecular basis of such does not significantly affect zinc-mediated assembly or the
decreased activity, we describe the crystal structure of insulin

Wakayamas.md |nvest|ga_te the cross-linking properties of a 3 Crystal structures of insulin as a zinc-free dim2v)(and as one
corresponding photoactivatable A3 analogue. of three types of zinc-stabilized hexamerg5( 26) have been
The structure of native insulin has been extensively determined: %, T:R;, and R (108. The T — R transition is
i - 3 characterized by a change in the secondary structure of theBB1
ﬁlhl\jl‘;? cterlz?d by X ray;rggtal;ggza%mﬂ 2?’ 55—2;):1 and segment from extended (T state) dehelix (R state) (see the gray
spectroscopy 18, 28, 29).* Our study addresses gpaged cylinder in Figure 1A). This reorganization is coupled to a
whether the variant A3 side chain perturbs this structure. change in configuration of G& and handedness of cystine AB7.
Our approach has two parts. The crystal structure of't-eu  Although the functional relevance of the R state is not well understood,

insulin is first determined to visualize the A3-related crevice LIS Possible that aspects of the ¥ R transition are recapitulated on
receptor bindingZ6), including breakage of a T-state-specific interchain

and neighboring receptor-binding surfaces. The structure, hygrogen bond (B25 NH-O=C A19; 12, 67) and a change in the
characterized by molecular replacement at 2.3 A resolution, conformation of GIj® (see the Discussiorts).
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classical dimerization interface. L&uwremains almost com-  nine-PAM resin (0.56 mmol/g; Bachem, Inc.) was used as
pletely buried in a nativelike crevice with only small solid support for synthesis of B-chain analogues. A manual
adjustments in the positions of neighboring side chains. To double-coupling protocol was followed1, 42). Protection
investigate the potential role of the A3 side chain in the of the p-NH; moiety of Phe (designated Pmp) was carried
hormone-receptor complex, we next prepared a photoacti- out by the 2-chlorobenzyloxycarbonyl group, which is stable
vatable analogue containipgazidophenylalanine (Papp, under the conditions employed in the stepwise synthesis of
31) at this position. Packing of P&pnear the receptor is  A- and B-chain analogues. Chain recombination employed
shown by its efficient cross-linking to the insulin receptor S-sulfonated B and variant A chains (approximately 2:1 by
(IR; Figure 1B). Proteolytic mapping indicates that the site weight) in 0.1 M glycine buffer (pH 10.6) in the presence
of cross-linking lies within a C-terminal 14 kDa fragment of dithiothreitol @1). Insulin analogues were isolated from
of the a-subunit also contacted by Pap probes at A8 and the combination mixture4@) and purified as described pre-
B25 (asterisk in Figure 1B;32, 33). Because probes viously (43); essentially native yields were obtained. Elec-
elsewhere in the B chain contact the N-terminal domain of trospray mass spectrometry (MS) in each case gave expected
the a-subunit (the L1j-helix; Figure 1B) 83—36), we values and verified conversion pfamino-Phe to Pap in the
propose that insulin contains at least two distinct receptor- photoactivatable derivative(). The purity was in each case
binding surfaces. Although this perspective is in overall greater than 98% as evaluated by analytical reverse-phase
accord with previous model87, 38), the pattern of specific =~ HPLC. MS revealed no anomalous molecular masses.
contact points described here was unanticipated. Engagement X-ray CrystallographyCrystals were grown by hanging-
of Val"® at the receptor interface may require “opening” of drop vapor diffusion in the presence of a 1:3.1 molar ratio
the A3 crevice following induced fit of the B chain. This of Zn?* to protein monomer and a 3.9:1 ratio of phenol to
and related evidence suggesting that insulin adopts a novelprotein monomer in Tris-HCI buffer as described previously
conformation upon receptor binding is discussed in relation (44). Drops consisted of LL of protein solution (10 mg/

to the modular structure of the IRB%). mL in 0.02 M HCI) mixed with 1.5:L of reservoir solution
(0.02 M Tris-HCI, 0.05 M sodium citrate, 5% acetone, 0.03%
MATERIALS AND METHODS phenol, and 0.01% zinc acetate at pH 8.2). Each drop was
Design of Insulin AnaloguesSix analogues of human su;pended over 1 mL of reservoir solution. A cosolven.t
insulin were prepared by chain combination: B&insulin (either acetone, phenol, or glycerol) was found to be essential

for structural analysis and five Pap derivatives [positions A3 for crystallization; in its absence, the protein forms an
(in two versions), A8, B24, and B25]. Use of Pap extends @morphous precipitate. Crystals (space gré&i3) were
the prior approach of Kursose et aBOL.5 To facilitate obtained at room temperature after 2_ weeks. Data were
characterization of photoproducts, B-chain Pap derivatives collected from single crystals mounted in a rayon loop and
were modified by a biotinylamido-caproy! tag at the B-chain flash-frozen to 100 K. Reflections from 50.1 to 2.3 A were
N-terminus 80), whereas A-chain derivatives contained an Measured with a Bruker AXS CCD detector system using a
analogous tag at theamino group ob-Lys! (substituted ~ rotating anode generator. Data were processed RROD-
for the native glycine at position Af).These tags are ~TEUM. Leu-insulin crystallized in a cubic unit cell
designatedgstand f, respectively (Table 1B). Lég-insulin containing an RRdimer in the asymmetric unit (unit cell
and the t-Pap® derivative were prepared using the native Parametersa=b =c=70.85A,a = =y =90°). An
human B chain, whereas the monomeric “DKP” B chain was Rz dimer derived from a rhombohedrak Rrystal form of
employed in syntheses of A3, B24, and B25 Pap derivatives; ASP??*insulin [Protein Data Bank (PDB) entry 1ZEG
DKP indicates substitutions that hinder formation of dimers following removal of all water molecules, residues B27
(Pré#? — Lys and Ly82 — Pro) and hexamers (Hi¥ — B30, phenoal, a.nd zinc and chloride ior)] was used as a
Asp) (18, 39). For synthetic convenience, thg-Pag® search _model in molecular replacement using CHJG).(A
analogue was prepared using a porcine B chain, obtainedtranslation-function _search was perfc_>rmed using coordmates
by sulfitolysis from porcine insulin. The human B-chain from the best solution for the rotation function following
Ssulfonate was likewise obtained from recombinant human analysis of data between 15.0 and 4.0 A resolution. Rigid-
insulin, provided by Eli Lilly and Co. (Indianapolis, IN). ~ body refinement using CNS, employing overall anisotropic
Synthesis of Insulin AnalogueBhe general protocol for ~ temperature factors and bulk-solvent correction, yielded
solid-phase synthesis is as described previodsly (n brief, values of 0.321 and 0.392 fét and Ry, respectively, for
4-methylbenzhydrylamine resin (0.6 mmol of amine/g; data between 50.1 and 3.0 A resolution. Between refmgment
Bachem, Inc.) was used as solid support for synthesis ofcycles, Fo — Fc andF, — Fc maps were calculated using

phenols molecules were built into the structure usin@7?).

The geometry was continually monitored wRIROCHECK

4NMR analysis of an insulin monomer in aqueous solution at neutral

pH requires protein engineering to limit self-associatiaé0y 110). (48)? zinc ions and Watgr molecules were built into_the
Structures of such analogues resemble the crystallographic Tk8ate ( difference map as the refinement proceeded. Calculation of
29). omit maps (especially in the first eight residues of the

5 Kurose et al. characterized a P#derivative of truncated insulin . .
analoguelegB26—B30]insulin-amide (DPI-amide) containing a B1 bio- N-terminus of the B chain of each monomer) and further

tin tag. The Pap moiety was found to cross-link in the segment of resi- refinement were carried out usir@NS(46), which imple-
duee? r?04r718, whlcthfomp_rlse t?? C-It_ermllnus of thﬁil;]bumtbGQ)- ~ments maximum-likelihood torsion-angle dynamics and
e structure and function of insulin tolerate well the substitution ; ] ; : o : :
of GlyA! with pb-amino acids (but not-amino acids) 111, 112); the conjugate gr‘f"F"e”t refmer'nent.. Statlsucs. are provided in
crystal structure of one such analogue has been described previously! @ble 2. Cavities and crevices in the protein structures were

(113. calculated withSURFNET(49).
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Table 2: X-ray Diffraction and Refinement Statistics

resolution limits (A) 50.+2.3 highest-resolution shell

R 0.205 resolution range (A) 2.3.44

Riree 0.269 no. of reflections 758

Rmere completeness (%) 95.2
all data 0.065 data redundancy 9.8
overall 23.52 R 0.305
highest-resolution shell 0.224 Riree 0.371
1o(l) 9.2 rmsd from standard geometry

overall bond lengths (A) 0.010
no. of reflections used 5346 bond angles (deg) 14
completeness (%) 97.7 dihedral angles (deg) 21.0
data redundancy 12.9 improper angles (deg) 0.69
no. of protein atoms 812 structural rms deviati(dg
no. of water molecules 85 molecule 1 vs molecule 2

isotropic thermal model restraints DA main chain 0.47
main chain bonds 1.39 side chain 1.25
main chain angles 2.69 variant vs wild type
side chain bonds 2.16 main chain 068.26
side chain angles 3.27 side chain 1440.34

aValues refer to pairwise alignment according to main chain atoms; additional statistical comparisons are provided in the Supporting Information.
Molecules 1 and 2 refer to protomers of ¥&dnsulin; the following line pertains to their mean similarity to a baseline collection of R-state
structures (Rand T:Rs" hexamers; PDB entries 1BEN, 1MPJ, 1G7A, 1LPH, 3MTH, 1EV3, 1TRL, 1ZNI, 1ZEH, 6INS, 1EV6, 1TM, 1ZNJ, and
1ZEG). The rmsd values within this collection are similar (Supporting Information), indicating that the variant structure falls within thedexpecte
range of conformational variability.

CD Spectroscopyspectra of biotin-tagged insulin deriva-  the identity of the IRa-subunit, gels were also probed with
tives containing the photostable precursor residue Pmp wereanti-IRa antiserum (IR-N; Santa Cruz Biotechnology, Santa
obtained using an Aviv spectropolarimeter &Gl Samples Cruz, CA), a polyclonal antibody that recognizes the 20
contained 2550 uM protein in 10 mM potassium phosphate N-terminal residues of the-subunit (i.e., the L1 domain).
(pH 7.4) and 50 mM KCI. Sites of cross-linking in the IR were mapped by partial

Lectin Purification of the Insulin ReceptolThe human proteolysis to discrete regions of thesubunit. This strategy
IR was partially purified from Chinese hamster ovary (CHO) in part takes advantage of previous characterization of
cells stably transfected to overexpress the B-splicing isoform chymotryptic sites¥3, 52, 53).

(line P3-A; kindly provided by D. F. Steinerp(). Methods Chymotrypsin DigestianWGA-purified receptors were

of cell culture and wheat-germ agglutinin (WGA) purification cross-linked with photoactive insulins and digested at@G7
were as described previousBq). Cells were detached using  with 100 ug/mL chymotrypsin (Sigma, St. Louis, MO) in a
Hank’s-based enzyme-free cell dissociation buffer (Invitrogen solution of 50 mM HEPES (pH 7.4) containing 0.1% Triton
Life Technologies). Specific binding of insulin to the WGA- X-100 and 0.11 M NaCl. Digestions were stopped at
purified IR was verified with polyethylene glycol 8000 successive times by heating aliquots at’@5for 5 min. An
precipitation according to the method of Stfea (38). equal volume of Laemmli sample buffer was added, and the

Receptor Binding AssayReceptor binding assays (Table mixtures were treated with 100 mM DTT. Digestion mixtures
1) were performed using a human placental membr&fe ( were analyzed with a 10 to 20% gradient gel (SBRAGE),
as described previouslyd). Relative activity is defined as  blotting onto a nitrocellulose membrane, and probed with
the ratio of analogue to human insulin required to displace NAv or IR,-N as described above. Proteolytic mapping
50% of specifically bound humad?fl]insulin (Amersham). permitted specific cross-linking efficiencies to be estimated
In all assays, the percentage of tracer bound in the absenc®n the basis of observation of an SBBAGE mobility shift
of competing ligand was less than 15% to prevent ligand- between native proteolytic fragments of thesubunit and
depletion artifacts. Each determination was performed with their corresponding A- or B-chain adducts. The ratio of
three or four replicates; values are reported as the mean andhifted to unshifted bands was 280% (data not shown),
standard deviation (see Table 1B). indicating that the efficiency of photo-cross-linking is at least

Photo-Cross-Linking Studie$he WGA-purified IR was this high. Efficiencies might be higher if the WGA-purified
mixed in the dark with photoactive insulins labeled at the IR were not completely active, since inactive receptors would
indicated positions at a concentration of 200 nM atC} only contribute to the unshifted bands.
with gentle shaking overnight. Binding solutions were then  Deglycosylation of the Insulin Receptor and Chymotryptic
transferred to a Costar assay plate (Corning Inc.) for FragmentsChymotryptic fragments of the Pap-cross-linked
ultraviolet (UV) irradiation. Short-wave UV (254 nm) IR complexes were deglycosylated with peptidglycosi-
generated from a Mineralight lamp (model UVG-54, UVP, dase F (N-Glycanase; Prozyme, San Leandro, CA). Samples
Upland, CA) was used with an optimum exposure time of were denatured at 98C for 5 min in 20 mM sodium
20 s and a distance of 1 cm from the light source. After phosphate (pH 7.5) containing 0.1% SDS and 50 mM
cross-linking, the hormonereceptor complex was reduced [-mercaptoethanol prior to deglycosylation. Solutions were
with dithiothreitol (DTT) and resolved by 10 to 20% gradient cooled to room temperature, and nonionic detergent NP-40
SDS-PAGE. The separated proteins were then blotted onto (final concentration of 0.75%) and N-Glycanase (1 milliunit/
a nitrocellulose membrane. Cross-linked adducts were probedug of receptor in the initial chymotryptic digestion) were
with NeutrAvidin (NAv; Pierce, Rockford, IL). To verify =~ added. Samples were incubated atG7#or 4 h. The reaction



Structure of InsulinWakayama Biochemistry, Vol. 44, No. 13, 20@905

was stopped by heating the mixture at@for 10 min. An includes all residues in each chain and 85 water molecules
equal volume of Laemmli sample buffer was added. Samplesper protein dimer. As expected, the hexamer contains six
were reduced with 100 mM DTT prior to SD®AGE. bound phenol molecules (two per asymmetric unit; Support-
Control deglycosylation of the intagt-subunit indicated ing Information); their positions and mode of binding are
complete conversion of the 135 kDa glycoprotein band to a essentially identical to those observed in the wild-type R
98 kDa band in accord with past studiégl. zinc hexamer 26, 55—57).” Representative regions of the
Interpretation of Molecular MassesA Papg?* insulin ~ 2Fo — Fc electron-density map are given as Supporting
derivative has previous]y been shown to cross-link within Information. The refined model exhibits &factor of 0.205,
L1 domain residues-1158 (33). The electrophoretic mobility ~ and anRyee of 0.269; diffraction parameters, data-collection
of the B24-cross-linked N_termina"y g|ycosy|ated Chymot- Statistics, and additiond® factors are given in Table 2.
rypt|c fragment Corresponds to a molecular mass of 47 kDa' The structures of the two protomerS (designated molecules
fo”owing enzymatic deg|yco5y|ation, the apparent mass is 1 and 2) are similar to each other and to the structures of
31 kDa (including the B-chain adduct). These masses suggeshative R-state protomers (Figure 4): no significant changes
a fragment of ca. 250 residues containing four or five are observed in secondary structure, chain orientation, mode
glycosylation sites (Figure 1B). The putative structure of the Of assembly, or structure of Zi+binding sites. Root-mean-
L1—CR-L2 region (as obtained by homology modelii3§) square deviations (rmsds; Tables S1-A and S1-B of the
predicts prominent chymotryptic sites between residues 245Supporting Information) between molecules 1 and 2 are 0.47
and 260 (sequence of YYHFQDWRCVNFSFCQ). Cleavage A (main chain) and 1.25 A (side chains), respectively.
within this segment would yield (in the absence of glyco- Comparison between the variant protomers and wild-type
sy|ati0n) 29-30 kDa fragments_ C-Terminal Chymotryptic R-state structures erIdS rmsd values (eXClUding A3) in the
fragments are identified on the basis of cross-linking to the range of 0.38:0.93 A (main chain) and 0.951.68 A (side
Pa®® insulin derivative, previously shown to contact chains). These ranges are similar to those obtained in pairwise
residues 704718 (30). Pap?5-cross-linked chymotryptic comparison between structures of native _insulin in different
fragments thus provide a fingerprint for cross-linking to the Ccrystal forms (Table S1-C of the Supporting Informatién).
C-terminal tail of thea-subunit. Such fragments exhibit TWO Zr*-binding sites are each well defined without
apparent masses of 34 and 20 kDa when glycosylated, whichevidence of multiple ligand conformations (Supporting
upon deg'ycosy'ation run as 23 and 17 kDa bandS, respec-lnformation). Ligation is mediated by three Symmetl’y-re|ated
tively (inclusive of the B-chain adduct). The latter fragment His®?side chains with ZrN distances of 2.02 A (molecule
corresponds to ca. 1330 amino acids and so provides a 1) and 2.03 A (molecule 2); the remaining coordination site
probe for the C-terminal tail of the-subunit derived from IS in each case occupied by a presumed chloride ion with
the putative Fnl/|D domain (asterisk in Figure 1B) The Zn—Cl diStanceS Of 2.41 and 2.31 A, reSpeCtiVer (m0|eCU|eS
chymotryptic fragment is smaller than this domain (residues 1 and 2).
590-731; 142 amino acids). The mass difference upon Like Val*® in wild-type insulin, the variant Letf side
deglycosylation (3 kDa) indicates that the fragment contains chain projects from the nonpolar surface of an amphipathic
at least one N-linked carbohydrate; the Fnl/ID region @-helix (residues ATAB8) to pack within a crevice between
contains three N-linked sites of glycosylation (residues 605, chains (Figure 3C). The Ramachandran conformation of the

624, and 671). helix resembles that of wild-type insulin (Supporting Infor-
mation). The A3 side chains are in each case largely buried,;
RESULTS solvent accessibilities in the isolated protomers are less than

10% (relative to the exposure of valine in an extended

Our study has two parts. The crystal structure of4%eu  polypeptide; Table 3A). The neighboringAfeside chain is
insulin (insulinWakayamgis first determined for the purpose  also buried; its complete inaccessibility in ["8dnsulin
of investigating the environment of the mutant side chain (relative to that of wild-type insulin; Table 3A) reflects the
and evaluating whether transmitted changes occur in themore efficient occupancy of corresponding A3-related crev-
conformation of adjoining receptor-binding surfaces. Photo- ices by leucine. The respective conformations of the wild-
cross-linking studies of Péap are then described to test type and variant A3 side chains permit the methyl groups of
whether the photoactivatable probe contacts the IR. ControlvalA3 and Led? to occupy similar but not identical positions
Pap substitutions are employed as standards; these lie on theelative to the helical framework of the protein (highlighted
surface of the A chain (position A82) and at two diabetes-  in red in Figure 4); side-chain dihedral anglgs for ValA3
associated sites in the B chain (B24 and B38). Biotin and y; and y, for Leu*®) are given in Table 3B. The
tags were introduced during synthesis to facilitate detection conformation of 1182 in the variant structure is consistent
of photo-cross-linked domains of the insulin receptor. with wild-type structures (Table 3B). The-helical main-
Structural details of the Lé& hexamer and statistical chain geometry of the variant AIA8 segment also re-
analyses are further described in the Supporting Information.

Crystallographic Studied.eu*3-human insulin was crys- 7 The classical orientation of the bound phenol is stabilized in part

tallized as an Rzinc hexamer (Figure 3A) in a novel lattice Y hydro@}eg %gndsdfromdthe E:heno"c Pycdyrglxst/:]group to theﬁcartb‘éxy'
.. . . . . . oxygen o yS® and amide nitrogen o , these are unaliecte
containing an RRdimer (Figure 3B) in the asymmetric unit; by the A3 mutation.

the hexamer is generated by crystallographic symmetry. The "8 An estimate of the intrinsic variability among wild-type insulin
structure was determined by molecular replacement usingcrystal forms is provided by mean pairwise rms deviations, defined as

an R structure as a search model (rhombohedral phen0|the average of rmsd values obtained in systematic pairwise alignment
of main chain atoms (Supporting Information). This measure provides

insulin, PDB entry 1ZEG). The refined model of %u a baseline for assessment of rms deviations between the variant and
insulin (determined to a resolution of 2.3 A at 100 K) native structures.
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B21

Ficure 3: Crystal structures of insuliwakayama(A) Ribbon representation of the crystal structure of tgh®amer of human Lég-

insulin. Zinc ion (orange sphere) and histidines (sticks) are shown at the center. The A chains of molecules 1 and 2 are colored black; the
B chain is colored green, and phenol molecules are represented as bran spheres. The B-chain N-ternB8alo(®i&lix is colored blue,

and the Let® side chain is represented as red balls and sticks. (B) Ribbon model of the crystal structure of the huifarsubo dimer.

The color scheme follows that of panel A. (C) Stereoview of the surface representation of the crystal structure of héfasweuin

the R-state protomer of molecule 1. The Begide chain is colored red. Disulfide bridges between residuesBY7and A26-B19 are

colored yellow. Residues L&t and Tyr!® are colored black. Residues PBffeand TyP?¢ are colored green. Residues B2B30 are

colored light blue.

sembles that seen in wild-type R statdse larger side chain  observed in Lefi® and Tyf'% but these are similar in
volume of Led?® is well accommodated in the A3-related magnitude to structural variations seen among wild-type
crevice without significant perturbations of surrounding side crystal forms. The classical receptor-binding surface and
chains, including II€?, cystines A6-All and A7-B7,  hydrophobic core of insulinl@, 21) are otherwise unaffected
Leut®, Tyr*'9, and Phe&* (Figure 5). An adjustment is  py the A3 substitution. The canonical disulfide bridges are
nonetheless apparent in the orientation of Bf§rwhich likewise unperturbed.

immediately adjoins the site of substitution. The magnitude
of the shift in the position of the phenolic oxygen (B26)O

is 0.64+ 0.23 A relative to wild-type R-state protomers.
Since the B26 side chain can be deleted without loss of
receptor binding activityg8, 59), this small shift is unlikely

to be biologically important. Similar small changes are

Comparison of wild-type and variant protomers is aided
by calculation of possible packing defects (cavities or
crevices9). Although the structures are well packed in each
case, the dimensions of respective A3-related crevices may
be estimated by the expendient of deleting the A3 side chain
and calculating the volume of the crevice left behind (i.e.,

. . . _ following rigid-body substitution of Letf or Val*® with
Among wild-type crystallographic protomers, the AA8 a-helix S . .
exhibits greater structural variability than do the other two helices. Such 9lycine; calculations employed the structure described here
variability includes (a) a rigid-body translation and rotation of the helix and T- and R-state protomers obtained from PDB entries
as part of the 7= R transition (14 and (b) local departures from 4INS, 1ZNJ, and 1ZEG). Among wild-type structures, this

ideal helical geometrylQ). In the structure presented here, thielix . . 3
exhibits distorted helical conformations in both molecules 1 and 2; the Procedure yields an A3 crevice volume of %7 16 A3,

degree of distortion is consistent with wild-type structures. whereas the corresponding volumes derived fromABeu
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A chain

molecule 1
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molecule 2 B chain

Ficure 4. Comparison of the crystal structure of “&tinsulin with that of insulin and insulin analogues in the R state. (A) R-State
protomer of Le&3-insulin of molecule 1 in relation to an extensive set of crystal structures of insulin and insulin analogues (PDB entries
1EV3, 1EV6, 1MPJ, 1TRZ, 1TYL, 1MPJ, 1ZEG, 1ZEH, and 1ZNI). The A chain ofA2dnsulin is colored red (stick) and the B chain
green (stick). The side chain of L&Lis colored red (ball and stick). Corystal structures of insulin and insulin analogues are colored black.
Structures are aligned with respect to main-chain atoms of residueA2@2 and B3-B28. (B) R-State protomer of Léginsulin of
molecule 2 in relation to crystal structures of insulin and insulin analogues (PDB entries 1EV3, 1EV6, 1MPJ, 1TRZ, 1TYL, 1MPJ, 1ZEG,
1ZEH, and 1ZNI). The coloring scheme and alignment are the same as those in panel A.

insulin are 165 A (molecule 1) and 130 A(molecule 2). The insulin derivative also contains a biotin tag tethered to
The increase is consistent with the standard volumes of aminothe e-amino group ob-Lys introduced at position A1The
acids [the volumes of Gly, Val, and Leu are 69, 140, and photo-cross-linking studies of the P&panalogue were
166 A3, respectively §0)]. The difference in crevice volume  carried out in relation to previously characterized Pap
between variant molecules 1 and 2, consistent with structuralanalogues at positions A8, B24, and B32,(33). Following
variability among wild-type protomers, reflects subtle dif- UV irradiation, the Paf¥ analogue exhibits rapid and
ferences in the positions of surrounding side chains. Relative efficient cross-linking to the WGA-purified IR (Figure 6A).
to native insulin, such reorganization in each case serves, a#t least 40% of these bound probes form covalent complexes
expected, to enlarge the A3-related crevice to accommodateas indicated by analysis of chymotryptic digests, an efficiency
the larger A3 side chain. This repacking, necessary to preventhigher than that exhibited by Pap probes at A8, B24, or B25.
steric collision, does not require protrusion of B&into the Such photo-cross-linking is successively diminished by
solvent. addition of native insulin, or at higher ligand concentrations,
Photo-Cross-Linking Studie¥o test whether residue A3 IGF-1, indicating that the Pap derivatives are binding to the
is near the IR, we synthesized an analogue containing Papgspecific hormone-binding pocket (data not shown). No
a photoactivable derivative of phenylalanigd), As previ- competition is observed with unrelated proteins (hen egg
ously described30), Pap was chosen on the basis of its white lysozyme, nonspecific immunoglobulins). In each case,
rigidity and small size (relative to other photoactivable no covalent complex is observed in the absence of irradiation
moieties), thus limiting the distance range for cross-linking. or in control studies of the PP precursor.
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Table 3: Solvent Accessibilities and Conformation of A2 and A3
Side Chains

(A) Accessibilities
residue A2

residue A3

main chain side chain main chain side chain

variant molecule 1 3 0 0 8
variant molecule 2 0 0 0 6
wild-type T staté 10+ 17 1+1 <1 20+ 9
wild-type R staté 44+ 39 3+3 <2 8+8

(B) Conformations

residue A2 residue A3

2n° 2° 12 12
variant molecule 1 —169 165 —-111 34
variant molecule 2 —172 169 —67 171
wild-type T staté —63+5 =173+ 42 —167+54
wild-type R statée  —157+ 63 174+7  —175+39

aThe y; dihedral angle is ordinarily defined by atoms N¢, 7,
and C. They, dihedral angle is defined by atoms,G&*, C7, and C.

Wan et al.

properties of the Pdp derivative do not reflect native
contacts in the hormoraeceptor complex. It is likely that
the azido moiety protrudes beyond the solvent-accessible
surface of native insulin. In addition, tleLys*!-biotin and
Pap® modifications might distort the structure of the A
chain!® Further, the low receptor binding activity of the
photostable precursor Pifpanalogue £11% relative to a
control Pmp!* analogue containing the saméLys*!-biotin
modification, Table 1) suggests that the photoreactive probe
perturbs the hormonereceptor interface. Such impaired
binding does not affect the high efficiencies of cross-linking
that we have observed (as the photo-cross-linking reactions
are performed at high concentrations of the ligand and
receptor (200 nM) relative to the native dissociation constant
(ca. 0.2 nM)) but may confound detailed interpretation of
sites of cross-linking. That probes at A3 and A8 contact the
same 14 kDa C-terminal fragment of tlesubunit is in
accord with the presumed proximity of their azido groups
in molecular models of the Pap variants (Figure 7B).

b Corresponding to the average and standard deviation among 13 T-state

promomers of native insulin and insulin analogues (PDB entries 1BEN,

1G7A, 1LPH, 1IMPJ, 1TRZ, 1TYL, 1TYM, 1ZNI, 3MTH, and 4INS).

¢ Corresponding to the average and standard deviation among 15 R-state

protomers of native insulin and insulin analogues (PDB entries 1BEN,
1EV3, 1EV6, 1G7A, 1LPH, 1MPJ, 1TRZ, 1TYL, 1TYM, 1ZNJ, 1ZEG,
1ZEH, and 3MTH).

To identify sites of cross-linking in the IR, we employed
partial proteolysis with chymotrypsin to characterize frag-
ments of thea-receptor subunit covalently bound to Pap-
insulin derivatives (Figure 6B). Digestions were undertaken

DISCUSSION

Disease-associated mutations in human proteins often
provide important insight into structurdunction relation-
ships. Classical examples are provided by the hemoglobino-
pathies in which diverse substitutions in theor f-chains

of hemoglobin A have been described in association with
altered oxygen affinity, cooperativity, redox properties of the
heme iron, and protein stability (for a review, see 6&j.

The insulinopathies have likewise provided novel insights
into the biosynthesis, structure, and function of human insulin

under native conditions, so fragments reflect accessible (3)- Our study has focused on the structure of insulin

chymotryptic sites within and between structural modules

of the receptor; approximate sites of preferential chymotryptic
cleavage are indicated in Figure 6C (arrows; see Materials

and Methods). An initial screen exploits the prior charac-
terization of an N-terminal 47 kDa chymotryptic glycosylated
fragment of then-subunit by Pilch and colleagues3) and
the availability of antiserum to an N-terminal epitope
(designated IRN). On deglycosylation, the apparent mass
of this fragment as determined by SBPBAGE is 29-30
kDa (31) and so contains 25260 amino acids. As
previously described3@), analysis of limited chymotryptic
digests demonstrates that P#pontacts the N-terminal 47
kDa chymotryptic fragment, in accord with its binding to
the L1-helix domain (lanes-36 in Figure 6B;31, 35, 62),

the major hormone-binding region of the recept®s, (64).

By contrast, probes at positions A3, A8, and B25 do not

contact this N-terminal fragment but instead contact a distinct

34 kDa chymotryptic fragment (lanes-14 in Figure 6B
and lanes 2, 5, and 8 in the top panel of Figure 6D), which
must contain the C-terminal region of tbesubunit derived
from the insert domain (residues 70418) as indicated by
prior cross-linking studies of a P& derivative 0). On
further chymotryptic digestion, the 34 kDa fragment is

Wakayamaa clinical variant remarkable for its very low
affinity for the insulin receptorq). As a seeming paradox,
the mutation (Va® — Leu) interchanges branched-chain
aliphatic residues within a nonpolar crevice. Such substitu-
tions are generally well tolerated in proteins, and indeed,
this structure is essentially identical to that of wild-type
insulin. To rationalize the conservation of YalFigure 2)
and low activities of Letf-insulin and related analogues
(Table 1;17, 66), we and others have proposed that the A3-
related crevice opens on binding to the insulin receptor to
enable docking of VAP (and neighboring I€?) within a
nonpolar pocket of the receptor (Figure 4, 66—69). This
model, which continues to be under active investigation as
a working hypothesis, ascribes the impaired activity of insulin
Wakayamao steric collision between Lé#& and one face

of the receptor. A direct contact between residue A3 and
the IR a-subunit is supported herein by the high efficiency
of cross-linking exhibited by a photoactivatable Fagna-
logue. A related missense mutation has been identified at
the homologous site in human IGF-I (Val44Met) in associa-
tion with growth and developmental abnormalitidg)(

10The capacity of the P&p analogue to adopt a nativelike
conformation is suggested by crystallization trials. Crystals-&fap-

cleaved to 20 kDa (lanes 2, 5, and 8 in the top panel of insulin diffracting to 1.8 A were grown by hanging-drop vapor diffusion

Figure 6D), which on deglycosylation yields a 17 kDa adduct
(lanes 3, 6, and 9 in the top panel of Figure 6D). The
digestion patterns of the A3, A8, and B25 cross-linked

under conditions similar to those used to obtain crystals ofi-#sulin.
The crystals belong to space gr (hexagonal unit cell dimensions
of a=b=79.33 A andc = 37.80 A) with one dimer per asymmetric
unit. Possible Pdp-induced perturbations in the absence ofZand

complexes are essentially identical, indicating that all three phenol are nonetheless suggested by CD spectra (Supporting Informa-

sites contact the C-terminal 14 kDa domain of tikeubunit.

Because the size of Pap exceeds the dimensions of th

A3-related crevice, it is possible that the photo-cross-linking

tion). Their interpretation is uncertain, however, as similar perturbations
are observed in the CD spectrum of KP-insulin (containing*®ro~

Qys and Ly$2 — Pro substitutions;115 despite crystallographic

verification of native secondary structurél@).
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Ficure 5: Packing schemes in the hydrophobic core. (A) Packing scheme 6%-iresulin (molecule 1). Let? is colored red, and residues

lle”?, Leur18, and Tyr1® are colored gray, residues L8y LelwP!®, Phé24, and TyP26 green, and residues Cysand Cy§’ yellow. (B)
Environment of Let® in relation to a collection of prior R-state crystal structures. Insulin and insulin analogues (PDB entries 1EV3, 1EV6,
1MPJ, 1TRZ, 1TYL, 1MPJ, 1ZEG, 1ZEH, and 1ZNI) are colored black. The coloring scheme in panBlédBows that of panel A. (C)
Packing scheme of V& in a representative T-state wild-type structure (PDB entry 4INS, molecule 1). (D) Comparison between the latter
T-state structure and a collection of T-state protomers (PDB entries 1APH, 1BPH, 1CPH, 1DPH, 1G7A, 1TRZ, 1TYL, 1TYM, and 1ZNlI),
colored black.

The structure of Letf-insulin as an Rhexamer (obtained  variant and wild-type insulins. Nevertheless, we do not
in the presence of phenol and zinc ions) was determined inbelieve that the Rcrystal form has limited our view of the
a cubic crystal (space grotg2;3). To our knowledge, this  Leu?® side chain and its environment. Despite structural
crystal form has not previously been observed in crystal- differences between the T and R states (including the
lographic studies of wild-type human or porcine insulin. secondary structure of the BB8 segment, the conformation
There are 24 molecules contained within the unit cell, of the A7—B7 disulfide bridge, and subtle features of side
forming 12 noncrystallographic dimers. TR2;3 unit cell chain packing25, 26), the environment of V&P is similar
contains a 3-fold symmetry axis running along one cubic in the two types of protomers. The A3 side chain in each
diagonal. The 12 noncrystallographic dimers trimerize to case projects from the N-terminal A-chairhelix to contact
form four crystallographic hexamers. This mode of lattice the C-terminafs-strand within a corresponding crevice lined
packing contrasts with standard rhombohedral insulin crystalsby lle”?, Glu**, Cyg®, CysY, GInB4, Cy<$7, LelP?, TyrB26,
in which the 3-fold axis of the hexamer is coincident with and Pr&?8 (Figures 3C and 5 and the Supporting Informa-
the crystallographic 3-fold axis as described amogdiRs, tion). It is therefore likely that the structural conservation of
and R hexamers12, 26, 45, 56, 70, 71). Wild-type R; zinc— Leu*3-insulin as observed in the structure presented here
phenot-insulin hexamers have also been observed to crystal-would extend to its environment in a T-state protomer. In
lize in a monoclinic system2@, 56, 57, 70). Structures of  the future, this inference can be tested through NMR studies
zinc—insulin hexamers are not significantly perturbed by of Leu®® in the context of an engineered insulin monomer.
lattice contacts, and indeed, the solution structure of @an R The NMR structure of the related clinical variant of IGF-I

hexamer closely resembles crystallographic modis 74). (Val44Met) is similar to that of wild-type IGF-I11(1).
Likewise, the atomic-scale features of the f®insulin It is not known which class of crystallographic protomer,
appear not to have been influenced by the overall organiza-T or R, more closely resembles the active conformation of
tion of the lattice in this novel cubic form. insulin. Although the structure of an engineered insulin

The cubic R crystal form was imposed by the contingen- monomer in solution resembles the T stai®, (29), it is
cies of crystallization. Although the limited amount of possible that a change in structure occurs on receptor binding
synthetic material available prevented extensive trials, high- (for a review, see ref35). Although attention has been
quality Ts and TRRs crystals of Led®-insulin were not focused primarily on reorganization of the C-terminal B-
obtained under standard conditions. The reason for this ischaing-strand as discussed in detail beldv,(69), an R-like
not clear given the evident structural similarity between the conformational change is also possible in the N-terminal
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Ficure 6: Photo-cross-linking and mapping. (A) Photo-cross-linking of®amsulin and control Paj3>-insulin analogue to lectin-purified

IR. Analysis of photoproducts by SBFAGE and Western blot using NAv to detect the biotin tag on insulin (boxes a and c) or polyclonal
antiserum IR-N to detect the L1 domain (box b). Photo-cross-linking via positions B25 (lane 4) and A3 (lane 8) analyzed following DTT
reduction. Lanes 43 and 5-7 contained control reaction mixtures in which either the IR was omitted (lanes 1, 2, 5, and 6) or samples
were not irradiated (lanes 1, 3, 5, and 7). (b and c) Control blots to demonstrate that equal amounts of IR (b; with DTT) and insulin
derivatives (c; without DTT) were present in each reaction mixture. (B) Mapping of horareneptor contacts by limited chymotryptic
digestion. (a and b) Corresponding NAv-detected (a) ar-NRdetected (b) blots following the initial digestion time course of B24-,

B25-, and A3-cross-linked complexes. Lengths of digestion (minutes) are indicated at the top. Lane 1 in boxes a and b contained DTT-
treated IR as a control, and lane 2 was blank. The molecular mass of thecirgabtinit is 135 kDa (including glycosylation; control lane

1 in panels A and B, only visible in panel B from thedRN detection). Limited chymotryptic digestion liberates a 47 kDa N-terminal
domain (50 kDa, including the mass of the tethered B chain; lar€) and 34 kDa fragment (including the tethered A or B chain; lanes
7—14 in panel a) containing the C-terminal B25 contact site (708 peptide30). The A3 digestion pattern (lanes 114 in panel a)

mirrors that of the Pdj3>-cross-linked complex. B24 and B25 derivatives contain a biotin tag at-t@ino group of B1; the A3 derivative
contains a biotin tag ai-Lys?! (see Table 1). (C) Schematic outline of tgdimer showing putative structural domains at right (L1, CR,

L2, FnO, and N-terminal portion of Fn1/ID) and sites of preferential chymotryptic cleavage of cross-linked hemaoggtor complexes
(arrows). Additional central cleavage sites are possible but would not be probed by biAn adducts or IR-N Western blot. The

asterisk (red) denotes the site of photo-cross-linking by##B0). Format is otherwise as in Figure 1B. (D) Further chymotryptic digestions

of A3-, A8-, and B25-cross-linked complexes yield similar 20 kDa glycosylated C-terminal fragments (lanes 2, 5, and 8; including the mass
of the tethered insulin A or B chain) that run as 17 kDa on deglycosylation (lanes 3, 6, and 9). Molecular masses are in each case shown
at the right.

segment of the B chairl@, 66). Indeed, recent studies of Resolving this issue will require cocrystallographic studies
insulin by “chiral mutagenesisp-amino acid substitutions  of a complex between insulin and the IR.

at position B8 (an invariant glycine), have shown that
stabilization of a native T-like monomer impairs receptor
binding by 1000-fold 75).1* These observations suggest that ~ Residues that are critically important to the function of
the hormone may adopt a non-T-state conformation at B8 insulin (including Vaf3; 17) have been extensively inves-
on receptor binding. We imagine that the crystallographic T tigated by mutagenesis and chemical modification (for a
— R transition and induced fit of the insulin monomer, review, see ref&2and35). A systematic overview has been
although distinct processes, will be found to exploit the same provided by alanine scanning mutagenes®) énd extended
sites of flexibility in the N-terminal segment of the B chain. by chemical synthesis of selected analogues refractory to

Role of Vat® in Hormone-Receptor Recognition
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Ficure 7: Induced fit and photo-cross-linking surface of insulin. (A) Schematic representation of the conformational change proposed to
expose a hidden A-chain surface on receptor binding. Displacement or reorganization of the C-terminal segment of the B chain would
expose 1162 and Vaf® (but not Le#?%; 107) to contact a nonpolar surface of the 186(69). (B) Five Pap variants were shown with the

azido groups in black in a T-state protomer without the BB80 tail (PDB entry 4INS). The A chain is colored gray and the B chain blue.

Three Pap positions on the same surface of the insulin molecule (A3, A8, and B25; surface 2) are colored red and were mapped to cross-
linking of the C-terminus of thex-subunit. Two Pap positions on the same surface that cross-linked to the L1 domain (B16 and B24;
surface 1) are colored green. Side chains of A2 and B12 are colored orange.

biosynthetic expressionly, 41, 77). These studies have mutations; reB) contact the IR 30, 33, 80). Substitution of
yielded a trend: alanine substitutions that significantly impair Pheé*?4 (which anchors the C-termingtstrand to the core;
activity occur at conserved sites, whereas well-tolerated 12) with glycine, for example, leads to an altered BZ830
substitutions occur at nonconserved sites. Such data do nosegmental structure with near-native actividy,(68). Further,
in themselves distinguish between side chains that directly the activity of insulin is enhanced by chiral substitution of
contact the receptor and side chains necessary for maintePhé®?* with p-Phe orp-Ala (81, 82); these substitutions
nance of an active overall structure. Although this distinction appear to be incompatible with the native structure of either
might seem apparent on the basis of the structural roles ofcrystallographic protomer. These results have led to a model
conserved side chains in crystal structures, anomalies enin which the C-terminal B-chairf-strand reorganizes or
countered in studies of structuréunction relationships imply ~ detaches from the-helical core of the hormone to contact
that neither the T nor R states can consistently rationalize the receptor. Because Pap probes at B24 and B25 contact
effects of modifications as follows. These considerations are different domains of the IRx-subunit (the N-terminal L1
particularly important in relation to Vat since classical  f-helix and C-terminal insert domain-derived tail, respec-
models 20, 21) do not position this side chain at the receptor tively; 30, 33), we imagine that the strand inserts between
interface as visualized on the basis of low-resolution EM these domains.
image reconstructions@, 78, 79).12 Partial Exposure of the Hydrophobic Core Rationalizes
Destabilization of a B-Chain Hinge Is Compatible with A-Chain AnaloguesThe induced fit of the C-terminal
High Activity. Photo-cross-linking studies strongly suggest B-chain segment would expose ¥Yal(and I1l€¥?) to extend
that Ph&24 and Ph&% (like A3, sites of diabetes-associated the receptor-binding surface of insulin (Figure 7A). The

11 Chiral stabilization of an engineered insulin monomer (DKP- 121n a model of a specific complex between insulin and the IR, Yip
insulin; 18) with a nonstandard G# — p-AlaB® substitution leads to and colleagues interpreted EM imag@8)(to dock the T-state structure
a 1000-fold decrease in the level of receptor binding despite retention of insulin (crystallographic protomer 1BEN) within the interior of the
of a native T-like solution structur&’$, 117). Because the activity of ectodomain 2). In this model, Vai® is not predicted to contact the
a related analogue containing a bulkier D side chain at&n{ino- IR whereas TH, Tyr315 and Ph&* are each proposed to contact L1
Phe) is reduced by “only” 200-fold, these decreases are likely to reflect domains. Although such B16 and B24 contacts are in accord with photo-
impaired local flexibility rather than a steric clash with the IR. It is  cross-linking results33, 36), the Pap? derivative does not: it contacts
otherwise rare for mutation in the B chain to impair activity by more the same C-terminal 14 kDa fragment of the dRsubunit as P&
than 100-fold 12, 35). and Pap® (see Figure 6D32).
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existence of a “hidden” A-chain functional surface is

Wan et al.

derived from the ID §3, 93, 94). Additional contacts to the

supported by the photo-cross-linking results presented herecentral L2 domain and fibronectin homology regions have

and the low activity ofallo-lle*?-insulin, a chiral analogue

been suggested by cross-linking studigg, 95). Specific

whose “closed” structure is essentially unchanged from that binding of insulin to a 70 kDa monomeric minimized

of wild-type insulin @4, 69). Inversion of chirality of the
p-carbon of 1182 (allo-lle) leads to subtle repacking of the
hydrophobic core but without transmitted perturbations of

receptor containing the tripartite EICR—L2 fragment (CR,
cysteine-rich domain) and FnO tethered to a C-terminal tail
derived from the ID is observe®4).

the canonical protein surface. Stringent steric requirements  photo-cross-linking studies of Pap analogues suggest that
of the hidden A-chain surface are further indicated by severe jnsylin contains (at least) two distinct receptor-binding

decreases in affinity incurred following subtle changes in
side-chain shape or volume, such agdle- Leu, Vah® —
Leu, VaPF2 — Leu, and Ph&> — Leu (decreased by 22-,
555-, 33-, and 50-fold, respectively; r&¥, 39, 83).

Tethered Single-Chain Insulin Analogues Exhibit Very Low
Activities. Opening of the A3-related crevice on receptor
binding is indirectly supported by the finding of nativelike
structure in an inactive analogue (mini-proinsul@g, 84)
in which the C-terminus of the B chain is tethered to the
N-terminus of the A chain85): the tether seals the A3
crevice and would hinder its exposure on receptor binding.

surfaces that contact distinct domains of the IR. Whereas
probes at B16 and B24 contact the Igthelix of the
o-subunit (residues-1157; 33, 36), probes at A3, A8, and
B25 contact the C-terminal 14 kDa domain (results presented
here and ref80 and32). The locations of these probes are
shown in Figure 7B; residues B2®30 have been removed

to mimic their reorganization or displacement on receptor
binding® Interestingly, the two sets of probes project from
opposing surfaces of insulin. EM studies suggest that the
insulin molecule is engulfed within a large channel in the
ectodomain of then,3, holoreceptor 96), thus enabling

Receptor binding is partially restored by increasing the tether multiple contacts at discrete surfaces. In this model, insulin

length 86, 87) or the number of residues in the connecting
peptide 88).
The pattern of relative activities among A3 analogues

employs major and minor receptor-binding surfaces to bind
two a-subunits simultaneously as broadly envisaged on the
basis of kinetic studies of analogu&¥,(38). In light of these

suggests features of a cognate A3-binding pocket in the IR models, it is possible that the Pap probes in the A and B

as follows. The low activities of NVé&-insulin (1.4%; Table
1A) and Le#®-insulin (0.18%) suggest that the A3 binding
site in the a-subunit is structurally constrained. Packing

chains are binding to differewnt-subunits. The conservation
of A3, B24, and B25 among insulin-like growth factors and
the tolerance of insulin to substitutions at B16 and A8, (

defects at this interface, as might be associated with binding36, 105 suggest that the proposed binding surfaces also
of Ala”® and Abi® analogues, lead to destabilizing cavities. function in binding of IGF-I to the IR and type | IGF receptor

The steric stringency of the A3-binding pocket is not uniform
in all directions as implied by the low but less impaired
activities of Ailr3, lle”3, Tle”3, and Trp® analogues. Indeed,
the very low activity of insulinakayamaeems anomalous

and so cannot in themselves account for the distinct binding
and signaling specificities of the two ligands0g).

We note that this and previous interpretations of photo-
cross-linking experiments38, 36) implicitly assume that

given that single methyl groups may be added to either probes at various sites cross-link in the context of a single

branch of Vat® (i.e., lle*® or Ail*3) or at theS-carbon (TI€3)

predominant mode of hormone binding. Although these

with a less than 10-fold decrease in the level of receptor conditions favor formation of a 1:1 high-affinity complex,

binding (Table 1A). We speculate that the latter steric
perturbations may individually be accommodated through

it is formally possible that insulin binds to the holoreceptor
in two or more ways related by a complex structural

local adjustments of the interface in a way that the concertedequilibrium. In one mode of binding, surfaces 1 and 2 may

protrusion of Let&® cannot be. The extent of hydrophobicity
of the putative A3-binding pocket is uncertain due to a
conflict in the literature regarding the activity of Tfinsulin
(17, 83). The very low activity of Gly*-insulin may reflect

bind to the samer-subunit, for example, whereas in another

mode, these surfaces may contact different subunits. It would
be of interest in the future to synthesize photoactivatable
insulin analogues containing two Pap substitutions to test

both loss of the A3 side chain and transmitted conformational whether botha-subunits can simultaneously be contacted.

perturbations &9, 90).

Distinct Receptor Domains Contact Distinct Surfaces of
Insulin

The IR is a receptor tyrosine kinase containimgand
fB-subunits 91). Encoded by a single gene, tlesubunit
binds insulin, whereas the transmembrargibunit contains
a cytoplasmic kinase domain. Although the structure of the
o232 holoreceptor is not known, important insights have been
obtained by sequence analysis and homology modelifg (
92). Thea-subunit is a modular structure containing a series
of distinct domains (Figure 1B; L1, CR, L2, FnO, and the
N-terminal portion of Fnl/ID). Mutagenesis and domain

“swap” studies suggest that the major insulin-binding regions

are contained within the L15-helix domain, the first
fibronectin homology domain (Fn0), and the C-terminal tail

Since the efficiencies of photo-cross-linking are generally
less than 40%, it is also formally possible that in these studies
cross-linking by Paf$ and the B-chain derivatives reflects
different and mutually exclusive modes of binding, i.e., that
side chains at A3 and B25 cannot simultaneously contact
the C-terminal domain of the--subunit. We consider this
possibility to be unlikely as mutations at these sites (including
those associated with diabetes) so markedly impair receptor
binding affinity that A3 and B25 contacts must be integral
to all modes of binding. Similar considerations apply to the
issue of simultaneous contacts by B24 and B23).(

13 Deletion of the five C-terminal residues of the B chain (residues
B26—B30) prevents classical dimerization but is otherwise structurally
well tolerated in the monomef 18 119). The analogue is a complete
agonist in vivo {20 and on amidation of the B25 C-terminus exhibits
native receptor binding affinity58, 59).
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Concluding Remarks It is possible that these domains are distant or flexibly linked
in the free receptor but brought into well-ordered proximity
on insulin binding. Insulin-directed structural reorganization
of thea-subunit could provide an initial trigger f@subunit
signaling across the membrane and, if so, generalize the

paradigm of hormone-induced dimerization of receptors

This study has investigated the structure of a clinical
variant of insulin with a substitution of V& with leucine
in a nonpolar crevice between A and B chains (insulin
Wakayama9). Although the substitution is well tolerated
in the crystal structure (an¢Rzinc hexamer), the variant o
insulin exhibits markedly impaired biological activity and igserved among hematopoietic hormone and cytokBes (
is associated with a monogenic form of diabetes mellitus
(3). A variety of evidence, including high-efficiency cross-  ACKNOWLEDGMENT
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