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ABSTRACT. The crystal structure of an inactive chiral analogue of insulin containing nonstandard substitution
allo-lle”? is described at 2.0 A resolution. In native insulin, the invariam?llgide chain anchors the
N-terminal o-helix of the A-chain to the hydrophobic core. The structure of the variant protein was
determined by molecular replacement aszRslzinc hexamer. Whereas respective T- and R-state main-
chain structures are similar to those of native insulin (main-chain root-mean-square deviations (RMSD)
of 0.45 and 0.54 A, respectively), differences in core packing are observed near the variant side chain.
The R-state core resembles that of the native R-state with a local inversion of A2 orientation (core side
chain RMSD 0.75 A excluding A2); in the T-statd|o-1le”? exhibits an altered conformation in association

with the reorganization of the surrounding side chains (RMSD 0.98 A). Surprisingly, the core of the
R-state is similar to that observed in solution nuclear magnetic resonance (NMR) studies of an engineered
T-like monomer containing the same chiral substitutiatioflle”?-DKP-insulin; Xu, B., Hua, Q. X.,
Nakagawa, S. H., Jia, W., Chu, Y. C., Katsoyannis, P. G., and Weiss, M. A. (2002)l. Biol. 316
435-441). Simulation of NOESY spectra based on crystallographic protomers enables the analysis of
similarities and differences in solution. The different responses of the T- and R-state cores to chiral
perturbation illustrates both their intrinsic plasticity and constraints imposed by hexamer assembly. Although
variant T- and R-protomers retain nativelike protein surfaces, the receptor-binding actisitp-tieA?-

insulin is low (2% relative to native insulin). This seeming paradox suggests that insulin undergoes a
change in conformation to expose”feat the hormonereceptor interface.

Insulin is a globular protein containing two chains, T- and R-state protomers (Figure 1)Our results are
designated A (21 residues) and B (30 residues). Stored incompared to those of a recent NKI&udy of an engineered
the B—cell as a ZA"-stabilized hexamer, the hormone monomer DKP-insulin16) containing the same substitution
functions as a Zit-free monomer ). The structure of a  (15).2
monomer in solutionZ—4) resembles the crystallographic Anomalies encountered in studies of structufienction
T-state as defined in a variety of crystal fornds-L1). The relationships suggest that insulin’s B-chain undergoes a
present study focuses on the structural role of?|lean change in conformation on receptor binding. An inactive
invariant side chain in the cord?, 13). lle*? anchors the

A1-A8 a-helix through a network of long-range contacts crystallographic F R transition, an allosteric reorganization

involving Cyg® (part of the internal A6-All disulfide  ofinsulin hexamers, 24), is remarkable for a change in the secondary
bridge), Led'®, TyrA19, LelP®, LelPt, and Le&'®. Reorga- structure of the B1-B8 segment from extended (T-state)kelix (R-

nization of the B-chain on receptor binding is proposed to State). Segmental reorganization is coupled to a change in conformation

> : . of Gly®®, nonlocal features of core packing, and handedness of cystine
expose ll€% to engage the insulin recepta?, (13, 14). In A7-B7. The latter sulfur atoms are exposed in the T-state but buried in

this paper, we describe the crystal structure of an insulin a nonpolar crevice in the R-state. The superscripefrs to N-terminal
analogue in which I®? is substituted byllo-lle”?. Previous fraying of the B1-B19u-helix (10).

i iral i inn i i 2 Abbreviations: CD, circular dichroism; DG, distance geometry;
studies have demonstrated that such chiral inversion |mpa|rsDP|, despentapeptide[326-B30]-insulin: NMR. nuclear magnetic

insulin’s activity by 50-fold {3, 15). The structure is  resonance; NOEs, nuclear Overhauser enhancements; NOESY, NOE
determined as asR'; zinc hexamer and so defines the spectroscopy; RMD, restrained molecular dynamics; RMS, root-mean-
consequences of the nonstandard substitution in two contextsgguare; RMSD, RMS deviations; SA, simulated annealing. Amino acids
are represented by standard one- and three-letter codes. Native elements

of structure designate features of crystal structures and may not
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Ficure 1: Crystal structures of insulin. (A) Ribbon representation of 2-Zn insulin hexargeiZific ion is shown as black sphere coordinated

by histidine side chains. A-chains are shown in red and B-chains in blue (residues B1-B8) or green (B9-B30). (B) Corresponding ribbon
representation of phenol-stabilized hexamey) (RC) Stereoview of IRs hexamer ofallo-lle”?-insulin described herein; coloring scheme

as in panel A.

single-chain analogue, mini-proinsulin, exhibits an essentially (24), the detachment model may underestimate the extent
native crystal structurel@). Mini-proinsulin contains a  of induced fit. Unlike the B-chain, the A-chain is thought to
peptide bond between L§& and Gy, which constrains  function as a preformed recognition eleme#td, 25, 26).

the relative orientation of the B-chain’s C-termiriaktrand The contribution of individual side chains to insulin’s
and a-helical core. We and others have proposed that the biological activity has been investigated by alanine scanning
B-chain’s C-termina3-strand detaches on receptor binding mutagenesis27). Substitution of 116% by alanine impairs

(2, 14). This model rationalizes effects of C-terminal B-chain biological activity by 200-fold 12, 13), an unusually severe
substitutions and deletions on receptor bindiggl(7, 18). decrement among mutant insulir.(Interpretation of this
Effects of such detachment on insulin’s structure and surfaceresult is unclear, however, as an NMR study of an®Ala
have been investigated through crystallographic studies of aanalogue demonstrated segmental destabilization of the
truncated insulin analoguedéspentapeptide[B26-B30]-  N-terminal A-chaina-helix (28). Such nonlocal perturbations
insulin (DPI); refs7, 8, and 19). When amidated at B25, are avoided by the substitution of 4feby allo-lle*? (15),

DPI exhibits wild-type activity 20, 21). The crystal structure ~ which preserves side-chain volume and hydrophobicity. An
of DPI (7, 8, 19) exhibits a nativex-helical subdomain; the  NMR study of an analogue containiradlo-lleA? and three
absence of residues B26-B30 leads to significant exposureB-chain substitutions demonstrated maintenance of a native-
of core side chains Ifé and Vaf3. Detachment or reorga- like structure 15). Because of the limitations of solution
nization of the B-chairfi-strand on receptor binding would  structures of insulin analogues (they are ordinarily less well-
likewise expose I and Vaf® as part of a putative hidden defined than crystal structures, contain additional substitu-
functional surface 4, 14, 22). The extent of structural tions designed to prevent self-association, and often include
reorganization of the B23-B30 segment on receptor binding data obtained under nonphysiological conditfpnse sought

is not well-characterized2@). Further, because additional to obtain a crystal structure dllo-lle*?-insulin. Crystal-
conformational changes may occur elsewhere in the B-chainlography offers the advantages of high resolution and cross
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validation, but its interpretation can sometimes be constrainedacetate at pH 8.0). Each drop was suspended over 1 mL of
by effects of protein assembly. Comparison of NMR and reservoir solution. Crystals were obtained at room temper-
crystallographic results thus promises an integrated approactature after two weeks. Phenol was found to be essential for
to analysis of structurefunction relationships. the crystallization ofallo-lle*?-insulin; in its absence, the

In this paper, we describe the crystal structurealh- protein formed a glassy precipitate even in the presence of
lle”2-insulin at a resolution of 2.0 A and analyze its zinc ions. Chloride ion was by contrast not necessary.
relationship to an ensemble of solution structures. The crystal  X-ray Diffraction and Data CollectiorData were collected
structure defines how T- and R-state protomers accommodat&rom single crystals ofallo-lleA2-insulin mounted in a
the inversion of A2 side-chain chirality in their cores. These capillary. A 23.2-2.0 A data set (obtained from two crystals)
accommodations are inequivalent, reflecting the plasticity of was collected at room temperature using an R-AXIS IV
packing schemes seen among different crystal forms of nativejmaging-plate system mounted on Rigaku RU 200 rotating
insulin (5, 6, 24). Surprisingly, the conformation ddllo- anode generator with CuK radiation. Diffraction was
lle”? in an engineered T-like monomer in solutiohS(  measured at a crystal-to-detector distance of 100 mm.
resembles that observed in the crystallographic R-state, anntensity data were recorded using an oscillation angle of
allosteric product of hexamer assemifly24). Comparison 1 5 jn 120 frames, giving a total of 18®f data. Data were
of the observed NMR spectrum with simulated spectra processed with programs DENZO (version 1.9.6) and
calculated on the basis of the crystallographic protomers gcal EPACK (version 1.9.6). Crystals belong to space group
reveals that the engineered monomer, although T-like in R3 with hexagonal unit cell dimensioms= b = 80.49 A
secondary structure, in part exhibits nuclear Overhauserzndc = 37.94 A. The data set consisted of 5892 unique
enhancements (NOEs) between core side chains morgefiections merged from 12 199 independent observations.
consistent with the R-state. These observations support therpe Rmerge Value was 0.057. Ten percent of the reflections

view that the conformational repertoire of an insulin mono- \yere excluded from the refinement to provide an estimate
mer spans the range of diverse crystal forg®.(The crystal of the free (cross-validated value B3).
structure ofallo-lle”?-insulin further demonstrates that the

nonstandard substitution does not perturb the surface of th
protein, including side chains involved in self-association
(9) and/or proposed to contact the insulin recep®r2G,

30, 31). We propose that stereospecific recognition oflle
by the insulin receptor is coupled to detachment of the
C-terminal B-chaing-strand and reorganization of the
hormone’s hydrophobic core.

e Molecular Replacement and Refinemdifte structure was
determined by molecular replacement using CR4.(The
dimensions of the unit cell are characteristic of gR%
hexamer in a lattice similar to that of rhombohedral 4-Zn
insulin (10). Cell dimensions imply one dimer per asym-
metric unit in accord with past studies of this crystal form.
The dimensions of the unit cell in themselves suggest the
presence of a ;R; hexamer as dand R crystals are
MATERIALS AND METHODS associated with different unit cell dimensions:(a = 82.5

Aandc=340A;R: a=623A b=618A, andc=
Peptide Synthesis and Chain Combinatiém. allo-1le*? 47.8 A; . = 90°, f = 110.7, andy = 90°; rhombohedral
analogue of the human insulin A-chain was prepared by Rs;: a = 78.86 A andc = 39.5 A). Accordingly, a model
solid-phase chemical synthesis, modified to form the tetra- was obtained by molecular replacement using the native TR

Ssulfonate derivative, and combined with the native B-chain- dimer (PDB code 1TRZ following removal of all water
di-Ssulfonate as describe®3). Efficiency of chain com-  molecules and zinc and chloride ions). The position of the
bination was not affected by the substitution. The molecular dimer in the asymmetric unit was defined by rotation

weight of the analogue was found by mass spectrometry totranslation search; the quality of the solution was verified
be the same as that of human insulin. by the correlation coefficient (0.398) and initi& factor

Biological Assays.Receptor-binding studies were per- (45.9%). A trial model (with 1162 substituted by glycine and
formed using a human placental membrane preparation asB-chain residues B1-B9 of molecule 2 excluded) was refined
described §2). Relative activity is defined as the ratio of by restrained molecular dynamics. At subsequent statjes,
analogue to human insulin required to displace 50% of lle”? and residues B1-B9 of molecule 2 were built into the
specifically bound?I-human insulin (purchased from Am-  density (intermediat® factor 32.9%). Between refinement
ersham). cycles, F, — F. andF, — F. maps were calculated using

Crystallization ConditionsCrystals were grown by hang-  data to 3.0 A resolution; a phenol molecule was built into
ing-drop vapor diffusion in the presence of a 1:2.5 ratio of the structure using the program G5f. The geometry was

Zn?* to protein monomer and a 3.7:1 ratio of phenol to continually monitored with PROCHECK36), and zinc ions
protein monomer in Tris-HCI buffer. Drops consisted of 2 and water molecules were built into the difference map as

uL of protein solution (10 mg/mL in 0.02 M HCI) mixed the refinement proceeded. Conformationsatho-lle”? and
with 2 uL of reservoir solution (0.02 M Tris-HCI, 0.05 M neighboring residues in each protomer were verified in an
sodium citrate, 5% acetone, 0.03% phenol, and 0.01% zincomit map calculated from a model in which residues Al-

A8 were deleted. Calculation of omit maps and further
4 Although high-quality NMR spectra of monomeric insulin ana- refinement were C_arm_ad out using CI\_IS41 an_d X_'PLOR
logues are readily obtained in,O at pH 7-8, corresponding spectra (37) programs, which implement maximum-likelihood tor-
in HO (3, 4) are incomplete due to base-catalyzed amide protein sion-angle dynamics, conjugate-gradient refinement, an
exchange and conformational broadening of amide resonances. Togyerg|| pulk solvent correction, and anisotropic temperature

circumvent this, supplemental spectra are often obtained at{3Ha2 . . S
in 20% acetic acid. Distance geometry models typically include factor correction. Bond distances between zinc ions afid N
restraints obtained from both sets of conditioAs1(5). of the Hi$ residues were unrestrained. Representative
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Table 1: Activity and Thermodynamic Stability

Crid m
analogue activity AG, AAG, (M)  (kcal/mol/M)
native insulin - 100 3.3 0.1 48+ 0.1 0.69+0.01
allo-lle”?- 2 3.2+0.1 0.1+0.2 52+0.2 0.61+0.01

insulin

a AG, indicates the apparent change in free energy on denaturation
in guanidine-HCI as extrapolated to zero denaturant concentration by
a two-state model38). AAG, indicates a difference in theG, values.
Uncertainties in two-state fitting parameters do not include possible
systematic errors due to non-two-state behaviar is defined as that
concentration of guanidine-HCI at which 50% of the protein is unfolded.
The m value provides a slope in plotting the unfolding free energy
AG, ([G,HCI]) vs molar concentration of denaturant.

Table 2: X-ray Diffraction and Refinement Statistics

resolution limits (A) 23.22.0
Rvalue 0.219
Riree vValue 0.264
Rmerge
all data 0.057
overalll/o(l) 43.1
highest resolution shell 0.301
lo(l) 41
Overall
reflections used 5892
completeness (%) 98.7
data redundancy 2.07
protein atoms 810
water molecules 64
Highest Resolution Shell
resolution range (A) 2.072.0
no. of reflections 543
completeness (%) 89.3
data redundancy 1.27
R state Rvalue 0.331
Riree Value 0.378
FIGURE 2: Electzcz)n dens_ity and atomic positions of residues of RMSD from Standard Geometry
AL-A5 in allo-lle**-insulin: (A) 2F, — F. electron density map of bond lengths (&) 0.010
molecule 1 (T-state) and (B) corresponding region in R-state. Maps  pond angles (deg) 21
are contoured at 1.6 using program O. dihedral angles (deg) 24.1
improper angles (deg) 0.90
) o . . ] averageB factor 29.52
electron density depictingllo-1le*? and neighboring residues protein 29.14
in molecules 1 and 2 in 2F, — Fc) Fourier map are shown solvent 33.83
in Figure 2. After refinement, the final model consisted of Cross-Variations from Estimated Error
810 protein atoms (i.e., the TRlimer in the asymmetric Egg ]‘:rom gx Luzzati plot ooézso
unit), one phenol molecule, two zinc ions, and 64 water rom &-Vo :
molecules. The refined model yielded Rrfactor of 0.219 ., Ramachandran Plot
no. of residues in most-favored region (%) 91.9
and a freeR factor of 0.264 for all measured data (232.0 o o
+ e g . . ) additional allowed region (%) 8.1
A). Zinc ion coordination distances to"Nof His?10 residues . .
A (T-stat d 208 A (R-state) Distances _ Isotropic Thermal Model Restraints A
were 1.99 (T-state) an : ( ) main-chain bonds 141
between water molecules and the protein are in the range of = main-chain angles 2.05
2.7-3.4 A. RMS deviations from standard geometry and side-chain bonds 2.47
refinement statistics are given in Table 2. side-chain angles 3.10
Circular Dichroism (CD).Spectra were obtained using an
Aviv spectropolarimenter. Samples were placedil mm Thermodynamic ModelingGuanidine denaturation data

path length quartz cuvette for wavelength scars@aid cm were fitted by nonlinear least squares to a two-state model
quartz cuvette for guanidine denaturation studies. Spectra(38). CD dataf(x), wherex indicates the concentration of
were obtained in 0.01 M HCI (pH 2.0) or under neutral denaturant, were fitted by a nonlinear least-squares program
conditions (50 mM KCI and 10 mM potassium phosphate; to yield estimates oAG,, Cnig, andmas described (see Table
pH 7.0). CD-detected guanidine unfolding curves at 222 nm 1; ref 32). The m value obtained in fitting the variant
were obtained in 50 mM KCI and 10 mM potassium unfolding curve (0.61) is lower than tha value obtained
phosphate (pH 7.0) at 4C with automated titration unit as  in fitting the wild-type unfolding curve (0.69). To test
describedZ6). The protein concentration in guanidine studies whether this difference and apparent chang&® resulted
was 5uM. from an inability to measure the CD signal from the fully
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unfolded state, simulations were performed in which the data A
were extrapolated to plateau CD values at higher concentra- y y
tions of guanidine; essentially identical estimateA&f, and 200 g isuin ]
m were obtained. Nonetheless, due to the change imthe L o o |
value, the two-state formalism38) may overestimate 10f<
thermodynamic decrement39). Conservative lower bounds
to AAG, are obtained by multiplying it€miq value by the

parent m value. Global fitting of theallo-lle”? variant 55 '
unfolding transition using the nativa value leads to large i ) A
errors. SimilaiCrig—m compensation was observed in studies A0 ]

of allo-1le”? in the context of DKP-insulinX5). In studies
of unrelated proteins, lowan values have sometimes been
observed in association with a greater exposed hydrophobic A (nm)
surface in the absence of denaturant and/or existence of a
native-state ensemble containing a distribution of incom-
pletely folded forms of differing stability38). The present
crystallographic study, as well as previous NMR analysis
of allo-lle*?-insulin, does not support such an interpretation
here.

NMR SimulationsSimulated NOESY spectra were cal-
culated using the program X-PLOR as describ@.(The
hydrogen atom positions were generated automatically by
Insight Il (Molecular Simulation Incorporation). To enable S S S S —
quantitative comparison, intramolecular orthoeta NOE 0 2 4 6 8
intensities of the aromatic ring of TA#* were set at the same [Gu-HCI] (M)
level. The rotational correlation time of insulin was assumed ggygre 3: Comparative CD studies aflo-lle?2-insulin and native
to be 2.5 ns. Order parameters for vectors between main-insulin. (A) Far-UV CD spectra of native insulin and chiral analogue
chain atoms were set at 0.85, between main chain and sideexhibit similar features and inferredhelix contents. (B) Guanidine

chains at 0.80. and between side-chain atoms at 0.65. denaturation studies as monitored by ellipticity at 222 nm. Although
' . . . a rightward shift occurs in the unfolding transition, a compensating
Structural ComparisonsAn estimate of the intrinsic  change in then value is inferred, leading to similar estimates of

variability among wild-type insulin crystal forms is provided AG, (see Table 1).
by mean pairwise RMS deviations, defined as the average
of RMSD values obtained in systematic pairwise alignment
of main-chain atoms. This measure provides a baseline for
the assessment of RMS deviations between the presen value (Table 1). We cannot exclude tiaio-lleA2-insulin

struc'Fure and the native structl_Jres. ) is slightly more stable than insulin. An upper bound3;,

Chiral NomenclatureThey, dihedral angle oallo-lle is 3.6 kcal/mol) is obtained by the product of the analogue’s
ordlnarlly defined (as in lle) by at_oms.N,“CCf, and CZ._ Cmia value by the wild-typen value, suggesting thatAG,,
The y, dihedral angle ofllo-lle is likewise defined (as in it nonzero, is less than 0.4 kcal/mol. In the apparent absence
lle) by C, ¢, ¢, and C. Thus, lle ancillo-lle side chains 4 5 conformational change (see Materials and Methods),
with similar y; andy, angles would exhibit aligned C,H,— suchm value effects are not well-understood.
CsHs elements but displaced-CH; moieties due to chiral Comparison of Crystal Structure to Nagi Insulin. The
inversion of the3-carbon. To our knowledge, only one high- organization of the hexamer is essentially identical with that
resolution structure of a protein containiagjo-isoleucine ¢ native insulin in the same crystal form. No significant
has been reported: a designed coitedil (PDB code 1RH4; changes are observed in secondary structure, chain orienta-
re_f 47). In the reported structuregllo-isoleucine adopts tion, mode of assembly, or structure ofZbinding sites.
dihedral angles of, 171" (or —18%) and y, 176" (or We have chosen to use a nativeRf structure (PDB code
—18%). In the present T-state protomeallo-lle’* has a  17Rz: ref10) as a standard because the unit cell dimensions,
similar side-chain conformation as in the cottecbil, space group, and hexamer organization are similar to those
whereas in the R-state ijg value differs. of the present crystafseatures of interest are then evaluated

in relation to an extensive collection of native structures.

RESULTS This approach enables perturbations associated withllidre

The receptor-binding activity odllo-lle*2-insulin is 50- lle”? substitution to be distinguished from the baseline
fold lower than that of native insulin in accord with previous ~ Structural variability of native insulin among crystal forfns.
studies {3, 15). CD studies demonstrate that the analogue _ INitial comparisons focused on alignment of the variant
exhibits nativea-helix content (Figure 3A) and thermal TR dimerand native TR dimer (PDB code 1TRZ) according
stability (not shown). Studies of thermodynamic stability by
guanidine denaturation indicate a rightward shift of the °Despite their similarities, the present crystals and those of 1TRZ

) ; ; (10) were grown under different conditions. In the latter, thiR'F
analogue’s denaturation curve (Figure 3B). Under these state was induced by high concentrations of chloride ion (0.75 M) in

conditions (see Materia|5 _and Methods), insulin is predomi- the apsence of phenol. The potential phenol-binding pockets contain
nantly monomeric. An estimate &G, (3.2+ 0.1 kcal/mol water molecules.

(6] x 10°
"o? o

200 220 240

[6] ,,,x 10°

8
-8 '-0.00."’966 1

at 25°C), as inferred from a two-state model, is nonetheless
similar to that of native insulin (3.3 0.1 kcal/mol) as the
nalogue’s greateyq value is offset by a reduction in the
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Table 3: Conformation of A2 Side Chams

structure lattice protomer () structure lattice protomer o(y)
. T —60.9,—34.0 . T1 —55.2,—-45.5
f ’ l
native T;R'; rhombohedral R —58.4—35.5 native Ts rhombohedral T2 —53.6.—37.9
T —56.5,—37.6 monoclinic RO —59.6,—41.0
allo-1le*? T3Rf; rhombohedral R —81.5,—-21.8 native R rhomobohedral R1 —59.7,-37.2
R2 —62.6,—39.1
. T —68.6,—50.7 : . T —62.4,—-30.9
~ f Il I}
KP-ins T3R'; rhombohedral R —92.0.—38.6 native T, cubic

aNative T3R'3 structure is obtained from PDB code 1TRH); KP-ins indicates analogue containing substitution®Pre~ Lys and Ly$2° —
Pro 62). Other PDB entries are native; T4INS; native B, 1ZNJ and 1EV3; and native,T1APH. ® [ROrepresents the average of six R-state

protomeric structures.

to their main-chain atoms. In this alignment, root-mean-

Table 4: Contacts ofllo-1le”? and Native 11é2 Side Chains in

square deviations (RMSD), excluding the A2 residue, are Crystal Structures

small. Values in the T-state are 0.45 A (main chain) and
0.83 A (side chain) and in the R-state, 0.54 A (main chain)
and 0.89 A (side chain). Similar RMSD values are obtained
in pairwise comparison with other crystal forms. Backbone
conformations of residue A2 in the T- and R-states in this
and other crystal structures are given in Table 3. Although
differences are observed relative to the 1-TRRThexamer,

¢ andy values ofallo-1le”? remain in thea-helical region

and are broadly consistent with values observed in other

crystal forms. In accord with the analogue’s unperturbed
stability, packing of side chains in the core is similar (but
not identical) to that of native insulin. The nonstandard A2
side chain is well-defined but differs in conformation between
T- and R-state protomers as follows:

(i) T-State Among native protomers, a charge-stabilized

T-state (A) R-state (A)
residue$ allo-lle”2  lleA2  allo-lle”? lle”?
A2-C51—A16-Cs2 6.75 4.40 6.41 3.96
A2-C5;—A19-C, 4.37 3.45 3.90 4.04
A2-C51—B11-Cs1 5.36 3.99 6.19 4.71
A2-Cy1—B15-Cs1 3.74 3.58 4.36 3.27
A2-Cy1—B25—-Cs1® 5.42 7.32 10.25 11.9
A2-Cy1—B26—Cs1 3.65 5.00 5.26 5.33

aNative T3R'; structure is obtained from PDB code 1TRZO.
b Both allo-lle*? and native 1162 pack in the core against the side chains
of Leurts, TyrA19, LelPl?, LelPs, and TyP?, ¢In the T- and R-states,
Phé?5 exhibits two distinct conformations at the dimer interface.

LewP!, and PhE? (Table 4). The main-chain conformation
(¢, v) of allo-lle”? is (—81.5°, —21.8), which is similar to
native values{58.4, —35.5 in the 1TRZ hexamer). The

hydrogen bond or salt bridge is sometimes (but not always) A2 side-chain conformationy(, x>) is (62, —173). They;

observed between the side-chain carboxylate of‘*Géund
thea-amino group of Al. Accordingly, this distance ranges
from 2.30 to 4.48 A (PDB codes 4INS, 2INS, 1APH, 1BPH,
1CPH, 1DPH, 1BEN, 1MPJ, 1LPH, 1TRZ, 1TYL, 1TYM,
1G7A, and 3MTH). The corresponding distance &blio-
lleA2 insulin is 5.32 A, which is significantly above the range

of native values. Further, contact distances differing by more

than 1.35 A occur between respective A2 side chainé(lle
or allo-1le”?) and Le#'8, LelP'!, and PhE* as specified in
Table 4. The main-chainy( 1) conformation ofallo-lle”?

is (—56.5, —37.6), similar to that of 1lé? in a native BR'3
hexamer {60.9, —34.C°; PDB code 1TRZ). The side-chain
(x1, x2) conformation ofallo-lle?? is (—142, 179) in the
T-state, similar to that of IR in this native hexamer{167,
157).

(i) R-State.Among native R-state protomers, distances
between 2.34 and 5.33 A are observed betweer“Gind
the Al a-amino group (PDB codes 1BEN, 1MPJ, 1LPH,
1TRZ, 1TYL, 1TYM, 1G7A, 3MTH, 1ZEG, 1ZEH, 1ZNJ,
and 1EV6). The corresponding distancedtio-lle*? insulin
is 8.10 A, which (as in the T-state protomer) is significantly

value is distinct from that observed in the native hexamer
(—162°), whereas thg, value is similar {-175%). The distinct
x1 values ofallo-lle”? lie outside of the observed range of
lle”? in multiple T:R'; crystal forms (PDB codes 1BEN,
1MPJ, 3MTH, 1QJO, 1ZNI 1TRZ, 1G7A, and 1G7B). This
value ranges from 176 to 199

Packing elsewhere in T- and R-state cores is similar to
that observed in a collection of wild-type crystal structures
(Figure 4). In essence, differences in packing relative to
native insulin reflect simple inversion of A2 chirality in the
R-state and an altered conformation of #lle side chain in
the T-state. Differences in packing extend to the C-terminal
B-chaing-strand. As observed among native hexamers, the
T-state of allo-lle*2-insulin exhibits a shorter distance
between the amide NH of PF& and the carbonyl oxygen
of TyrA9 (N---O distance, 3.39 A) than is observed in the
R-state (N--O distance, 4.73 A). Corresponding distances
in native crystal structures are 2:79.40 A (T-states; PDB
codes 4INS, 2INS, 6INS, 1APH, 1BPH, 1CPH, 1DPH,
1BEN, 1MPJ, 1TRZ, 1TYL, 1TYM, 1LPH, and 3MTH) and
4.10-4.88 A (R-states; PDB codes 1BEN, 1MPJ, 1TRZ,

larger than native distances. Differences in core packing arelTYL, 1TYM, 1LPH, 3MTH, 1G7A, 1ZEG, 1ZEH, and
also observed. Contact distances differing by more than 1.351ZNJ). Thus, B25-A19 distances in thdo-1le*? hexamer

A occur between respective A2 side chains andAteu

6 Hydrophobic-core packing schemes in a collection of wild-type
crystal structures (PDB codes 1APH, 1BPH, 1CPH, 1DPH, 1G7A,
1LPH, 1PID, 1TRZ, 1TYL, 1TYM, 1ZNI, 2INS, and 4INS) are
generally similar but also exhibit structural variability. For example,
the y1 and y, dihedral angles of Léd® in the T-state of 1LPH and
1PID T-state protomers differ from their values in the majority of crystal
forms. Analogous variation in L& y, occurs in the R-state of 1LPH.

are at or near the upper end of values previously observed
in T- and R-states; neither is consistent with the formation
of a hydrogen bond.

Ligand-Binding SitesThe hexamer contains three sym-
metry-related phenolic ligands. Their environment and pack-
ing interactions are well-determined and in accord with
previous crystal structureg4). Phenol molecules are bound
in elliptically shaped binding sites located on the interfaces
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FiGure 4: Stereoview of crystal structure aflo-lle”2-insulin in relation to crystal structures of insulin. (A) T-state protomealtd-lle*-insulin (black) and crystal structures of insulin (PDB
codes 4INS and 1TRZ). A-chains of native insulin are shown in red and B-chains in greealldFHe*? side chain is shown in purple and cystine A6-A11 in yellow. Structures are aligned with
respect to main-chain atoms of residues A2-A20 and B9-B19. (B) Stereoview of packing schemes in the T-state hydrophobic core. Enviadioriieft of relation to cystine A6-A11, Les,
TyrA18, LelBl, and Le®. Side chains of the chiral analogue are shown as thick sticks, whereas these of native insulin are thin lines. Side chains in the analogue goke datler|gft),

or yellow (cystine A6-All). Side chains in native structures are red (A-chain) or green (B-chain). (C) R-state protatteeH@f-insulin and crystal structures of insulin (black) and insuli
analogues (PDB codes 1TRZ, 1LPH, and 1G7A). Coloring scheme is as in panel A. Structures are aligned with respect to main-chain atoms of reidaied B2-B28. (D) Stereoview of S

packing schemes in the R-state hydrophobic core. Coloring scheme is as in panel B. @
o
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R state

Ficure 5: Crystal structure oéllo-lle”? insulin (red and green) and solution structurealib-lle”*2-DKP-insulin (black) in the (A) T-state

and (B) R-state. DG/RMD ensemble is as described {&PDB code 1KMF). The A-chain of the crystal structure is shown in red and

the B-chain in green. Structures in panel A are aligned with respect to main-chain atoms of residues A1-A21 and B3-B28; structures in
panel B are aligned with respect to the main chain of residues A1-A21 and B9-B28.

between R monomers. The orientation of the phenol is among native JRf; structures, as their main pairwise
stabilized in part by hydrogen bonds from the phenolic alignment yields a similar phenol-specific RMSD of 0.49
hydroxyl group to the carboxyl oxygen of C¥s(O---O A. In the Supporting Information, the position of the bound
distance, 2.77 A) and the nitrogen of &¥s(O-+*N distance, phenol in theallo-1le*? hexamer is shown relative to the
2.81 A) (Supporting Information). The pocket is lined by range of its positions in native hexamers. The mean thermal
the residues A6, A10, Al11, and A16; residues B7, B10, B11, B factor of the phenolic ligand (38.8& 1.7 A?) is in the
and B14; and in an adjoining R-state protomer B5, B6, and upper range oB factors observed among main-chain atoms
B9. This binding mode is characteristic of all insutiphenol (27.2 + 8.7 A in the T-state and 28.& 10.5 A in the
complexes 24, 42—44). R-state) and side chains (29410.3 and 29.1 11.9 A2in
Small differences among crystal structures are often the T- and R-states, respectively) but similar to Bhealues
observed in the detailed orientation of the phenol and of water molecules (33.8% 12.2 A?). As previously noted
conformation of neighboring side chains (Supporting Infor- among native structured4¥), the phenol-binding site in the
mation). Upon alignment of the main-chain atoms of the T3R'; hexamer ofallo-lle*?-insulin is similar to a pocket in
present hexamer with those of phenol- and methylparaben4-Zn (T3R'3) insulin formed in the absence of phenolic
ligands in BR'; hexamers (PDB codes 1MPJ, 1LPH, and ligands. In the absence of phenol, this pocket is filled by
3MTH), the position of the present phenolic ligand exhibits water and in some cases ions such a3z chloride 6,
an average pairwise RMSD of 0.57 A relative to its position 10, 45, 46).
in the hexamers described previously. This is within the range  The environment of the 2 ions is also well-determined
of variation among the phenol- and methylparaben ligands and in accord with previous structures ofRE hexamers.
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As described preViOUSIy in re_lation _to the phenol-binding Table 5: Comparison of Observed and Predicted NOEs Involving
pocket, the alignment of main-chain atoms between the ajjo-l1er2

present and the previous phenol- and methylparaben liganded

TsR'; hexamers (PDB codes 1MPJ, 1LPH, and 3MTH)
demonstrates little change in the position of axiatZions.
RMSD values are 0.36 A (the average for atiimer site)
and 0.25 A (the average for arlsRrimer site) relative to
corresponding baseline RMSD values of 0.34 and 0.33 A

among previous structures. Such structures exhibit distances

between the zinc ion and theNbf HisB0 residues within

the range of 1.762.16 A; a bond distance of 2.10 A is
typical for octahedral geometry, whereas a distance of 2.00
A is typical for tetrahedral geometry (PDB codes 4INS,
2INS, 1BEN, 1TRZ, 1TYL, 1TYM, 1MPJ, 1LPH, 1G7A,
1EV3, 1ZNJ, and 1EV6). In accord with these trends,
corresponding distances in the T- and R-state trimegdlof
lle”2-insulin are 1.99 and 2.08 A, respectively. The electron
density of zinc ligands are shown in the Supporting Informa-
tion. In the high-resolution structure of twosHz" insulin
hexamers (using crystals containing a doubled C-axis dimen-
sion grown in zero gravity and observed at 100 K to a
resolution of 1.2 and 1.3 A), three of the four axial zinc ions
are tetrahedrally coordinated; the fourth is statistically
disordered with both tetrahedral and octahedral coordination
(46). In the present structure at lower resolution, we see no
evidence of statistical disorder in either Zn-binding site.
Possible electron density in the neighborhood of the Zn ions
corresponding to a fourth ligand was not well-defined, and

distance in crystél

A2 protor contact NOE intensity T-state R-state
He allo-1le”?H,; » m 2.11 3.35
Ho Val*3 Hy w 3.52 3.42
Ho Gl Hy m 3.22 3.62
Hps allo-1le”? Hyy s 2.53 245
Hg ValA® Hy w 2.67 413
Hy TyrA19Hys o m >5.00 3.36
Hps TyrA¥H, m >5.00 3.08
Hn allo-lle”? Hg m 3.04 2.60
Hn allo-1le*?H,1 s 3.63 1.77
Hn allo-lle”2H,, w 1.64 3.75
Hn allo-1le”? Hyy m 4.24 3.41
Hyo  Tyr826H, w 467  >5.00
Hylyz Tyl’stHalvz W 3.99 4.28
Hy12 Thr82H, w >5.00 >5.00
Hs1 Val*3 Hy w >5.00 >5.00
Hs1 Val*3 Hy m 4.78 4.25
Hs1 TyrA® Hei o S 3.38 2.72
Ho1 Tyr*®Hq 5 s 4.27 3.80
Hs1 TyrB26H, m 2.51 3.62
Hot Tyr®2H,: 2 w 2.18 3.25
Ho1 TyrB26H,,, w 2.74 4.11
Hs1 Thr82"H, w 4.93 >5.00
H, TyrA* Hos 2 s 3.17 3.28
H, TyrA® H S 2.73 3.36

aH,; and H, are unresolved® NOEs are classified as strong (s),
medium (m), or weak (w) as follows: s 2.7 A; 2.7 A<m =< 3.4 A;

and 3.4 A< w < 5.0 A. cDistance is calculated as average distance

(1/Ra? = &1/R® wherever multiple protons are involved. NOEs in

so potential ligands were not included in the model. The allo-lle*2-DKP-insulin more consistent with the R- than the T-state are
absence of such density stands in contrast to the well-definechighlighted in bold. Calculations are based upon the representative

conformations of side chains (such as 375 that can be
poorly ordered in some wild-type structures (Supporting
Information).

native T;R'3 hexamer 1TRZ 10).

fluctuations in native insulin has recently been descrid&yl (

Comparison of Crystal Structure and Solution Ensemble. A similar pattern of RMSDs is observed on alignment of

The crystal structure afllo-lle*?-insulin exhibits similarities
and differences in relation to NMR-derived modelsatib-
lle”2-DKP-insulin (Figure 5). The crystallographic hexamer
contains both T- and R-state protomers, whereas only a T-like
secondary structure is observed in solutibs)( The overall
structure of the crystallographic T-state protomer (and R-state
protomer exclusive of residues B1-B8) alfo-lle*?-insulin
resembles the NMR models. Surprisingly, however, local
packing ofallo-1le”*? in NMR models more closely resembles
that of the R-state protomer. Key diagnostic distances from
allo-1le*? in the T- and R-state protomers are given in Table
5 in relation to observed NOEs. At least saflo-lle”?
interresidue NOE contacts (shown in bold) are in accord with
distances in the crystallographic R-state protomer but not
the T-state protomerRMSDs ofallo-lle”2-insulin in relation

to NMR models ofallo-lle*?-DKP-insulin are somewhat
larger than deviations observed among native T- or R-state
crystal structures (Supporting Information). This may, in part,
reflect encagement of the analogue within a hexamer.

the NMR structure of DKP-insulin (ref;, PDB code 1LNP)

with crystallographic protomers of native insulin. The mean

distance between the NH of Piieand the carbonyl oxygen

of Tyr*1® in the solution ensemble ¢(NO distance, 3.6

0.6; corresponding to the average and standard deviation
among 15 NMR models) is similar to the T-state value; the
range of values extends to 4.8 A and thus encompasses
distances sometimes observed in native R-states (see previ-
ously). It is not clear whether the distribution of distances
in the NMR-derived ensemble is physical or a consequence
of informational uncertainty.

General similarities are observed in solution and in the
crystal regarding howllo-lle*? packs within the hydrophobic
core. Although subtle structural variations are observed
(Figure 6), the degree of variation is similar to that seen
among different crystal structures of native insulin itself
(Supporting Information)y; andy. dihedral angles ollo-
lle”? in the R-state protomer (62 andl73, respectively)
are similar to those iallo-lle*?-DKP-insulin in solution (58

Evidence that such encagement damps conformational® 4 and—1724+ 9°). In the crystallographic T-state, the

" The crystal structure dllo-lle”?-insulin is in overall accord with
interresidue NOEs in the spectrumadio-lle*?-DKP-insulin. Significant
differences were found only in (a) the B1-B7 segment of the R-state
as expected; (b) NOEs involving mobile side chains on the protein
surface (ie., Thr® y-CHjg); and (c) NOEs involving side chains that
have variable conformations among different crystal forms of native
insulin. No significant backbone distance violations are observed (see
Table 5 for observed and predicted NOEs involvaltp-1le*?).

angle ofallo-lle*? (—137) differs from the meary; value

of allo-lle”? in solution, whereas itg, angle 181°) is
similar. By contrast, the conformation of #eobserved in

the parent monomer DKP-insulin in solutiof) fesembles
that observed in the crystallographic T-state of native insulin.
Calculated solvent accessibilities of the nonstandard A2 side
chains are in each case negligible, as expected given the
packing of 1lé? in the native core.
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A16

R state

FiIGURE 6: Comparison of packing schemes in the hydrophobic core in crystal and in solution. (A) Environnadliot 42 (blue) and
neighboring side chains in the T-state crystallographic protomer in relation #§,\aut16, TyrA19 (red), Le®!, LelP!®, Phé?4, and
TyrB26 (green) in an ensemble solution structureatib-lle”2-DKP-insulin (black; PDB code 1KMF). (B) Corresponding environment of
allo-lle”? (blue) and neighboring side chains in the R-state protomer in relation to the solution ensembile.

DISCUSSION Insulin Structure and Assemblinsulin provides a bio-
physical model for analysis of the affects of protein assembly
on the structure and dynamics of a proteih7{49).
Simulated NOESY spectrd() derived from crystallographic
protomers and NMR models (Figure 7&) are thus of

Structure-function relationships in insulin have been
extensively investigated by mutagenesis and chemical modi-
fication (9, 13). Structures of selected analogues have been
determined by X-ray crystallography or NMR spectroscopy. ! . _ )
Crystal structﬂres gre %n gengeraﬁ r)1/1ore precispe than NFI\)/)I/R interest in relation to observed spectra (Figure 7D). The
models, and their accuracy is more readily evaluated by region shown .contalr.]s NOEs .betw.een aromat|c_ protons
cross-validation. NMR studies of insulin have been facilitated (Figure 7, vertical axis) and aliphatic protons (Figure 7,
by protein engineering3( 4, 16), which circumvents the hprlzontal axis). T-state featurgs are hlghllghteq in red in
native protein’s complex self-association properties at neutral Figuré 7 and R-state features in green. In solution, certain
pH. We have recently described NMR studies of“&land T-state-specific NOE featuresd, cross-peaks, b, andd
allo-lle*? analogues in the context of the engineered DKP N Figure 7A) are prominent (Figure 7A,D). These NOEs
monomer {5, 28). The resulting distance geometry (DG) @are inconsistent with the R-state simulation (Flg_ure 7B). The
ensembles exhibit varying degrees of precision, reflecting observed NOESY spectrum nevertheless displays more
in part physical disorder and informational uncertainty; the Similarities to simulated spectra of the R-state crystal-
extent to which the variant structures were influenced by lographic protomer (excepting residues B1-B8; Figure 7B)
structural interactions between the A2 substitution and the than to the spectrum calculated on the basis of the crystal-
DKP B-chain template could not be evaluated. To our lographic T-state (Figure 7A). For example, strong NOE
knowledge, the present study represents the first comparativecontacts between T4#° H, andallo-lle”? Hy; (h in Figure
study of the same amino acid substitution by both NMR and 7C), prominent in the observed spectra (Figure 7D), are
crystallographic methods. An independent crystal structure recapitulated by the simulated R-state (but not T-state)
of allo-1le”? was motivated by the biological importance of NOESY spectrum. Similarly, the observed spectrum exhibits
this analogue in relation to models of receptor binding (see such R-state specific features as contacts betweeti Rimel
next). LewP?® (cross-peaks andj in Figure 7B). The absence of
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FiIGURE 7: Comparison of experimental and simulated NOESIYNMR spectra ofallo-lleA2 analogues. (AC) Simulated spectra back-
calculated from the crystallographic T-state protomer (A), R-state protomer (B), or NMR-derived DG/RMD enseiihidlef2-DKP-
insulin (C; ref15). (D) Corresponding region of the experimental NOESY spectaliovlleA2-DKP-insulin. T-state-specific NOEs are
shown in red; R-state-specific NOEs are shown in green. Simulated and experimental data were normalized with respect terttetartho
cross-peak of Ty¥*4; similar contour levels are shown in panels-B, reflecting an experimentally obtained signal-to-noise ratio. A uniform
rotational time of 2.5 ns was assumed. Simulated and experimental mixing times were, in each case, 200 ms. The experimental temperature
was 37°C, and the protein concentration was 1.2 mM. Boxes indicate NOE contacts involving a flexible side chéthKizlu, -, Lys®?8
Hgz, ) that are predicted in T- and R-state simulations but not observed. Selected NOEs are labeled as follow$? (—g)—ﬁm‘\lz He;

(b) His® Hs—Ser® Hy; (c) Tyr*®H.—allo-lle*?H,; (d) His?®> Hs—1leA1% H,, , and Hi$S Hs;—IleA° H;; (e) Phé! Hs—Leu?s Hg and Phé1
Ho—Leu*3 Hyy 5 () TyrA14 Hs—GIUAY” Hgo and Ty 4 Hy—H, 1 5 (9) Tyr828H.—LysB28Hp, 5, TyrB26H.—LysB?8H,, and TyPZGHe—LysBZSHO;

(h) Tyr*1® Hs—allo-1le”2 Hy; (i) PheéP24 Hs—LeuP® Hyy; (j) Phe®24 H —LeuB!S Hy, and PhE24 H.—LeuP!S Hsy; and (k) Hi$S Hs—Cys H,,
HisB> Hy—Ser® H,, and Hi$> Hs—Thr*8 H,,.

these features in the spectrum predicted by the crystal-similar to that of native insuling, 25, 30). In light of the
lographic T-state protomer reflects its altered pattern of core low activity of allo-lleA-insulin, this finding seems analo-
packing. These observations indicate that some R-state-gous to the observation of native structure in mini-proinsulin
specific features of core packing can be uncoupled from the (14). Such a lack of correlation between structure and
transition in secondary structure involving B1-B8. NOE function is in accord with the hypothesis that insulin
contacts involving a flexible side chain (cross-peb&adg undergoes a change in conformation upon receptor binding
in Figure 7A) are predicted in T- or R-state simulations (2, 9, 14). Whereas the tether between chains in mini-
(boxes in Figure 7A,B) but not observed in solution (Figure proinsulin presumably hinders reorganization on receptor
7D). Their attenuation in solution presumably reflects binding, we suggest that the low activity alfo-lle”2-insulin
flexibility in the solvated surface of the monomer. In this reflects steric incompatibility between the nonstandard side
respect, observed spectra are in accord with the average othain and a chiral pocket in the insulin receptor. This pocket,
simulated spectra calculated for each member of the DG/ predicted to play a central role in hormoneceptor
restrained molecular dynamics (RMD) ensemble (Figure 7C). recognition, is not considered or identified in an atomic
Similarity between the observed spectrum and the averagemodel of the insulin-insulin receptor complex proposed by
DG/simulated annealing (SA) spectrum is in accord with the C. Yip and colleagues based upon electron-microscopic
absence of significant restraint violations in the ensemble image reconstruction3(, 51). The EM-derived model
(15). Differences are likely to reflect local variation in side- contains a docked T-state insulin protomer and so excludes
chain mobility, which would modulate NOE intensities but possible effects of induced fit on hormeneeceptor recogni-
is not included in the simulations. tion.

Implications for Receptor Bindingdow does insulin bind A structural model for exposure of fié2 on receptor
to the insulin receptor? Paradoxical analogadie-lle*?- binding is provided by the truncated analogue DPI. When
insulin and mini-proinsulin §0), although of low activity, amidated at B25, DPI exhibits native poten&0, 21).
each exhibit nativelike protein surfaces. In particular, the Crystal structures of DPI7( 8, 19), deshexapeptide (B24-
classical receptor-binding surface eaflo-lleA2-insulin is B30) (62), anddesheptapeptide (B25-B30; rdfl) demon-
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strate overall maintenance of the proteinishelical core,
flexibility of the B1-B9 segment, and increased exposure of
selected A-chain side chains, including”fleand VafS.

Biochemistry, Vol. 42, No. 44, 20032781

these residues has been proposed to rationalize otherwise
puzzling aspects of receptor binding, including the existence
of complexes of different stoichiometry, affinity, kinetic

Analogous exposure of these A-chain residues may underlielifetimes, and negative cooperativitgk). The existence of

the anomalous increase in activity observed on substitution
of the Ph&% anchor byp-amino acids 9, 17, 18). p-
substitutions at B12, B25, and A&ide chains in native
insulin proposed to contact the receptty contrast cause
severe decrements in activity3—55). On this basis, PIFé*

is proposed to define a site of conformational change on
receptor bindingZ, 9). Chiral mutagenesis of this and other

two binding sites-a classical site that overlaps the dimer
interface and a second site involving hexamer-forming
residues-would allow a single insulin molecule to interpose
between the twax subunits within theo3,-holoreceptor
(61). It would be of future interest to test this model in
relation to mechanisms of transmembrane signaling. We
imagine that engulfment of the hormone betweesubunits

possible hinge sites promises to provide a general approachof the holoreceptor would provide a hydrophobic milieu

by which to unmask hidden structuractivity relationships.
To our knowledge, structures of high-potency analogues
containingno-amino acids at B24 have not been determined
and would be of future interest. Their biological potencies
seem at odds with the EM-derived model of the hormene
receptor interface3l, 51).

Dual Role of llé? in Structure and Functioninspection

of the sequences of 80 members of the vertebrate insulin

family reveals a cluster of conserved core residues, including
lle”?, Leurt®, TyrAt9, LelP!, and Le®'® (56). Our results
highlight different roles for 118> and Le#8. Although each
packs in the hydrophobic core, only Afeis proposed to
contact the insulin receptor. By contrast, substitutions at A16
perturb structure and stability but (unlike A2 analogues)
retain substantial binding activitys{). Studies of peptide
models of proinsulin folding intermediates suggest that
Leu*® participates-together with cystine B19-A20 and the
centrala-helix of the B-chairn-in a specific folding nucleus
(58). Like Leu*s, the side chain of IF? also plays a
structural role: anchoring the A1-A8 recogniti@erhelix
(28). A1-A8 is peripheral to the specific folding nucleus,
however, and so mutations in this region permit native
disulfide pairing 4, 58). Co-evolution of insulin and the
insulin receptor have apparently led to stabilization of a
recognitiona-helix by -branched residues (fig Val*®) of

low intrinsic helical propensity.

The proposed receptor-binding surfaces of insulin include
GlyAl, ||eA2’ VaIA3, TyI‘Alg, Asnl\Zl, VaIBlZ, TyrBlG, G|sz3l
Pheé?4, and Ph&?® (9, 25, 30, 59). Detachment of the B-chain
B-strand on receptor binding would exposefland Vaf®
as part of a hidden surface,(14). This model may
underestimate the extent of induced fit in the B-chain. An
example is provided by the R transition (as observed
here and in classical crystal structures of insulin hexamers;
refs6 and24). Change in the secondary structure of the B1-

conducive to structural reorganization. The paradoxical
structure and function ddllo-lle*?-insulin suggest that 1fé
functions as a core side chain unmasked in the complex to
pack at a novel hormonaeceptor interface.
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SUPPORTING INFORMATION AVAILABLE

Six figures showing ribbon models of T- and R-states of
allo-lle”?-insulin; relationship of structure to prior crystal
structures of insulin; space-filling representation of native
R-state protomer; electron density of a phenol molecule
bound in the R trimer of Tz:R'; insulin; electron density of
zinc ligands and the L$° side chain; and an alignment of
allo-lle”?-insulin with previous crystals of phensinsulin
complexes. Two tables providing RMSD values for com-
parison between the present structure and the prior crystal
structures of native insulin or NMR structure affo-1le”*-
DKP-insulin. This material is available free of charge via
the Internet at http://pubs.acs.org.

NOTE ADDED AFTER ASAP

Figure 5 was incorrect in the version published on the Web
10/16/03. The correct version of the paper was published
10/24/03.

B8 segment is accompanied by changes in the dihedral angles

of cystine A7-B7 and in the Ramanchandran conformation
of Gly®8. Following such a transition, the invariant side chain
of LeuP®—a core T-state residue implicated by mutagenesis
in receptor binding@0)—would be exposed. Conversely, the
environment of cystine A7-B7 changes from exposed and
solvated (T-state) to partially buried within a nonpolar crevice
(R-state). The 7 R transition thus alters the topology and
polarity of insulin’s surface. Assessment of its relevance to
receptor recognition will require high-resolution structures
of a hormone-receptor complex.

Residues outside the classical binding site of insulin may
also contact the receptor. Analogues with substitutions at A13
or B17, for example, exhibit anomalous binding and biologi-
cal properties@l). A second receptor binding site spanning
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