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Proteins evolve in a fitness landscape encompassing a complex
network of biological constraints. Because of the interrelation of
folding, function, and regulation, the ground-state structure of a
protein may be inactive. A model is provided by insulin, a verte-
brate hormone central to the control of metabolism. Whereas
native assembly mediates storage within pancreatic f3-cells, the
active conformation of insulin and its mode of receptor binding
remain elusive. Here, functional surfaces of insulin were probed by
photocross-linking of an extensive set of azido derivatives con-
structed by chemical synthesis. Contacts are circumferential, sug-
gesting that insulin is encaged within its receptor. Mapping of pho-
toproducts to the hormone-binding domains of the insulin
receptor demonstrated alternating contacts by the B-chain
B-strand (residues B24 —B28). Whereas even-numbered probes (at
positions B24 and B26) contact the N-terminal L1 domain of the
a-subunit, odd-numbered probes (at positions B25 and B27) con-
tact its C-terminal insert domain. This alternation corresponds to the
canonical structure of a 3-strand (wherein successive residues project
in opposite directions) and so suggests that the B-chain inserts
between receptor domains. Detachment of a receptor-binding arm
enables photo engagement of surfaces otherwise hidden in the free
hormone. The arm and associated surfaces contain sites also required
for nascent folding and self-assembly of storage hexamers. The
marked compression of structural information within a short
polypeptide sequence rationalizes the diversity of diabetes-associated
mutations in the insulin gene. Our studies demonstrate that photo-
scanning mutagenesis can decode the active conformation of a protein
and so illuminate cryptic constraints underlying its evolution.

Insulin is a small globular protein containing two chains, A
(21 residues) and B (30 residues). Although its unbound struc-
ture is well characterized (1-3), how the hormone binds to the
insulin receptor (IR)” is not well understood. In this study, we
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investigated the receptor-binding surface of insulin by syn-
thetic photoscanning. An extensive set of photoactivable insu-
lin analogs was prepared, each containing a single para-azido-
Phe (Pap) substitution (Fig. 14) (4). The modular structure of
the IR (5) permits assignment of contact points to the major
hormone-binding elements of the receptor a-subunit (6). Anal-
ysis of photoproducts provides evidence for the structural reor-
ganization of insulin within the crux of the receptor ectodo-
main (7). An alternating pattern of contacts by the B-chain
B-strand provides a signature of its insertion between receptor
domains.

The IR is a disulfide-linked dimer (designated («f3),) in
which extracellular a-subunits bind insulin and transmem-
brane B-subunits contain the cytoplasmic tyrosine kinase
domain (Fig. 1B) (5). Mutagenesis has established that the
major hormone-binding regions are the N-terminal L1 3-helix
and insert domain-derived tail (ID-N) of the a-subunit (8).
Whereas the cysteine-rich (CR) domain and L2 B-helix con-
tribute primarily to the architecture of the ectodomain, insu-
lin may also contact the fibronectin homology domains of
the a-subunit (Fnl and part of Fn2) (9, 10). The homologous
type I insulin-like growth factor (IGF) receptor exhibits a
similar domain organization. Studies of chimeric receptors
suggest that the IR L1 domain (large B-helical domain 1 (res-
idues 1-158)) confers specificity for insulin (relative to
IGF-I) (11-13). Although co-crystals of the insulin-IR com-
plex have not been obtained to date, evidence for selected
domain-specific contacts has been provided by photocross-
linking (4, 14—17). The modular structure of the a-subunit
enables convenient assignment of photoadducts to L1 or
ID-N by limited proteolysis (6). Key tryptic and chymotryp-
tic sites (Fig. 1B, left) are exposed at domain boundaries
(supplemental Figs. S1 and S2), leading to photoadducts of
characteristic molecular mass (see Table 1).

Insight into the receptor-binding surface of insulin has been
obtained from analysis of species variants, chemical modifica-
tion, and mutagenesis (Fig. 1, C and D) (5, 18). The classical
binding surface spans the N-terminal A-chain a-helix (residues
A1-A8), the central B-chain a-helix (residues B9 -B19), and
the C-terminal B-chain [-strand (residues B24-B28) (1,
19-21). Mutagenesis defines a functional epitope (by analogy
to growth hormone) (22) containing Gly*?, Ile*?, Val*3, GIn*®,
Tyr'?, Asn®?!, Val®'2, Gly®?3, Phe®?*, Phe®?*, and Tyr®?® (light
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FIGURE 1. Structure of insulin and domain organization of the insulin receptor. A, ribbon model of insulin
(as T-state protomer; Protein Data Bank code 4INS) with the A-chain in red and the B-chain in blue. Selected side
chains are shown: Glu** and Tyr*'* (red); GIn*® and Thr*® (green); Leu”'3, Leu*'’, and Val®'’ (magenta); His®'°
(black); and Phe®2* and Phe®?* (gray). B, domain organization of the IR as an (f3),-dimer. Color-coded segments
indicate structural domains; at left are selected sites of limited proteolysis of photocross-linked complexes:
trypsin (tr, bracket at the L1-CR domain junction) and chymotrypsin (ch, arrow within the CR domain), and
tryptic and chymotryptic sites at the Fn2a-ID-N junction (asterisk). Beige arrowheads indicate sites of N-linked
glycosylation in the extracellular portion of the IR. This figure was adapted from Ref. 5 with the permission of
the authors. Dashed lines outline domains (light gray) not present in the crystal structure of the IR ectodomain
(Fig. 7); these span the transmembrane a-helix (TM), the juxtamembrane segment (JM), tyrosine kinase (TK),
and the C-terminal tail of the B-subunit (BCT). C, space-filling model of the insulin protomer (with residues
B27-B30 removed) showing the functional epitope (gray) and its extended structural epitope (green). D, view
of the insulin protomer rotated by 90° about the vertical axis with classification of binding sites 1 (gray) and 2
(magenta) as proposed by De Meyts (18, 73). Residues B27-B30 were deleted from the coordinate file to enable
better visualization of lle*? and Val*® in accord with the detachment model (preceding article (31)).

and D) may also contribute to
receptor binding, as to a limited
extent (<4-fold), substitutions can
augment (29) or impair (23) recep-
tor binding. Mutagenesis has been
precluded at some sites by impaired
foldability (23), and its interpreta-
tion at other sites can be con-
founded by structural perturbations
(30).

In the preceding article (31), we
demonstrated that stereospecific
detachment of the C-terminal
B-strand of the B-chain enhances
the activity of insulin. In this
study, we provide evidence that
the detached segment inserts
between receptor domains. Our
approach is based on photomap-
ping. To this end, a set of >20 pho-
toactivable insulin derivatives
(each containing residue-specific
Pap substitutions at single sites®)
was prepared (see Fig. 2A). The
photoactivable insulin derivatives
were found to exhibit a range of
cross-linking efficiencies. Sites of
photocross-linking within the IR
were mapped to L1, ID-N, or inter-
vening domains. Such mapping
yielded a striking pattern of alter-
nating N- and C-terminal contacts
by the conserved B-chain B-strand
(residues B24.—B28) accompanied
by C-terminal engagement of the
underling A-chain «-helix (resi-
dues A1-AS8). These results illus-
trate the potential of synthetic pho-
tomapping to decode active but
cryptic protein conformations.

Insulin provides a classical par-
adigm for studies of protein struc-
ture and evolution (1, 19), yet
ground-state structures provide
an incomplete account of func-
tional relationships. Compressed
within the short sequences of the
A- and B-chains lies information

gray in Fig. 1, Cand D) (18, 23); an extended structural epitope
(i.e. contacts at which Ala substitutions have minor effect) (24)
comprises the contiguous side chains of Thr*® and Tyr®'®
(green in Fig. 1, C and D) (25-27). In addition to the classical
surface (site 1 in Fig. 1D), kinetic analysis of insulin analogs has
revealed a second and distinct functional surface (Ser®'?, Ile*!3,
Glu™'7, Glu®'?, and Leu®"”) (site 2 in Fig. 1D) (18). By analogy to
growth hormone (28), binding sites 1 and 2 are proposed to
function in trans within the (af),-receptor dimer, creating a
single high affinity complex (20). His®'® (dark gray in Fig. 1, C
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encoding a complex conformational life cycle, extending
from nascent folding to storage and induced fit (1, 2, 31).
This life cycle both reflects and imposes an interlocking set
of evolutionary constraints. Diabetes-associated mutations
in the insulin gene highlight the interrelation of foldability,

3 Pap is small, rigid, and readily accommodated at diverse sites. Its systematic
incorporation by total chemical synthesis thus circumvents two key limita-
tions of conventional azido modification: (a) nonspecific cross-linking by
flexible swinging arms and (b) restricted potential sites of derivatization.
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structure, activity, and the overarching threat of toxic
misfolding.

EXPERIMENTAL PROCEDURES

Preparation of Insulin Analogs—A summary of insulin ana-
logs is provided in supplemental Table S1. Chemical synthesis
of variant A- and B-chains containing photostable precursor
para-amino-Phe (Pmp) was performed by manual solid-phase
synthesis (4). B-chains each contained three “DKP” substitu-
tions to prevent self-association of insulin (His®'® — Asp,
Pro®®® — Lys, and Lys®*® — Pro) (2, 32). In selected cases,
human and porcine B-chains, obtained by sulfitolysis from
human insulin and porcine insulin (kindly provided by Lilly),
were employed in combination with synthetic A-chain analogs.
Pmp substitutions were introduced in the A-chain at positions
Al1-A4, A8, A13, Al4, A19, and A21 and in the B-chain at
positions BO (an N-terminal extension), B5, B6, B8, B10, B16,
B17, B24-B27, B29, and B31 (a C-terminal extension). Individ-
ual p- and L-Pmp stereoisomers were introduced at positions
A1l and B24. At position B8 (occupied in native insulin by an
invariant Gly with a positive ¢ angle) (33), only the D-isomer
was prepared. The synthesis and characterization of proto-
probes at positions Al, A3, A21, BO, B16, B24, and B25 have
been described previously (6, 17, 25, 26, 34, 35).

Biotin Labeling—To permit detection of photoproducts by
NeutrAvidin™ (Pierce), an N-terminal biotin tag was included
in each analog (supplemental Table S1). Tags were generally
introduced by means of a caproyl linker either through N* of
Phe®! (in the case of B-chain Pmp derivatives) (25) or through
N€ of b-Lys®! (in the case of A-chain Pmp derivatives) (34); A1
and B0 analogs were biotinylated through N* of the N-terminal
Pmp residue.

Chain Combination—Insulin chain combination and protein
purification were performed as described (25, 34). Fidelity of
synthesis was verified by matrix-assisted laser desorption time-
of-flight mass spectrometry.

Receptor Binding Assays—The activities of insulin analogs
were evaluated in a competitive displacement assay using a
human placental membrane preparation as described (36). The
percentage of tracer bound in the absence of competing ligand
was <15% to avoid ligand depletion artifacts. A summary of
receptor-binding affinities of the Pmp-insulin analogs is pro-
vided in supplemental Table S1. Assays were performed in
duplicate (positions B29 and B31) or triplicate (the remaining
29 analogs).

Photocross-linking Studies—Conversion of Pmp-substituted
insulin analogs to the corresponding photoactivable Pap deriv-
atives was performed as described (4) and verified by mass spec-
trometry. Photocross-linking of biotin-labeled Pap analogs to
the purified receptor ectodomain (17) or IR (isoform B) (6, 25)
was induced by UV irradiation (4); photoproducts were charac-
terized by SDS-PAGE and Western blotting (6, 17, 25). Gels
were probed with NeutrAvidin to detect biotin-labeled photo-
products and with polyclonal antiserum recognizing the N-ter-
minal segment of the IR a-subunit (designated IR -N; Santa
Cruz Biotechnology). Hormone-receptor complexes were
formed at sufficiently high protein concentrations (~200 nm
receptor and photoreactive insulin analog; >100-fold greater
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TABLE 1
Key receptor fragments in photomapping strategy
Photoadduct mass”
Protease Assignment Ref.
Glycosylated Deglycosylated
kDa
Chymotrypsin 50 (47) 31 L1/ part of CR domain® 6
Chymotrypsin 34 23 C-terminal fragment* 34
Chymotrypsin 20 17 ID-N“ 34
Trypsin 31(28) 20 (17) L1¢ 6

“ Molecular masses in parentheses are exclusive of the respective A- or B-chain
adduct.

® The fragment contains ~250-260 residues (supplemental Fig. S2).

¢ The fragment contains (from the C to N terminus) ID-N, Fn2a, and part of Fn1.

@ The fragment is likely to begin within Fn2a.

¢ The fragment is likely to contain initial residues of the CR domain (supplemental
Fig. S1).

than the highest (weakest) dissociation constant) to ensure
>95% receptor occupancy in each case. Assays were performed
in duplicate.

Specificity of Photocross-linking—Control experiments veri-
fying specificity were performed to demonstrate competition
between binding of the Pap analogs and native ligands (human
insulin and IGF-I). Additional control experiments demon-
strated that no photocross-linking reactions occurred between
Pap derivatives and heterologous proteins (lysozyme and
immunoglobulin G) or between the photostable Pmp precur-
sors and the ectodomain under the same conditions (17).

Mapping of Photo Contacts—Domain mapping in holorecep-
tor complexes was established by limited proteolysis with tryp-
sin and chymotrypsin (6, 25). The apparent molecular masses of
proteolytic fragments (with and without N-linked glycosyla-
tion) (Table 1) were inferred by SDS-PAGE in relation to stand-
ards. Insert domain-specific photocross-linking by the comple-
mentary analog Pap®?*>-DKP-insulin (6) was mapped in parallel
as a control. Key sites of proteolysis by trypsin and chymotryp-
sin are indicated in Fig. 1B (bracket and arrow on the left and
asterisk at Fn2a/ID-N junction); structural rationales are pro-
vided in supplemental Figs. S1 and S2.

RESULTS

Photoprobes were introduced through chemical synthesis of
A- or B-chain analogs. Insulin chain combination was generally
robust to substitution by the photostable precursor Pmp (yields
of >25% relative to wild-type chain combination). Lower yields
were obtained at A3, A21, B6, and B24; Pmp substitutions at B5
and B17 blocked disulfide pairing (gray circles in Fig. 2A). Sub-
stitution of Val*® by Pmp yielded native and non-native disul-
fide isomers, resulting in a relative yield of 10—15%; products
were distinguished by receptor-binding activity (35, 37). Sub-
stitution of Gly®® by p-Pmp enhanced the efficiency of disulfide
pairing; substitution by L-Pmp was not attempted due to low
L-specific yields (33). Pmp substitutions were likewise not
attempted at sites (B12 and B15) previously associated with
impaired chain combination or attenuated cellular expression
of single-chain insulin analogs (23, 38, 39). Each photoactivable
analog contained a biotin tag to permit identification of pho-
toadducts by an avidin-based reagent.

The receptor-binding affinities of Pmp analogs were highly
variable, impaired in some cases and enhanced in others (range
of 0.2-240% relative to human insulin) (supplemental Table
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FIGURE 2. Sites of photoprobes in insulin and summary of cross-linking
efficiencies. A, sequence of human insulin showing the A-chain (upper) and
B-chain (lower); in each case, the N-terminal residue is at left, and C-terminal
residue is at right. The three disulfide bridges (cysteines A6-A11, A7-B7, and
A20-B19) are shown as black lines. Sites of Pmp derivatives are highlighted in
light blue (within A- or B-chains) or magenta (B-chain extensions BO and B31).
Gray shading (residues B5 and B17) indicates failed syntheses due to impaired
chain combination. The Pmp®® analog contained the p-isomer; both L- and
D-Pmp derivatives were individually prepared at positions A1 and B24. Not
shown are DKP substitutions in the B-chain to yield a monomeric template
(Asp®'°, Lys®28, and Pro®2°) and biotin tags at possible attachment sites (B0,
B1, A1, or via the e-NH, moiety of a dD-Lys*' substituent; see “Experimental
Procedures” and supplemental Table S1). B, front and back surfaces of insulin
color-coded by efficiency of photocross-linking. The front surface is predom-
inantly composed of B-chain residues, and the back surface of A-chain resi-
dues. Sites of high, medium, and low photocross-linking efficiency are shown
in red, green, and black, respectively; sites not tested are shown in gray. The
structure shown is based on a T4 crystallographic protomer (2Zn molecule 1;
Protein Data Bank code 4INS).

S1). 20 of 27 analogs exhibited relative affinities of >25%. The
highest affinities were conferred by Pmp*® and p-Pmp®**
(>100% relative to the parent analogs), and the lowest by
Pmp”? and p-Pmp®® (<1%). Such site-specific modulation of
binding is in accord with trends in studies of mutant insulins (1,
23, 33, 40), including stereospecific effects of p- and L-Pmp
substitutions at B24 (see accompanying article (31)). The
impaired binding of Glu** — Pmp and Tyr*'* — Pmp analogs
was unanticipated by Ala scanning (23). The activities of the
corresponding Pap analogs were not determined. Because wild-
type insulin binds with a dissociation constant of <0.1 nm, how-
ever, relative affinities of >1% would correspond to dissocia-
tion constants of <10 nM, sufficient at the protein
concentrations employed (200 nm) to permit predominant for-
mation of a photoreactive hormone-receptor complex. UV
exposure for 20 s led in each case to essentially complete pho-
tolysis or cross-linking. No correlation was observed between
the relative affinities of Pmp analogs and the extent of pho-
tocross-linking by the corresponding Pap derivatives. Control
experiments demonstrated that site-specific photocross-link-
ing was competed by unmodified human insulin or (at higher
protein concentration) by IGF-L
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Photocross-linking Efficiencies

Relative photocross-linking efficiencies are mapped in Fig.
2B onto the front and back surfaces of insulin in its classical
conformation. High efficiency (>20%) was achieved by photo-
probes at positions Al (D-isomer), A3, A4, A8, Al4, B16, B24
(p- > L-isomer), B27, and B31 (red surface in Fig. 2B; B31 exten-
sion not shown). Of these derivatives, the highest efficiencies
were observed at positions A3 (with a biotin tag at p-Lys*" N¢),
A8, and B24 (p-isomer), at which sites 30 —40% of UV-irradi-
ated complexes gave rise to a covalent photoproduct (31, 34,
35). Inefficient photocross-linking (<<5%) was observed at posi-
tions A1l (L-isomer), A13, A19, A21, BO, B6, and B8 (p-isomer)
(black surface in Fig. 2B). Of these, the lowest efficiencies were
exhibited by probes at A21 and B8 (p-isomer). Intermediate
photocross-linking efficiencies were obtained in studies of Pap
derivatives at positions A2, B10, B25, B26, and B29 (green sur-
face in Fig. 2B). With the exception of the poorly binding Pap**
analog (see below), the extent of photocross-linking could not
be appreciably increased by raising ligand concentrations, sug-
gesting that relative efficiencies are intrinsic to the structure of
the hormone-receptor complex rather than determined by ini-
tial binding affinities. Photocross-linking efficiency can in prin-
ciple be influenced by both proximity of an interface and acces-
sibility of nitrogenous groups (which favor covalent free radical
insertion) (41).

Mapping of Photoproducts

The modular IR structure enables mapping of photocross-
links (i) to L1 by limited tryptic digestion and (ii) to ID-N by
limited chymotryptic digestion (supplemental Figs. S1 and S2)
(6). Following reduction by dithiothreitol (DTT), proteolytic
fragments were resolved by SDS-PAGE. Bands containing a
photoadduct were identified using a biotin-specific reagent
(NeutrAvidin). N-terminal fragments of the receptor a-subunit
(and hence containing L1) were detected by Western blotting
using anti-peptide antiserum (IR, -N); C-terminal fragments
(containing ID-N) were characterized by B25 photocross-link-
ing, previously shown to contact the C-terminal 15-residue
peptide (4). The latter proteolytic signature has been confirmed
using engineered midi-receptors (35).

L1 Contact Sites—Tryptic mapping yielded a unique 31-kDa
cross-linked fragment in L1-cross-linked B-chain complexes.
The molecular mass of this fragment (excluding glycosylation
and the tethered B-chain) indicates that it contains <170
amino acids and so consists of the L1 domain (residue 1-158)
and flanking tryptic site. The structure of the ectodomain
exhibits exposed basic side chains at the outer L1-CR domain
junction (supplemental Fig. S1), as illustrated in the preceding
article (31). The following photoprobes cross-linked to L1: B16,
B24-L, B24-D, and B26. L1 photoadducts were not observed in
studies of Pap®?® or A-chain derivatives.

Limited chymotryptic digestion yielded distinct N- and
C-terminal signatures. N-terminal contacts are characterized
by a fragment spanning L1 and part of the CR domain (apparent
glycosylated molecular mass of 50 kDa and deglycosylated mass
of 31 kDa, including the insulin chain adduct). Observation
of this fragment corroborated tryptic assignment of the
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FIGURE 3. Photocross-linking studies of B-chain derivatives. A, Western blots showing subunits of the
holoreceptor (a,8,, 460 kDa; o, 135 kDa; 3, 95 kDa) cross-linked with biotin-labeled insulin derivatives contain-
ing Pap at positions B24-D (lanes 1-4), B24-L (lanes 5-8), B25 (lanes 9-12), B26 (lanes 13-16), B27 (lanes 17-20),
and B29 (lanes 21-24) or at extended site B31 (lanes 25-28). Samples were treated without (odd-numbered
lanes) or with (even-numbered lanes) UV irradiation. After cross-linking and reduction with DTT, samples were
resolved by SDS-PAGE and detected either with alkaline phosphatase-conjugated NeutrAvidin (NAv; upper
panel) or with anti-receptor antibody (IR ,-N; middle panel); the latter demonstrates equal amounts of IR. Con-
trol blots probed with NeutrAvidin (lower panel; without DTT reduction) demonstrate equal amounts of insulin
analog. In the control lanes, in each case, photocross-linking was not observed in the absence of the IR and UV
irradiation (lanes 1,5, 9,13, 17,21,and 25), in the absence of the IR and presence of UV irradiation (lanes 2, 6, 10,
14,18, 22, and 26), or in the presence of the IR and absence of UV irradiation (lanes 3,7, 11, 15, 19, 23, and 27).
B, limited chymotryptic digestion of Pap®2*-, Pap®2*-, Pap®2°-, and Pap®%’-photocross-linked hormone-recep-
tor complexes (6). At the indicated time points, aliquots were mixed with an equal volume of Laemmli sample
buffer containing 100 mm DTT, heated at 95 °C for 5 min, and resolved by SDS-PAGE. Photoproducts and their
fragments were blotted onto nitrocellulose membrane and probed with NeutrAvidin (left panel) or IR ,-N (right
panel). The apparent molecular masses were as follows: a(N)-B, 47 kDa; «a(C)-B, 34 kDa; and a(N)/«(N)-B, 47/50
kDa (Table 1). C, deglycosylation of B25 and B27 chymotryptic fragments as probed with NeutrAvidin (left
panel) or IR -N (right panel). The IR was cross-linked to Pap®2°> or Pap®2” derivatives (lanes 13 and 16; — indicates
the absence of protease), digested with chymotrypsin (lanes 14, 15, 17, and 18; +), and then subjected to
enzymatic deglycosylation (lanes 15 and 18; labeled d) (25). The apparent molecular masses were as follows:
«(C)*-B, 23 kDa; and ID-N*/B, 17 kDa (Table 1).

above L1 contacts; the outer surface contains solvent-ex-
posed Phe side chains at appropriate positions (CR domain
residues 256 and 258) (supplemental Fig. S2). Further diges-
tion of the B24-cross-linked complex yielded a light 19-kDa
band recognized by IR, -N; its estimated mass (<11 kDa,
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exclusive of the B-chain adduct
and two N-linked carbohydrates)
suggests that the site of cross-link-
ing is likely to occur within the
first 100 residues of the L1
domain, in accord with sites of Ala
substitution in L1 that markedly
impair insulin binding (8, 42).

ID-N Contacts—Photocross-link-
ing of Pap®?® has been shown pre-
viously to map to the extreme
C-terminal peptide of the IR
a-subunit (4) and so provides a
standard. Unlike L1-specific con-
tacts, Pap®>® photocross-linking is
characterized by (a) a C-terminal
fragment with apparent molecular
mass of 34 kDa (glycosylated) and
23 kDa (deglycosylated), which,
upon further digestion, yields (b) a
C-terminal fragment of 20 kDa (17
kDa upon deglycosylation) (6).
The larger fragment encompasses
Fnl-N and ID-N (residues 590 -
731 in the B-receptor isoform). Its
difference in apparent mass upon
deglycosylation (11 kDa) repre-
sents three N-linked carbohy-
drates (positions 606, 624, and
671) (43). The structure of the
ectodomain  suggests possible
cleavage at exposed Trp side
chains at positions 551 and 559
(supplemental Fig. S2). The
smaller fragment contains a single
N-linked carbohydrate and so
begins after residue 624. Its mass is
consistent with the sum of the
B-chain adduct (3.7 kDa) and a
fragment containing ID-N (resi-
dues 638-731; glycosylated mass
of 16 kDa) and at most a small
number of residues from the Fn2a
junction.

Mapping studies using limited
chymotryptic digestion demon-
strated the following ID-N con-
tacts: A1-D, A2, A3, A4, A8, Al4,
B25, and B27. Probes at B29 and
B31 were observed to photocross-
link to both L1 and ID-N (and pos-
sibly to intervening domains), pre-
sumably due to flexibility in the

hormone-receptor complex. The B10 probe exhibited nei-
ther L1-CR domain nor Fn2a-ID-N signatures and so must
have intervening contact sites. Adducts Al-L, A13, Al9,
A21, BO, B6, and B8 were not mapped due to their low pho-
tocross-linking efficiencies.
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FIGURE 4. Photocross-linking studies of A-chain derivatives. A, IR cross-linking of insulin derivatives con-
taining Pap at positions A1-D (lanes 7-10), A2 (lanes 11-14), A3 (lanes 15-18), A4 (lanes 19-22), and A8 (lanes
23-26) in relation to B-chain derivatives B25 (lanes 1 and 2) and B24 (lanes 3-6). Samples were resolved by
SDS-PAGE prior to (odd-numbered lanes) or following (even-numbered lanes) UV irradiation. A-chain Pap deriv-
atives (except A1) had a biotin tag attached to the e-NH, moiety of a b-Lys*' substituent; A1 p- and L-Pap
derivatives were labeled with biotin at N®. The format is as described for Fig. 3A. Cross-linked adducts were
detected after DTT reduction by NeutrAvidin (NAv; upper panel). Control blots probed by IR,-N (middle panel)
demonstrate equal amounts of IR. Control blots probed with NeutrAvidin (lower panel; without DTT) demon-
strate equal amounts of insulin derivative. In the control lanes, in each case, the photocross-linking band was
not detected in the absence of the IR and UV irradiation (lanes 3, 7, 11, 15, 19, and 23), in the absence of the IR
and presence of UV irradiation (lanes 4, 8, 12, 16, 20, and 24), or in the presence of the IR and absence of UV
irradiation (lanes 1, 5, 9, 13, 17, 21, and 25). B, Western blots showing A2-specific IR photocross-linking at
successive concentrations of Pap”? derivative (lanes 3-7, corresponding to ligand concentrations of 200, 240,
320,400, and 600 nm). Pap®2*-specific photocross-linking is also shown (lane T; lane 2 is empty). C, competition
experiment. A2-specific photocross-linking could be competed by unmodified insulin (/ns) or IGF-1, added prior
to UVirradiation. Successive concentrations of insulin (lanes 1-4) or IGF-I (lanes 5- 8) were 0, 3,30, and 300 times
that of Pap”? (600 nm).
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the products of the photocross-link-
ing reaction. Covalent hormone-re-
ceptor complexes are thus observed
only in lanes 4, 8, 12, 16, 20, 24, and
28 (Fig. 3A, upper panel).

Limited chymotryptic digestion
of the photocross-linked B24 -B27
products (Fig. 3B, left panel) yielded
distinct NeutrAvidin-detected N-
and C-terminal patterns, whereas
detection by IR -N vyielded similar
N-terminal patterns as a loading
control and verification of digestion
(Fig. 3B, right panel). Pap®** and
Pap®?® derivatives gave rise to an
L1-CR* domain pattern (Fig. 3B,
band a(N)-B in lanes 2 and 3 and
lanes 5 and 6, respectively). By con-
trast, B25 and B27 photocross-links
gave rise to similar C-terminal pat-
terns (Fig. 3B, band «(C)-B in lanes
8 and 9 and lanes 11 and 12, respec-
tively). Thus, the odd-numbered
probes did not photocross-link to
the 50-kDa N-terminal chymot-
ryptic fragment characteristic of
even-numbered probes. Further
chymotryptic digestion of the B25
and B27 photoadducts in each case
yielded glycosylated 20-kDa signa-
ture fragments (Fig. 3C, lanes 14
and 17) and deglycosylated 17-
kDa fragments (band ID-N*/B in
lanes 15 and 18). In these reac-
tions, distinct glycosylated and
deglycosylated N-terminal frag-
ments were detected by antiserum
IR -N (Fig. 3D). The tryptic signa-
ture of Pap®2°-derived photoad-
ducts was similar to that of B24
(data not shown).

A-chain o-Helix—Photoprobes
at residues A1 (p-chirality), A2, A3,
A4, and A8 cross-linked to the IR

To investigate the active conformation of insulin, we focused
in turn on the C-terminal B-strand of the B-chain (residues
B24-B28) and the N-terminal a-helix of the A-chain (residues
A1-A8).

B-chain B-Strand—Photocross-linking by photoprobes
B24-B30 (extended to B31) exhibited moderate to high effi-
ciencies (Fig. 3A, upper panel); loading controls as probed by
IR,-N and NeutrAvidin are shown (middle and lower panels,
respectively). In Fig. 34, each site is represented by four lanes;
the first three provide negative controls (containing the indi-
cated Pap derivative unirradiated in the absence of receptor,
irradiated in the absence of receptor, or unirradiated in the
presence of receptor, respectively), and the fourth lane contains
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with varying efficiencies (Fig. 4A, upper panel); negative and
loading controls are as in Fig. 3A. Sites of photocross-linking
thus include both the polar (Glu** and Thr*®) and nonpolar
(Ile*? and Val*®) faces of the amphipathic A1-A8 a-helix. Chy-
motryptic mapping of covalent complexes Al (p-isomer), A2,
A3, A4, and A8 each yielded 34- and 20-kDa glycosylated frag-
ments similar to those characteristic of the B25-cross-linked
complex (Fig. 5). (Their slightly increased SDS-PAGE mobili-
ties are consistent with the smaller size of the A-chain (21 res-
idues) relative to the B-chain (30 residues).) None of the cross-
linked A-chain complexes gave rise to the 50-kDa N-terminal
adduct characteristic of the Pap®**-mediated photoproduct
between the B-chain and an L1-CR* domain fragment (first
three lanes in Fig. 5, A-D). Fine mapping of Pap”*-mediated
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FIGURE 5. Chymotryptic mapping of A-chain-specific photocross-linked complexes. Photoadducts were obtained at the indicated positions and digested
with chymotrypsin as described (6). At successive time points, aliquots were reduced by treatment with DTT, heat-denatured, and resolved by SDS-PAGE.
Fragments were blotted onto nitrocellulose membrane and detected by NeutrAvidin (NAv; A and C) or antiserum IR_-N (B and D). Dotted boxes in A and C
indicate the 19-kDa N-terminal L1-derived tryptic fragment estimated to contain ~100 residues (and three N-linked carbohydrates). Molecular masses and

domain assignments are otherwise as indicated.

photo contacts to the same C-terminal peptide (the C-terminal
peptide of the IR «-subunit comprising residues 704-718
(referred to as «CT)) as contacted by Pap®*® has been demon-
strated in engineered midi-receptors (35).

Photocross-linking by Pap”? is of particular interest in rela-
tion to classical packing of Ile*? within the hydrophobic core
(supplemental Fig. S3). Increasing the concentration of the
Pap”? derivative from 200 to 600 nM (at a constant receptor
concentration of 200 nM) enhanced the extent of photocross-
linking (Fig. 4B), suggesting that its intrinsic photocross-linking
efficiency is high but limited by partial receptor occupancy. The
specificity of such photocross-linking was demonstrated by
competition with unmodified insulin or IGF-I (Fig. 4C). Struc-
tural interpretation of A2 photocross-linking is uncertain.
Because of the small size of insulin, molecular modeling sug-
gests that analogous packing of Pap®* with the hydrophobic
core could allow protrusion of the azido group from the protein
surface. Direct engagement of Ile”? is nonetheless supported by
mutagenesis (34, 40, 44).

DISCUSSION

Classical models of insulin binding (19, 21, 45) were based on
crystal structures of zinc insulin hexamers (46, 47). Such hex-
amers represent the storage form of the hormone within the
glucose-regulated secretory vesicles of pancreatic -cells (48).
Because insulin functions in the bloodstream as a monomer,
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however, its active conformation has long been the subject of
speculation. Although the conformation of an engineered insu-
lin monomer in solution closely resembles that of a crystallo-
graphic protomer (2, 3), its flexibility has left open the possibil-
ity of induced fit (49). In the preceding article (31), we have
shown that the activity of insulin can be enhanced by chiral
destabilization of the B-chain. Here, we have exploited chemi-
cal protein synthesis to obtain a photomap of the receptor-
binding surface. The pattern of photocross-linking provides a
signature of the hormone’s active conformation.

Induced Fit Extends the Receptor-binding Surface—Evidence
for induced fit within the B-chain has been provided by the very
low activities of native-like analogs containing tethers between
the C terminus of the B-chain and the N terminus of the
A-chain (50-53). Such impairment suggests that the tethered
sites separate upon receptor binding (Fig. 6A) (54). The detach-
ment model thus posits that the C-terminal 3-strand of the
B-chain detaches from the a-helical core of the hormone (54 —
56). This strand is anchored to the core by an invariant aromatic
side chain (Phe®?%). Strikingly, as shown in the accompanying
article (31), p-amino acid substitutions at this site enhance
activity (55, 57) by segmental unfolding. Together, these obser-
vations suggest that the C-terminal 3-strand adopts an inhibi-
tory conformation within classical structures of insulin. A con-
formational switch at B24 leading to detachment of the
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FIGURE 6. Mapping of photo contacts and relationship to induced fit. A, schematic model of insulin fit. The
insulin monomer is proposed to undergo a change in conformation from its closed unbound state (left) to a
more open state (right) in which detachment of the C-terminal B-chain -strand (residues B24-B28) exposes
conserved aliphatic side chains lle*? and Val®®, B, alternating pattern of photo contacts by the C-terminal
B-chain B-strand in which its even-numbered face (Phe®2* and Tyr®2°) contacts the L1 domain of the IR (a-sub-
unit residues 1-158), whereas the odd-numbered face (Phe®?> and Thr®?”) contacts the C-terminal insert
domain (/D)-derived tail of the a-subunit. C, space-filling model of insulin depicting its front and back surfaces
(left and right). Putative L1 contact residues Tyr®'¢, Phe®24, and Tyr®2° are shown in blue, and insert domain
contact residues (Gly*", lle*?, Val*®, Glu”*, Thr?®8, TyrA'#, Phe®2%, and ThrB27) are shown in yellow (A2 and A3)
or gold. The A-chain is otherwise shown in light gray, and the B-chain in dark gray. D, corresponding
molecular surfaces following removal of residues B26-B30 to simulate exposure of lle*? and Val** upon
detachment of the C-terminal B-chain B-strand in the hormone-receptor complex. The color code is the

ment (residues B1-B8) undergoes a
dramatic change in secondary
structure (66, 67): extended in the
T-state (green) and a-helical in the
R-state (blue). The relationship
between the TR transition and the
mechanism of receptor binding is
unclear, as activity and allostery
may be uncoupled by mutagenesis
(68).In addition, the N-terminal five
residues of the B-chain may be
deleted without significant change
in activity (69). Evidence for an
R-state-related change in confor-
mation at Gly®® has nonetheless
been provided by chiral mutagene-
sis. The glycine (red in Fig. 8B)
exhibits a positive ¢ dihedral angle
(like a pD-amino acid) in T-states
(including T-like monomers in
solution) but a negative ¢ angle (like
an L-amino acid) in R-states. D-
Amino acid substitutions at B8
(replacing the pro-p-H* atom)
(arrow in Fig. 8B) stabilize the
T-state but impair receptor binding
(33, 70). The low efficiency of pho-
tocross-linking by p-Pap at this site

same as described for C.

C-terminal segment would also rationalize the high activities of
foreshortened analogs (58 —61).

Ala scanning mutagenesis of the IR has demonstrated that
the N- and C-terminal domains of the a-subunit (L1 and ID-N)
contain the major hormone-binding sites (8, 42, 62). Remark-
ably, photoprobes at positions B24—B27 exhibit an alternating
pattern of L1 and ID-N contacts. Because odd- and even-num-
bered side chains in a B-strand project in opposite directions
(Fig. 6B), these observations provide evidence that this segment
inserts as a B-strand between the L1 and ID-N domains.
Detachment of the 3-strand from the hydrophobic core of insu-
lin would in turn be expected to expose the conserved inner
surface of the A1-A8 a-helix (Ile** and Val*?) (Fig. 6, Cand D).
Although largely inaccessible in the unbound hormone, the
side chains of Ile** and Val*? are critical to biological activity
(40, 63). Direct contacts between these aliphatic side chains and
the receptor (Fig. 7) would rationalize the marked effects of
even subtle substitutions. An example is provided by inversion
of CP chirality at A2 (yielding allo-1le** analogs): this modifica-
tion is readily accommodated within a native-like core but
impairs receptor binding by 50-fold (34, 44). Similarly, substi-
tution of Val*? by Leu is structurally conservative (34) but asso-
ciated with a 500-fold decrease in receptor binding (40, 64). In
this study, we have provided evidence that the A1-A8 a-helix
contacts IN-D at multiple points, including A2 and A3.

A classical model for induced fit has been provided by the
allosteric transition among Ty, T;R';, and R, hexamers (Fig. 8A)
(65). In this conformational equilibrium, the N-terminal seg-
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suggests that such loss of activity is

due to chiral impairment of a
B8-specific conformational change upon receptor binding. By
contrast, a frustrated L-Ser®® analog retains high affinity despite
marked thermodynamic instability (70). We imagine that the
B8-related conformational switch (red in Fig. 8C) alters the
topography of cystine A7-B7 (gold in Fig. 8B) and, like the B24-
related switch (tawny in Fig. 8C), extends the nonpolar recep-
tor-binding surface of insulin. Molecular modeling suggests
that displacement of the N-terminal arm of the B-chain from its
T-state conformation would expose Leu®® and part of the
A-chain (Ile*'° and Leu®'®).

Limitations of Photoscanning—The above interpretations
assume that photocross-linking provides a valid probe for
native contacts within the hormone-receptor complex. A gen-
eral limitation is nonetheless posed by possible structural per-
turbations associated with the photoprobe. Although Pap is
among the smallest of available azido reagents, its substitution
at sites containing smaller amino acids (such as Gly, Leu, Val,
and Thr) or at sites containing formal charges (Glu and Lys) can
in principle lead to local or non-local conformational changes
in the hormone. Fortuitously, the sequence and structure of
insulin facilitate photoscanning. Key sites contain either aro-
matic side chains similar in shape and size to Pap (Tyr*'%,
TyrAlg, Phe®!, TyrB16, Phe®?*, Phe®?®, and TyrB%) or non-aro-
matic side chains positioned such that a Pap substituent would
be expected to project into solvent (p-Pap™!, Pap”*, Pap”?,
Pap®?, p-Pap®®, Pap®?®, and Pap®>®). The conclusions of this
study are thus likely to be robust to probe-induced distor-
tions. Structural perturbations are nonetheless likely at A2

pCEEYE

VOLUME 284 -NUMBER 21+MAY 22, 2009



internal
, insulin-binding ¢

discontinuous @
Y91 electron density
adjoining L1 domain

FIGURE 7. Structure of the IR ectodomain and possible proximity of L1
and ID-N. A, ribbon model of the component protomer (Protein Data Bank
code 2DTG). Individual domains L1, CR, L2, Fn1, Fn2, and Fn3 are shown in
gray, black, light blue, red, purple, and dark blue, respectively. The insert
domain (ID) exhibits missing or discontinuous electron density (residues 655-
755; IRisoform A); only respective N-and C-terminal subsegments of ID-N and
ID-C are well defined (orange). The color code is in accord with the schematic
modelin Fig. 1B.B, inverted V-shaped dimer. The position of the plasma mem-
brane is indicated at the bottom in a schematic lipid bilayer. C, stereo model
showing the L1 domain (gray ribbon) in relation to unassigned and discontin-
uous electron density (green), potentially from «CT; density may represent
~20 residues of the insert domain. aCT- and ID-N-related density may reor-
ganize upon insulin binding. Residues in L1 critical to hormone binding (as
inferred from Ala scanning mutagenesis) (62) are shown as red sticks. C was
kindly provided by C. Ward.

and A3. The side chain of Ile*? packs against the aromatic
ring of Tyr*!'® within the core, whereas Val*? projects within
an interchain crevice adjoining Tyr®?°. Crystal structures of
Pmp or related photostable analogs have not been deter-
mined.* Despite the uncertain structural effects of Pap at
these sites, prior studies of insulin analogs support the direct
engagement of Ile*? and Val*? at the receptor interface (30,
35, 44, 63).

Relationship to the Structure of the Receptor—The photo-
active surface of insulin spans both its front and back sur-
faces. Such circumferential binding is consistent with its
proposed mode of binding within the crux of the inverted
V-shaped dimeric ectodomain (Fig. 7, A and B) (7). How
insulin binds within the interior of the ectodomain is
unclear. Modeling is limited by the absence of continuous
electron density spanning the insert domain, including the

4 Native-like crystal structures of L-Trp”'- and p-Trp”'-insulin analogs (84)
suggest that L- and p-Pap”' derivatives can be accommodated without
transmitted perturbations. That Pap”® may likewise be accommodated is
suggested by the ready crystallization of Tyr**-insulin as a canonical zinc
hexamer under conditions similar to those used in crystallization of wild-
type insulin (Z.-l. Wan and M. A. Weiss, unpublished data).
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FIGURE 8. Classical insulin allostery and induced fit. A, conformational
equilibria among three families of zinc insulin hexamers: T (left), T_,,R'3 (mid-
dle), and Rg (right). In each structure, the A-chains are shown in light gray;
residues B9-B30 in dark gray; the side chain of Phe®2*in tawny; and axial zinc
ions (overlaid) in magenta. The adjustable conformations of residues B1-B8in
the T- and R-states are highlighted in green and blue, respectively. Coordi-
nates were obtained from Protein Data Bank codes 4INS, 1TRZ, and 1TNJ.
B, T-state-specific B7-B10 B-turn and adjoining B7-A7 disulfide bridge (gold).
Substitution of the invariant Gly®® (C* in red) by p-amino acids stabilizes the
T-state but markedly impairs receptor binding (33, 70). The corresponding
L-amino acid substitutions destabilize the T-state but can be highly active.
The arrow indicates pro-p-H* of Gly®®. A- and B-chain residues (B6-B10
and A6-A8) are otherwise shown in light and dark gray, respectively;
selected residue numbers are provided. C, schematic model of insulin
T-state showing proposed sites of conformational change upon receptor
binding: an R-state-related B8-related switch (red, right) within the N-ter-
minal segment of the B-chain (green) and a B24-related switch (tawny,
right) as revealed by stereospecific unfolding of the C-terminal segment of
the B-chain (see preceding article (31)). The A-chain is represented as a
gray rectangle, and the central B-chain a-helix (cylinder) and C-terminal
B-strand (arrow) are shown in black.

C-terminal ID-N-derived peptide contacted by Pap®>® and
Pap”? (aCT; residues 716 -731 in isoform B). An intriguing
but presently uninterpretable feature of the crystal structure
is a low resolution tube of electron density adjoining the
hormone-binding face of L1 (Fig. 7C). Alternation of B24—
B27 photo contacts suggests that this anomalous feature rep-
resents aCT. It is possible that, upon binding of insulin, this
region of the receptor becomes better organized with
changes in the relative orientation of L1 and aCT.

The overall features of the ectodomain structure, sup-
ported by complementation analysis between mutations in
L1 and ID-N (71), suggest that the tail of one subunit is near
the head (L1) of the other (7). Such head-to-tail dimerization
would imply that the B-chain B-strand inserts in trans
between a-subunits. The proposed bivalency of insulin may
regulate the orientation of subunits in the a,f,-holorecep-
tor and in turn initiate transmembrane signaling (20, 72).
Bridging L1/aCT contacts are unrelated to binding site 2 as
defined in kinetic studies of insulin analogs by De Meyts (18).

Contacts between insulin and the IR are likely to extend
beyond L1 and ID-N. Although the contribution of such con-
tacts to binding affinity may be smaller than that of classical
contacts (as defined by Ala scanning mutagenesis) (23, 24), they
may be integral to the mechanism of signal transduction. The
present mapping studies indicate that the B10 photoprobe con-
tacts neither L1-CR* nor Fn2-ID-N. In addition, a previous

JOURNAL OF BIOLOGICAL CHEMISTRY 14605



Synthetic Photomap of Insulin

study of a B1 photoprobe by Brandenburg and co-workers (16)
identified a contact in a fragment spanning parts of L2 and Fn1
(residues 390 —488). Evidence for potential contacts in Fnl is
provided by a recent mutagenesis study (10); these contacts
may relate to site 2 in insulin (residues A12, A13, B10, B14, and
B17), which influences the kinetic properties of the insulin-
receptor complex disproportionately to effects on affinity (18,
73). The head-to-tail architecture of the ectodomain implies
that any such contacts (like those to ID-N) would be in trans
with L1.

Evolution of Insulin and Human Genetics—Most of the pho-
tocross-linking sites identified in this study are broadly con-
served among vertebrate insulins and IGFs. Such conservation
is likely to reflect independent evolutionary constraints simul-
taneously imposed by structural requirements of (a) protein
folding in the endoplasmic reticulum (ER), (b) subcellular traf-
ficking and prohormone processing (leading to self-assembly in
the secretor granule), and (c) receptor binding at target tissues
(74). A given residue (as illustrated by Phe®®* in the previous
article (31)) may play distinct roles at each stage of biosynthesis
and signaling. The presence of interlocking constraints implies
that the fitness landscape of insulin is sharply peaked.

Advances in human genetics have identified several mono-
genic forms of diabetes mellitus (DM) due to mutations in the
insulin gene. Disease-associated substitutions are predicted in
each region of the hormone and its precursors (the signal pep-
tide, A- and B-chains, dibasic processing sites, and connecting
domain) (75— 81). The classical insulinopathies (Leu”?, Ser®*%,
and Leu®?®) (gray circles in Fig. 94) occur at sites of efficient
receptor photocross-linking (6, 17); these substitutions lead to
mutant hyperinsulinemia and adult-onset DM of variable pen-
etrance (75). Substitution of His®'® by Asp in contrast enhances
in vitro activity but, within the B-cell, leads to mistrafficking of
the mutant proinsulin to a constitutive (i.e. non-glucose-regu-
lated) granule, causing adult-onset DM with mutant hyperpro-
insulinemia. The majority of mutations mapping within the A-
and B-domains are associated with permanent-onset neonatal
DM, presumably due to misfolding of the variant proinsulin
(78 —81). Of these, most are due to the addition or removal of a
cysteine, unbalancing disulfide pairing. One human mutation
(Cys*” — Tyr) corresponds to a rodent model of DM associated
with endoreticular stress (the Akita mouse) (82).

Clinical mutations associated with neonatal-onset DM (and
hence with a block to disulfide pairing) also occur at or near
sites of induced fit: within either the N-terminal segment of the
B-chain (residues B5, B6, and B8) or its C-terminal segment
(residues B22 and B23). We speculate that at these sites kinetic
determinants of foldability in the ER are at odds with confor-
mational requirements of receptor binding, a conflict resolved
by induced fit (31). Evidence for this conflict and its resolution
has been provided by comparative analysis of p- and L-amino
acid substitutions at conserved “hot spot-associated” glycines
flanking both N- and C-terminal segments (Gly®® and Gly®*?)
(black spheres in the B-chain in Fig. 9B). Chiral mutagenesis has
demonstrated that native-like positive ¢ dihedral angles facili-
tate pairing of neighboring cysteines (B7-A7 and B20-A19,
respectively) but are dispensable for receptor binding (33, 70,
83). Whereas p-substitutions at B8 enhance the efficiency of
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FIGURE 9. Sites of diabetes-associated mutations in human insulin.
A, sequence of human insulin with the A-chain (upper) in red and the B-chain
(lower) in blue. Disulfide bridges are shown in orange. Black circles represent
mutations associated with neonatal DM due to presumed folding defects in
proinsulin (78 -81); gray circles represent mutations that permit disulfide pair-
ing in the ER with subsequent circulation of mutant proteins. Whereas sub-
stitutions at positions A3, B24, and B25 lead to variant hyperinsulinemias, the
B10 substitution interferes with protein trafficking, leading to mutant hyper-
proinsulinemia (77). B, positions of mutation sites in the T-state of insulin
(crystallographic protomer 1 of 2Zn insulin; Protein Data Bank code 4INS) (1).
Black spheres indicate C* atoms of Gly at A1, B8, and B23.

disulfide pairing in peptide models (33, 70, 83), the inactivity of
such analogs (see above) suggests that nascent structural rela-
tionships essential for foldability in the ER and prominent fea-
tures of storage hexamers may be reorganized upon receptor
binding.

Impairment of disulfide pairing in nascent proinsulin can in
principle be severe or mild, depending on the site of mutation
and properties of the substituted side chain. Indeed, whereas
neonatal-onset DM represents a block to folding, analogous
mutations have been identified in patients presenting with
auto-antibody-negative type I DM in the second decade of life
(maturity-onset diabetes of the young) (78-81). One such
mutation is Arg®**> — Gln, which alters a solvent-exposed site
in the B21-B24 B-turn (81). Although this mutation highlights
the general importance of the C-terminal B-turn, Arg®*? is not
needed for receptor binding (23), and its specific contribution
to folding is not apparent. The wild-type side chain is not well
ordered in crystals or in solution (1-3); its guanidinium group

pCEEYE

VOLUME 284 -NUMBER 21+MAY 22, 2009



does not form hydrogen bonds or salt bridges within the
protomer.

We speculate that globular proteins may contain cryptic
determinants of foldability whose transient roles in folding are
not apparent in the native state. It is possible, for example, that
the conserved positive charge of Arg®*? participates in stabili-
zation of a thiolate intermediate in the mechanism of disulfide
pairing and is dispensable once folding is achieved. Another
example of a mild folding defect may be provided by the classi-
cal variant Ser®**-insulin, which is expressed, processed, and
secreted (75). As a seeming paradox, this mutant insulin (unlike
Leu”*- and Leu®**-insulins) exhibits reduced but non-negligi-
ble receptor-binding activity, sufficient to avoid a diabetic phe-
notype (77). Our findings that B24 substitutions partially
impair insulin chain combination and predispose to aggrega-
tion-coupled misfolding (preceding article (31)) suggest that
mild chronic ER stress may contribute to this associated adult-
onset syndrome: its variable genetic penetrance may be
regarded as the hallmark of a gene that modifies the survival of
B-cells as a multigenic trait.

Concluding Remarks—The present photomap of insulin pro-
vides evidence that its receptor-binding surface is extended by
conformational changes in the B-chain. Photocross-linking
sites span the nonpolar surfaces of both A- and B-chains. The
C-terminal B-strand of the B-chain exhibits a striking alterna-
tion of photo contacts between the C-terminal L1 domain of
the receptor a-subunit (contacted by probes at B24 and B26)
and its N-terminal ID-N domains (contacted by probes at B25
and B27). This even-odd alternation corresponds to the canon-
ical structure of a B-strand in which successive side chains pro-
ject in opposite directions. We propose that insertion of the
C-terminal segment of the B-chain between these receptor
domains (likely to occur in trans) represents the first step in a
complex choreography of conformational changes in the holo-
receptor leading to transmembrane activation of the tyrosine
kinase.

The classical structure of insulin represents an inactive
conformation that mediates native self-assembly in the
B-cell. Whereas its structural relationships predict nascent
interactions pertinent to the mechanism of disulfide pairing
in biosynthesis, reorganization of the B-chain upon receptor
binding is likely to involve both its N- and C-terminal seg-
ments. We envisage that conserved side chains play distinct
roles in folding, assembly, and receptor binding. It would
thus be of future interest to investigate the evolution of the
insulin gene in relation to these interlocking structural con-
straints. Such investigation will require structural elucida-
tion of the conformational life cycle of insulin from folding
to receptor binding.
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