4984 Biochemistry2005,44, 4984-4999

Articles

Chiral Mutagenesis of Insulin. Foldability and Function Are Inversely Regulated by
a Stereospecific Switch in the B Chain

Satoe H. NakagawaMing Zhao$!' Qing-xin Hua; Shi-Quan Hu,@ Zhu-li Wan," Wenhua Jid, and
Michael A. Weiss*"

Department of Biochemistry and Molecular Biology, Whrisity of Chicago, Chicago, lllinois 60637,
Department of Biochemistry, Case Western Resémiversity, Cleeland, Ohio 44106-4935, and Department of
Pharmacology and Biological Chemistry, Mt. Sinai School of Medicine of New Yorketsity, New York, New York 10029

Receied September 13, 2004; Reed Manuscript Receéd Navember 23, 2004

ABSTRACT. How insulin binds to its receptor is unknown despite decades of investigation. Here, we employ
chiral mutagenesiscomparison of correspondirgandL amino acid substitutions in the hormefi®

define a structural switch between folding-competent and active conformations. Our strategy is motivated
by the T— R transition, an allosteric feature of zinc-hexamer assembly in which an invariant glycine in
the B chain changes conformations. In the classical T state?®@hs within a-turn and exhibits a
positive¢ angle (like ab amino acid); in the alternative R state, &lys part of ano-helix and exhibits

a negativep angle (like an. amino acid). Respective B chain libraries containing mixtures of L
substitutions at B8 exhibit a stereospecific perturbation of insulin chain combinati@mino acids impede

native disulfide pairing, whereas diversesubstitutions are well-tolerated. Strikingly,substitutions at

B8 enhance both synthetic yield and thermodynamic stability but markedly impair biological activity.
The NMR structure of such an inactive analogue (as an engineered T-like monomer) is essentially identical
to that of native insulin. By contrast,analogues exhibit impaired folding and stability. Although synthetic
yields are very low, such analogues can be highly active. Despite the profound differences between the
foldabilities of b andL analogues, crystallization trials suggest that on protein assembly substitutions of
either class can be accommodated within classical T or R states. Comparison between such diastereomeric
analogues thus implies that the T state represents an inactive but folding-competent conformation. We
propose that within folding intermediates the sign of the B8ngle exerts kinetic control in a rugged
landscape to distinguish between trajectories associated with productive disulfide pairing (positive T-like
values) or off-pathway events (negative R-like values). We further propose that the crystallographic T

R transition in part recapitulates how the conformation of an insulin monomer changes on receptor binding.
At the very least the ostensibly unrelated processes of disulfide pairing, allosteric assembly, and receptor
binding appear to utilize the same residue as a structural switch; an “ambidextrous” glycine unhindered
by the chiral restrictions of the Ramachandran plane. We speculate that this switch operates to protect
insulin—and theg-cell—from protein misfolding.

Insulin, a small globular protein containing three disulfide metabolism. The hormone is stored in the pancrgatell
bridges, plays a central role in the regulation of vertebrate as a zinc hexamer and functions in the bloodstream as a zinc-
free monomer. The functional surface of insulin has long
. T'trhis \Ev?r:k VL\gas SUpwrt?% irr‘l_ part b{SD;a’?‘eteSdR&SSa)fCh gntt)i Trainitng been the object of speculation. Despite decades of investiga-
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Ficure 1: Overview of insulin structure. (A) Sequence of human insulin indicating invariant glycine in B chaif(@tyow). Substitutions

in monomeric DKP-insulin template are shown in magenta. Disulfide bridges are indicated by lines. (B) Cylinder model of insulin showing
the T state (left) and R state (right) in the crystallographic dimer. Black balls indicate positions®f @yand D) Ribbon models ofgl

(C) and R (D) zinc hexamers. Asterisks indicate positions of @]yhe variable B+-B8 segment is highlighted in silver. The central zinc

ions are coordinating side chains of Bfisand are also shown. (E and F) Molecular surfaces of T state (E) and R state (F) protomers indi-
cating B8 site (boxes) and model fAlaB® substitution (methyl group in white and,Hh yellow). Also shown are Let® (magenta) and

LeuBd (green). The A and B chains are otherwise shown in red and blue, respectively. BIBgI(1EV3 89) were used in panels C and

D.

refs 9 and 10) markedly impairs its binding to the insulin We focus on an invariant glycine in the B chain (&ty
receptor (IR Because the extent of impairment exceeds arrow in Figure 1A). This glycine follows a motif-specific
that ordinarily encountered in studies of mutant insulihs ( cysteine (Cy&’) and is broadly conserved among vertebrate
2, 11), we suggest that the substitution impairs an R-like  insulin-like polypeptides (Figure 2). The environment of
conformational switch required for high-affinity receptor Gly®8 differs between the two classes of crystallographic
binding. protomers, T and R (Figure 1B). Whereas residues BT0
form a type Il S turn in the T state (Figure 1C; rdj, the

1 Chiral mutagenesis of an invariant side chain in the A chainqile ~ Same residues lie within an extendetielix in the alternative

has previously been employed to investigate a hidden functional surfaceR state (Figure 1D; ref6 and7). Gly®8 lies at the junction
(30, 43). An allo-lle”? analogue (in which the chirality of thecarbon

is inverted) exhibits native structure but low activit30( 33). The of this chameleon segmt_er‘jIZ)_and_ the centrai helix (B9—
present study extends this approach to the polypeptide main chain. B19). Although the B8 junction is exposed on the surface
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FIGURE 2: Glycine is invariant at position B8 among insulin sequences and also conserved among insulin-like growth factaraftGF
IGF—II). Comparison of representative B chain or B domain sequences is shown; B8 residues are boxed (asterisk).

of the T and R state protomers, local packing schemes thuswould be the effects af substitutions? Molecular modeling
differ among crystal forms (Figure 3A,B). These contrasting suggests that in a T-like protomeror L side chains would
environments are associated with different &lihedral project into solvent (Figure 1E); in a putative R-like
angles (Figure 3C,D): positive in the T state (like amino protomer,L substituents would be exposed, whereasde
acid; 56.4 £+ 4.1 among multiple crystal structures) and chains would be buried (Figure 1F).

negative in the R state (like anamino acid;~63.0° +£3.2) | To address these questions, we first employ combinatorial
(see Supporting Information). Such Ramachandran relation-peptide chemistry to compare effectsLadindo amino acid
ships motivate investigation of whetherandL amino acid  substitutions on insulin foldability. A novel in vitro selection
substitutions would induce stereospecific perturbations of s designed based on chain combination (14); mass spec-
folding or function. In particular, because the structure of trometry (MS) is used to distinguish between allowed and
the insulin monomer in solution closely resembles the disallowed B chain sequenced5|. Respective peptide
crystallographic T statet( 10, 13), wouldp substitutions at  |ibraries containing mixtures a or L substitutions at B8

B8 stabilize the5 turn, and if so, would such a chiral “lock”  exhibit a stereospecific perturbation of insulin chain com-
enhance or impair biological activity? Conversely, what

3 Abbreviations: CD, circular dichroism; DG, distance geometry;

2The crystallographic T R transition is characterized by a change DKP-insulin, insulin analogue containing three substitutions in B chain
in the secondary structure of the BB8 segment from extended (T  (Asp?l, Lys®?8 and Pré%%); DQF—COSY, double-quantum-filtered
state) too-helix (R state). This reorganization is coupled to a change correlated spectroscopy; HPLC, high-performance liquid chromatog-
in the conformation of GI§¢ and handedness of cystine A7-B7. The raphy; IGF-I, insulin-like growth factor I; IR, insulin receptor; kDa,
sulfur atoms of the latter are exposed in the T state but buried in a kilo-Dalton of mass; MALDI, matrix assisted laser desorption ioniza-
nonpolar crevice in the R state. Whereas the structure of an isolatedtion; NMR, nuclear magnetic resonance; MS, mass spectrometry; NOEs,
insulin in solution resembles the T stafid(13), R state features have  nuclear Overhauser enhancements; NOESY, NOE spectroscopy; RMD,
been observed only in zinc (and cobalt-substituted) hexamers. In restrained molecular dynamics; rp-HPLC, reverse-phase HPLC; SA,
particular, minor helix-related NOEs in the BB8 segment diagnostic simulated annealing; RMSD, root-mean-square deviation; rpm, revolu-
of a subpopulation of R state conformers have not been detected in antions per minute; TOCSY, total correlation spectroscopy; TOF, time-
insulin monomer in solution1(, 13, 33). The relevance of the ¥ R of-flight; and UV, ultra-violet. Amino acids are designated by standard
transition to the function of insulin as a monomer is unknow ( one- and three-letter codes.
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Ficure 3: Structural relationships in crystal structures of insulin surrounding®GpA and B) In T state protomers GI§ participates in
ap turn (red asterisk in A) whereas in R state protomers, B8 is part of-balix (red asterisk in B). In the T state protomer, B8 is near
Tyre2 of same molecule (B8 £&-O: B26 distance 5.3 A) and dimer-related 3 (green); in the R state protomer, B8 is near these
residues and in addition V&P (an (, i +4) contact ina-helix) and A chain of adjoining molecule in hexamer fA@nd Vaf3; blue). For
clarity, C; atoms of aromatic side chains are as indicated. Coordinates were obtainedsfRgnzific hexamer (Protein Databank 1TYL;
ref 75). (C and D) Ramachandran maps derived from crystal structures (Protein DatabanKI4INBY(L (75), and 1TRZ 86)). Whereas

in T state protomers G# has¢ dihedral angles (red; C), in the R state protomers B&ielongs to an extendetthelix and so exhibits

negativeg values (green; D).

bination: L amino acids impede native disulfide pairing,
whereas diverse substitutions are well-tolerated. We then

solid-phase synthesid 7, 18). Chain combination1(9) was
effected by interaction of the S-sulfonated derivative of the

extend these findings to characterize representative diasterA chain (1.25 mM) and B chain (0.5 mM) in 0.1 M glycine

eomeric pairs of B8 analogues.Substitutions enhance the
thermodynamic stability of insulin but markedly impair its
biological activity, whereas unstable analogues can be
highly active? Remarkably, a single methyl group attached
to the surface of insulin is shown to stabilize the native
structure of insulin in solutionXAG, > 1 kcal/mol) but
impair its receptor binding by 1000-fold. Because this

buffer (pH 10.6, 4 mL) in the presence of dithiothreitol (4.5
mM) (15, 18). Each analogue was purified by a combination
of size-exclusion chromatography (Bio-Gel Pad3iM acetic
acid) and preparative rp-HPLC (C18). DKP analogues each
contain three DKP substitutions to prevent self-association
of insulin (Hi*® — Asp, Pr&?8 — Lys, and Ly$?° — Pro;

refs 13 and 20). Nonstandard analoguep-amino-Ph&8-

decrement far exceeds effects of mutations on the proteinB1-biotinyl-amidocaproyl-DKP-insulin1) was kindly pro-

surface at neighboring sitedl,(11), these observations

vided by P. G. Katsoyannis. Two-disulfide analogues of

suggest that the canonical T state of insulin represents aninsulin containing pairwise substitution of cystine AB7

inactive conformation: the introducedmethyl group acts

as a spanner in the works to block an R-like change in B8
conformation on receptor binding. We propose that this
invariant glycine in the B chain functions as a Ramachandran
switch between folding-competent and active conformations,
mirroring aspects of the classical-+ R allosteric transition

(6, 7). We thus envisage that the flexibility of Gi§/both
protects thes-cell from toxic protein misfolding and enables
high-affinity hormone-receptor recognition.

MATERIALS AND METHODS

Materials Human insulin was provided by Eli Lilly and
Co. (Indianapolis, IN). Isolated A chaitetra-S-sulfonate
derivatives were obtained by oxidative sulfitolysis of insulin
followed by separation of S-sulfonated A and B chains as
described 16). B chain analogues were prepardé)(using

4 A preliminary description ob andL B8 libraries was presented at
the 1997 American Peptide SymposiuwY). L-Alanine has also been
introduced at B8 by biosynthetic expression of a single-chain precursor
in yeast (1, 86). L-Ala®® was associated with lower yield and impaired
receptor binding by~30-fold in accord with the present results.

by serine were likewise synthesized as describ2g). (
Fidelity of synthesis was in each case verified by MS.

Peptide Libraries Mixtures of Fmoc-protected or L
amino acids were prepared by mixing equimolar solutions
of each residue type except cysteine, glycine, and proline.
Respective B chain libraries were synthesized using Fmoc
chemistry by dividing, coupling, and recombining peptide
resins to ensure equimolarity of the 17 B chain analogues
within each peptide pool. The predicted diversity of the
libraries was verified by MALDI-TOF MS. Respective
libraries were combined with the native A chain (in S-
sulfonate form); chain combination was initiated on addition
of dithiothreitol and monitored by MALDI-TOF MS (Perkin-
Elmer/Applied Biosystems). Similar efficiencies of MS
detection were verified in control studies of representative
D andL analogues obtained by conventional synthesis (
AlaP8-insulin andL-Ala®8-insulin). Proper disulfide pairing
in a representative analogue §-Ala®-DKP-insulin) was
verified by NMR spectroscopy and in a representative
analogue I(-SeP8-insulin) by X-ray crystallography (J.
Whittingham and G. G. Dodson, personal communication).
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Receptor-Binding AssayRelative activity is defined as
the ratio of analogue to wild-type human insulin required to
displace 50 % of specifically boun@3-human insulin. A

Nakagawa et al.

2 days to clusters unsuitable for X-ray diffraction studies.
For these trials, the proteins were made 10 mg/mL in 0.02
M HCI and mixed with an equal volume of reservoir solution

human placental membrane preparation containing the IRconsisting of 100 mM sodium citrate (pH 7#8.9), 10-

was employed as describe2B]. In all assays, the percentage

15% acetone, and 0.68.12% zinc acetate.

of tracer bound in the absence of competing ligand was less  (jiy Ostensible B-Like Conditions.Crystals ofp-Ala®s-

than 15% to avoid ligand-depletion artifacts.
Ultracentrifugation.Sedimentation equilibrium and sedi-
mentation velocity measurements were conducted &C22
using a Beckman analytical ultracentrifuge (model XLI) as
described 24). The proteins were made 0.4 mM in 10 mM

insulin suitable for X-ray diffraction analysis were obtained
under conditions resembling those that ordinarily lead to
growth of wild-type crystals containingsfhexamers. The
crystals were grown in the presence of a 1:2.5 ratio 6fZn
to protein monomer and a 3.7:1 ratio of phenol to protein

potassium phosphate (pH 7.4) and 50 mM KCI. Sedimenta- monomer in Tris-HCI buffer as describe®3j. Drops
tion equilibrium studies were conducted at 16 000 and 30 consisted of JuL of protein solution (10 mg/mL in 0.02 M
000 rpm. Molecular-weight values were calculated using a HCI) mixed with 1xL of reservoir solution (0.02 M Tris-

partial specific volume of 0.73 mL/g and density 1 gfcm

HCI, 0.05 M sodium citrate, 5% acetone, 0.03% phenol, and

Sedimentation velocity studies were conducted at 60 0000.01% zinc acetate at pH 8.8). Each drop was suspended

rpm, and results were fitted with the program DCDT Plus.
The dimerization-defective analogue KP-insulin #fo—
Lys and Ly$?° — Pro; Humalog 24)) was employed as a
control.

Visible Absorption SpectroscppTo probe the TR transi-
tion of Co**-substituted insulin hexamers, the-d optical
absorption bands of Cb (a characteristic feature of a
tetrahedral complex) were monitored as descril@&d-7).
Solutions contained 0.2 mM insulin or insulin analogue in a
buffer consisting of 0.07 mM Coglnd 50 mM phenol in
50 mM TrisHCI (pH 8). Spectra were obtained in the
presence and absence of 0.8 M NaSCN.

CD SpectroscopyCircular dichroism (CD) spectra were
obtained using a thermister-controlled Aviv spectropolarim-

over 1 mL of reservoir solution. Crystals were obtained at
room temperature after 2 weeks. Preliminary diffaction data
from 17.4 to 2.5 A resolution were collected at room
temperature using an Raxis Il area detector with GuK
radiation, located in the Department of Biochemistry,
University of Chicago. Data were processed with programs
DENZO (version 1.9.6) and SCALEPACK (version 1.9.6).
Crystals belong to space group R3 with equivalent hexagonal
unit-cell dimensionsa = b = 80.84 A andc = 38.84 A,
corresponding to one dimer per asymmetric unit. These
dimensions are characteristic of &RE hexamer (see
Results). Control crystallization trials of wild-type human
insulin under the same conditions yielded crystals belonging
to the same space group but containing Hexamers as

eter equipped with an automated titration unit for guanidine expected. Crystals af-AlaB8-insulin were not sought due
denaturation studies. CD samples for wavelength spectrato low synthetic yields.

contained 2550 uM insulin analogue in 10 mM potassium
phosphate (pH 7.4) and 50 mM KCI. For equilibrium
denaturation studies, samples were diluted (VG guani-
dine-HCl was employed as denaturant as describ®dData
were obtained at 4C. Guanidine denaturation data were
fitted by nonlinear least squares to a two-state mog8). (
NMR SpectroscopyHigh-resolution studies of insulin as

Molecular Modeling Distance-geometry/simulated an-
nealing calculations (DG/SA) were performed using the
program DG-Il as described5); restrained molecular
dynamics (RMD) calculations were performed using X-
PLOR (34).

RESULTS

a monomer in aqueous solution have been made possible _
by substitutions that destabilize dimer- and hexamer-forming  Our results are presented in three parts. The use afd

surfaces but do not hinder receptor bindid@,(13, 20, 30).

L B chain libraries is described in part | and extended to

DKP-insulin is employed here as a template for study of B8 characterize representative, (L) B8 analogues. Their
analogues (substitutions are shown in magenta in Figure 1A).Structures, stabilities, and receptor-binding activities are

Spectra were obtained at 600 MHz as descrid&iZ8, 30)
at pH 7.0 and 25C; pH 8.0 and 32C; and in 20% v/v

investigated in part Il. Pairwise substitution of a key cystine
by serine is employed in part Il to explore the coupling

deuterioacetic acid, pH 1.9 and 25. Resonance assignment between B8 chirality and disulfide pairing. In addition to
was based on homonuclear 2-D NOESY (mixing times 80 the B8 peptide libraries, the present study employs ten B8
and 200 ms), total correlation spectroscopy (TOCSY; mixing analogues obtained by individual syntheses (Table 1).
time 55 ms), and double-quantum filtered correlated spec- |. Combinatorial Chain CombinatiorChain combination
troscopy (DQFCOSY) spectra. Helix-related hydrogen provides a functional selection for foldable B chain variants
bonds were inferred from the pattern of protected amide as outlined in Figure 4A. Allowed substitutions enable

resonances as observed insolution containing 20%
deuterioacetic acid3().

Crystallization Trials. Crystals of variant zinc-insulin
hexamers containing-Ala®® substitutions were sought by
hanging-drop vapor diffusion using well-establishedaid
ostensible Rconditions 7, 32) as follows.

(i) Te Conditions.Under a series of conditions permitting
growth of well-ordered single crystals of native insulin over
two weeks at room temperature, thé\la®® variant exhibited
unusually rapid growth of multiple small crystals leading in

pairing with wild-type A chains to yield a two-chain product
with characteristic molecular mass (ca. 580 kDa);
disallowed substitutions cannot. Two libraries of B chains
were synthesized, one containing diversamino acids at
B8 and the othen, amino acids. Each contains 17 variants.
Cysteine was excluded to avoid confounding disulfide
bridges; proline was excluded due to its anomalous confor-
mation properties. Neither library contained glycine, the wild-
type residue. The peptides were protectedSsulfonate
modification; their diversity was verified by MS. Following
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Table 1: RecepterBinding Affinities of B8 Analogue®

analogue

rel. affinity (%)

analogue rel. affinity (%)
human insulin (HI) 100 (7)
L-AlaBe-H|b 1.0+ 0.4 (3)
D-AlaB8-Hl 0.11+0.02 (4)
L-AlaB8-DKP-Ins 3.6+ 0.6 (4)
p-AlaB8-DKP-Ins 0.17+ 0.04 (5)
[Ser?, Sef7]-DKP-Ins® <0.01
L-AlaB8-[Ser’, SeP’]-DKP-Ins <0.01

DKP-insulin (DKP-Ins)
L-SeP8-DKP-Ing
D-SeP8-DKP-Ins
D-PmF8-DKP-Ing!
D-Arg®8-DKP-Ins
p-AlaB8-[Ser’, SeP’]-DKP-Ins

16015 (2)
90+ 6 (3)
1.1+ 0.1(3)
0.52+0.11 (3)
0.054+ 0.002 (3)
<0.01

aThe dissociation constant for native human insulin is-@4 nM. Numbers in parentheses indicate number of replicat@istensen and

colleagues reported that Afainsulin binds to the isolated receptor ectodomain with relative affinit 2%. ¢ Similar but lower values have
recently been obtained by Feng and colleagues in studies-#fla®8-HI analogue 85, 86). ¢ Pmp designates para-amino-Phe. The analogue also
contains an N-terminal biotinyl-amidocaproyl modification at B1, which is associated itself with a small decrement in &ljviGorection for

this effect predicts a relative affinity of 0.68 0.13% for the B8 modificatiort Value obtained from re22.

A
SH functional
* random selection ) o
library  + —_— chaLn comp!natlon MS
("foldability”) read-out
A chain side
reactions
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4 'B D 1s
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mass (m/z) x 10°

Ficure 4: Foldability as probed by combinatorial peptide synthesis
with MS read out. (A) Functional-selection scheme based on insulin
chain combination. B chain analogue or library of analogues is
mixed with wild-type A chain to initiate specific disulfide pairing.
Products are detected by mass—B MALDI-TOF MS spectra

of the chain-combination reactions following 24 h &t@. (B and

C) Control reactions of-Ala®® (B) andp-Ala®® (C) B chains. (D
and E) Combinatorial reactions af and b libraries at B8,
respectively. Whereas analogues undergo inefficient chain
combination, productive pairing is observed to yield multiple diverse
D substitutions at B8. MS spectra also detect oxidized A and B
chains and A chain dimers (d).

addition of a 2:1 molar excess of the wild-tyBesulfonate-
protected A chain, the chain combination was initiated by
the addition of dithiothreitol and allowed to proceed under
air oxidation for 24 h at 4C. The resulting andL reaction
mixtures were analyzed by MALDI-TOF MS (Figure 4D,E)
in relation to a control reaction employing the wild-type B
chain. Whereas the B8amino acid library yielded only a
trace amount of insulin analogues (empty insulin region in
Figure 4D), thep library by contrast resulted in native or
enhanced foldability (Figure 4E). Timereaction mixture was
subjected to gel filtration and partial rp-HPLC purification.
All possiblep-amino acid substitutions were detected by MS
(Supporting Information). Among these substitutions, the
polar side chain at B8 (such asLys and p-Arg) was

obtained at higher yield than nonpolar or aromatic side chains

(such asp-Ala and b-Trp). All fractions exhibit very low

affinity for the IR (<0.5% relative to insulin). Stereospecific
interference with chain combination was verified in single
syntheses ob-Ala®® andL-AlaP® insulin analogues (Figure
4B,C). Thep-Ala® substitution is associated with a 3-fold
increase in the efficiency of chain combination. By contrast,
following prolonged reaction times (482 h), theL-AlaB®
analogue was obtained and purified with a yiel80-fold
lower than that of the analogue. Native disulfide pairing
was verified in part by peptide mapping followirgtaphy-
lococcus aureus V@rotease digestion.Native disulfide
pairing in a representativieanalogue-Ala8-DKP-insulin)
was explicitly demonstrated by 2-D NMR spectroscopy.
MALDI-TOF MS spectra of the purified-Ala®® andL-AlaB8
analogues indicated similar efficiencies of detection, sug-
gesting that the original MS characterization of thandL
libraries faithfully reflects relative yields.

Il. Biochemical Characterization of RepresentatiAna-
logues Both b and L Ala®8-insulin exhibit low receptor-
binding activities (0.1H- 0.02 and 1.Gt 0.4%, respectively;
Figure 5A and Table 1). The low activity afAlaB8-insulin
is consistent with prior studied {, 35). Bothp andL-AlaB8-
insulin are able to undergo the—F R transition in phenol-
stabilized Cé"-insulin hexamers as probed by observation
of phenol-dependent-ed transitions characteristic of the R
state-specific tetrahedral metal-binding sif6,(27). The
concentration of phenol was made 50 mM to favor formation
of the R state (Materials and Methods). Although the spectral
line shape of the €d transitions in theo-Ala®® hexamer is
similar to that of wild-type C&"-substituted R hexamers,
their intensity is nevertheless reduced by about 2-fold
(Supporting Information), suggesting predominant formation
of T3Rs" hexamers as the octahedral metal-binding site of a
T trimer would not appreciably contribute to the-d band.

In accord with this observation, preliminary crystallographic
studies of phenol-stabilized Zircoordinated-AlaB8-insulin
hexamers grown under such conditions, although expected
to form Rs hexamers, instead exhibit unit cell dimensions
similar to those of FRs" hexamers in the same crystal form
(Supporting Information). In a given space group, these
dimensions provide an empirical fingerprint of the hexamer
type. Thea andb dimensions (80.84 A), for example, are
similar to those of IRs" PDB 1TRZ (80.64 A; ref36) and
1QJO (80.94 A; ref37), whereas rhombohedral crystals

5 This protocol verifies the presence of cystine A20-B19 but does
not distinguish between potential bridgesA811 or A7—All. The
MS read-out (Figure 4A) does not distinguish between native pairing
and possible disulfide isomers.
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FIGURe 5: Activity and stability of B8 analogues. (A) Receptor-binding titrations of DKP-insulin analogues relative to native human insulin

(dashed line): GI§# (diamonds),-AlaB8 (triangles), and-AlaB® (open circles). Relative affinities of these and other analogues are given

in Table 1. (B) Far-UV CD spectra of DKP insulin analogues: 8lgolid line),-AlaB8 (triangles), and-AlaB® (open circles). (C and D)

Guanidine (C) and thermal (D) denaturation studies of DKP-insulin analogues (symbols as in panéll&f aggregates exhibit an

anomalous thermal signature. Extent of folding was monitored by ellipticity at 222 nm. Receptor-binding and CD studies were conducted
at4°C.

containing B hexamers exhibit distinct unit-cell dimensions  tapje 2: Thermodynamic Stabilities of B8 Analogues
(PDB 1ZEG, 1ZEH, and 1EV3; re388and39). As expected,
preliminary analysis of the present crystals by molecular

analogue AG, (kcal/molp Cpig (M)® m (kcal/mol/My

replacement is consistent with formation of a nativelikB3 Insulin 44+01  53+01 084:0.01

taining three bound phenol molecules (Z.- Wan and M DKP-insulin 4.9+0.1 >8£0.1  084+£0.01
containing _ p . * L—AlaB8-DKP-Ing’ 23+0.2 3.5+£03 0.95+0.02
A. Weiss, unpublished results). Together, these spectroscopico—AlaB8-DKP-Ins 6.4+ 0.1 6.8+ 0.1 0.66+ 0.05
and crystallographic observations suggest thabtheabstitu- L*SeP‘;—DKP-Ins 1.9+0.1 3.7£0.2  0.89+0.02
tion partially impairs the TR transition, arresting the hexamer P—Sef*-DKP-Ins 58£01  65+01 051+001

at an intermediate stage of structural organization. Our results “ AG, indicates apparent change in free energy on denaturation in
do not exclude formation af-Ala® Rs hexamers at higher  8Lo e S o+ G ia. defined 85 that concentiation of
Conc%entraﬂqns Of. phenol. . L. guanidine-HCI at which 53.:% of the protein is unfoldéd@he mvalue
Wild-type insulin in solution undergoes self-association provides the slope in plotting unfolding free enertyg, versus molar
to yield dimers, tetramers, hexamers, and higher-order concentration of denaturant; this slope is proportional to the protein
oligomers, which may be differently affected ly or L surface area exposed on unfoldifighbbreviation for DKP-insulin
substitutions at B8. To avoid such potentially confounding template.
effects and to facilitate spectroscopic studiesAla®® and
L-AlaB® analogues were resynthesized in the context of DKP- respectiveAAG, values are 1.5+ 0.2 kcal/mol o-AlaP®,
insulin, an engineered monomer of high activity(20, 30). “locked” in the native state) ane2.1 + 0.3 kcal/mol (-
The previous stereospecific difference in efficiency of chain Ala®®). TheseAAG, values are larger than those ordinarily
combination was unaffected by the DKP substitutions, encountered in studies of single amino acid substitutions in
leading to enhanced yield ofAla®-DKP-insulin and more insulin (5, 23, 40, 41). Inversion of G chirality at B8 (i.e.,
than tenfold lower yield of -Ala®8-DKP-insulin. CD spec-  comparison ofp-Ala®® and L-Ala®® analogues) is thus
troscopy demonstrates that tibeanalogue retains native associated with an extraordinary 4t10.3 kcal/mol differ-
secondary structure (circles in Figure 5B), whereasithe ence in stabilityp-Ala®8-DKP-insulin also exhibits greater
analogue is perturbed: helical features at 222, 208, and 195thermal stability than DKP-insulin (Figure 5D). Comparison
nm are attenuated (triangles in Figure 5B). Since®&tpes of b-Sef8- andL-SeP8-DKP-insulin analogues yields similar
not reside in aro-helix in the native (T-like) structure in  trends in efficiency of chain combination, helix content, and
solution, the attenuated helix content ofAlaB8-insulin stability (Table 2 and Supporting Information}.andL-SeP®?
implies nonlocal changes in conformation or dynamics. The analogues differ in stability by 3.2 0.2 kcal/mol.
D and L substitutions effect opposite changes in protein  p-AlaP8- andp-SeP8-DKP-insulin each exhibit low activi-
stability: L-AlaB8-insulin is more sensitive to denaturant- ties (0.17+ 0.04 and 1.14 0.1%, respectively; Table 1).
induced unfolding, whereas-Ala®8-insulin is more robust ~ Because of the favorable Hi§ — Asp substitution in the
(Figure 5C). Respective free energies of unfolding are given DKP template 20), the affinity of p-Ala®-DKP-insulin is
in Table 2. The thermodynamic changes are marked: almost 2-fold higher than that af-Ala8-insulin (0.11+
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L-AlaB®

D-Ala®®

ppm
FicurRe 6: 'H NMR studies of DKP-insulin analogues at 600 MHz
at 25°C (pH 7.4). (A) GIy8, (B) p-AlaB8, and (C)L-AlaB8. Asterisk
in panel B indicates position af-Ala®® methyl resonance (see
Figure 7). The spectrum of the Gfyand p-AlaB® analogues are
similar whereas the-Ala analogue undergoes aberrant aggregation.

0.02%). Surprisingly, -SeP8-DKP-insulin exhibits substan-
tial receptor-binding activity (90% relative to human insulin),
suggesting that the low activity afAla®® analogues is not
a general property of amino acid substitutions. ThiH
NMR spectrum of -Ala®8-DKP-insulin (Figure 6C) exhibits

Biochemistry, Vol. 44, No. 13, 20051991

despite the presence of the DKP substitutioB6),(it is
presumably mediated by non-native protein surfaces (see
Discussion). By contrast, the quality of théd NMR
spectrum of-Sef8-DKP-insulin is similar to that of DKP-
insulin and itso analogues (Supporting Information), indicat-
ing an initial absence of aberrant self-association. (Unlike
DKP-insulin andb-AlaB®8-DKP-insulin, whose NMR spectra
remain unchanged after two weeks in soluticiGeP-DKP-
insulin undergoes slow but progressive aggregation over
several days at 25C, leading likewise to resonance
broadening.) These findings suggest that the low activity of
L-AlaB® analogues is due to confounding aggregation and
not directly related to B8 stereochemistry. Aggregation of
the L-Ala®® analogue is also associated with an anomalous
thermal CD signature (Figure 5D).

The'H NMR spectrum ob-Ala®-DKP-insulin is tractable
by homonuclear NMR methodgl?), permitting complete
resonance assignment (Supporting Information). Chemical
shifts are essentially identical to those observed in DKP-
insulin; significant changes (magnitude0.1 ppm) are
observed only at neighboring residues Eysnd Se#®
(Supporting Information). The novelAlaB8 spin system is
well-resolved (Figure 7). The pattern of interresidue NOEs
is likewise similar to that of DKP-insulin, in each case
consistent with structures of T-state crystallographic pro-
tomers® Maintenance of T state-specific long-range interac-
tions by the N-terminal arm of the B chain is demonstrated
by the retention of interchain NOEs between the3
and B5-A10 side chains. The orientation of the BB19
o-helix relative to the A chain, as probed by a network of

resonance broadening relative to spectra of DKP-insulin or long-range NOEs in the hydrophobic core (Supporting

D-AlaB8-DKP-insulin (Figure 6A,B). Studies of protein
aggregation by equilibrium ultracentrifugation and sedimen-
tation velocity indicate that (like DKP-insulin) the-AlaB®
analogue is monomeric, wheraag\laf8-DKP-insulin forms

Information), is also unaffected by timeAlaB® substitution.
NOEs involving thef protons of the six cysteines are
essentially identical to those observed in the spectrum of
DKP-insulin, indicating maintenance of native disulfide

predominantly dimers and higher-order oligomers at a protein pairing. As expected based on native models (Figures 1E

concentration of 7M. Because self-association occurs

and 3A), NOEs are observed from ti#eCH; group of

A
4,10
—~ 4.20
:
o
g -
[aV}
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Ficure 7: 'H NMR TOCSY spectra of (A) DKP-insulin and (B)}AlaB8-DKP-insulin highlighting noveb-Ala methyl resonance in analogue
(asterisk in panel B). Spectra were acquired at 600 MHz &C3and pD 7.6 (direct meter reading) with a TOCSY mixing time of 55 ms.
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A chain

FIGURE 8: D-AlaB8-DKP-insulin exhibits nativelike solution struc-
ture. (A) Collection of crystal structures showing superimposition
of T state protomers (Protein Databank 4INig A TYL (75), 1PID
(76), 1TRZ (36), and 1TYM (75)). The position of GI¥® is

highlighted in yellow. The B chain is otherwise shown in blue, B26

and the A chain is red. Structure of truncated analodae C

pentapeptide[B26B30]-insulin (DPI) is indicated byl's at posi- B12 “

tions B1 and B25. (B) Solution structure of DKP-insulin (PDB  Figure 9: Environment ofo-AlaB8 side chain at protein surface.
1LNP; ref28). (C) Ensemble of DG/RMD structures ofAla®s- (A and B) Ribbon and space-filing models of representative

DKP-insulin showing position ob-Ala side chain (yellow). The  structure of p-AlaB8-DKP-insulin showing position ofb-AlaB8

coloring scheme in panels B and C corresponds to that in panel A. methyl group (tawny; sphere in panel A at 0.7 van der Waals radius)
relative to side chains of V@& (red), VaP'? (dark blue), and Ty#6
(black). Le®!! (magenta) lies behind B8 in core. The A chain is

p-Ala®® to the amide protons of B11 and B12, one methyl otherwise shown in gray and the B chain otherwise in blue. (C)

resonance of V&2 and the H aromatic protons of TS, Stereopair showing spatial relationships among residues A3, B8,
The methyl group ob-AlaB8 is also likely to be near the B11, B12, and B26. The ensemble was aligned on these side chains

methyl groups of V4P and Le®, but such cross-peaks g)mljlllés-trate B8 pocket. Color scheme is the same as in panels A

are difficult to resolve in homonuclear 2-D NOESY spectra
at 600 MHz.

DG/RMD calculations verify that the solution structure due to a small adjustment in the position of T3jr Because
of p-AlaB8-DKP-insulin (Figure 8C) is similar to the native the C-terminal segment of the B chain appears to reorganize
T state (Figure 8A) and essentially identical to that of DKP- on receptor binding (see Discussion), this adjustment is
insulin (Figure 8B) with the exception of tllemethyl group unlikely to be of functional significance. The conserved side
at B8 (yellow). The structure was calculated on the basis of chains of Vat3, Lel?™, Val®'?, and TyF* create a local
389 NOEs, 42 dihedral restraints, and 36 hydrogen-bond-nonpolar cup that partially surroundsAla® (Figure 9). B11
related restraints (Supporting Information). The B8 Ram- is a critical component of the hydrophobic cot&) whereas
achandran angles in the DG/RMD ensemble gire 22.1 the side chains of A3, B12, and B26 contribute to receptor
+ 5.2 andy = —103.5+ 4.6; these values are similar but binding (1, 18, 43); their spatial relationships in this or wild-
not identical to those characteristic of ®lyin crystal- type structures may be reorganized on receptor bindhg (
lographic T state protomers. The positigealue forp-AlaB8 Restraint information and statistical parameters are given in
stands in contrast to the classicahelical conformation of ~ the Supporting Information. The nativelike structure of
L-AlaB14in the NMR ensemblef —67.7+ 3.6,3 —39.0+ p-AlaB8-DKP-insulin is in accord with its efficient folding
3.0).p-Ala®8 is shielded in part by the side chains of %%l (as probed by the increased yield of chain combination) and
(nearby despite the absence of explicit-AB8 constraints), enhanced stability but stands in contrast to its 1000-fold
Val®12, and TyP2. The solvent accessibility of the B8 methyl ~decrement in receptor-binding activity relative to DKP-
group (284 13%) is lower than what would be predicted insulin (Table 1).

based on the wild-type crystallographic T state (ca. 70%) ll. Importance of Cystine A7B7. It is possible that the
very low yields encountered in syntheses eAla®8-insulin

sThe NOESY spectrum ob-Ala-DKP-insulin contains some and othen_ vqr_lqnts are du_e to either (a) the low thermo-
additional interresidue contacts that are very weak or not observed in dynamic stabilities of the final products (Table 2) or (b) a
DKP-insulin but consistent with crystal structures of wild-type insulin  kinetic block to disulfide pairing. In an effort to distinguish
(Supporting Information). The increased intensity of these NOEs may between these mechanisms, we investigated the role of
reflect damping of fluctuations by the side chain. Stabilization of . . . R LI
the protein is not accompanied by accentuated dispersiéd dIVIR neighboring cystine A7B7. Pairwise substitution of A7 and

chemical shifts. B7 by serine has previously been shown to lead to a molten
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globule of marginal stability AAG, < 2 kcal/mol) but not suggest that this gain in free energy has four sources. First,
impairment of specific pairing of the remaining four cysteines thep substitution may decrease the entropy of the unfolded
(22). Because the stability of the two-disulfide analogue is state and hence the entropic penalty of folding. The extent
lower than that ofL-Ala®8-DKP-insulin and yet efficient  of stabilization is greater thaRTIn(2) (~0.5 kcal/mol), the
disulfide pairing is maintained, relative yields are unlikely expected entropic effect of restricting a single glycing’s

to be under thermodynamic control. Substitution of @ly  angle to half of the accessible Ramachandran plane. It is
by D or L-Ala in the context of [SéY, SeP’]-DKP-insulin possible that a substitution at B8 stabilizes a nascght
likewise enables analogous disulfide pairing without signifi- turn in the unfolded state, biasing the values of multiple
cant differences in yield. Specific pairing of cystines A20  dihedral angles and so increasing the resulting entropic
B19 and A6-Al11 was achieved in each case with yields benefit. Second, local interactions of theside chain in the
70—80% of that observed in wild-type chain combination. folded state may be favorable (or unfavorable). van der Waal
The absence of a stereospecific block to disulfide pairing contacts between-Ala®® and the neighboring side chains
indicates that the folding defect associated witAlaB® is of Val*3, LelP', ValB'?, and TyP?, for example (Figure
overcome by removal of the A7B7 disulfide bridge. 9), may contribute to stability; this environment may be less
Conversely, the absence of stereospecific augmentation offavorable in the polar S&t analogue and so account for its
disulfide pairing indicates that-Ala®® does not facilitate lower stability. Third, possible damping of fluctuations
formation of noncontiguous cystines A&11 and A20- elsewhere in the protein, presumed to be coupled to changes
B19. Together, these findings suggest that in the wild-type in the B8 dihedral angles, may strengthen multiple weak
pathway of disulfide pairing the B8 dihedral angle is critical interactions; such an effect may be offset by an entropic
in allowing or hindering formation of the A7B7 disulfide penalty. Finally, a change in the topography and polarity of
bridge’ In accord with past studie®?®), the two disulfide the B8-associated protein surface may alter its solvation
analogues are essentially devoid of biological activity (rela- properties. Of these four potential mechanisms, only the

tive affinities <0.01%; Table 1). first—chiral restriction of the unfolded statevould be
expected to be independent of the details of the folded state
DISCUSSION and to circumvent entropyenthalpy compensation. Accord-

é"ngly, it would be of interest in the future to test whether
chiral substitution of g5 turn in a globular protein may
provide a general strategy for protein stabilization, and if
so, whether the mechanism is primarily entropic. Such a
strategy would extend established principles of medicinal
chemistry widely employed in the stabilization of cyclic
peptides.

Glycine can be conserved at key sites in proteins becaus
of its small size. The interior of the collagen triple helix, for
example, can accommodate only glycine, rationalizing the
conserved GlyX—Y triplet repeat 44). Similarly, in
myoglobin and hemoglobin, the close approach of the B and
E helices leads to broad conservation of glycine at helix
position B6 @5). The absence of a side chain also enables . . . .
glycine to adopt either positive or negatigelihedral angles The decrement in stability associated withAla® or

and thus occupy regions of the Ramachandran plot unfavor—"'slef38 subs;itultior)s AIAGIE‘kZ'IG + 2'3 and 3'?5: 0'3 kcal/
able to the other amino acids. Insulin and insulin-like growth MOl respectively) is also likely to have complex origins. We

factors contain an invariant glycine in the B chain (€ly imagine that a distorted local structure of the-8310

asterisk in Figure 2) whose conformation switches as part Lurllj i? accompa?iid by tr_anTmitted [l)ertufrbatic(J:nDs i?] the
of the T— R transition (Figure 3: refé and7). Although elical structure of the protein. It is not clear from CD where

the physiological significance of this transition is unknown the pe:rturbatﬁons oceur in the'protein (i.e., in the neighboring
(as the R state has only been observed in zinc insu"nBchama-hehx or in the A chain) and whether the attenuated

hexamers and not among structures of IGFs or engineereoCD signature reflects a discrete structural change (foreshort-
insulin monomers: reB), we propose that this glycine is ening of ano-helix) or a distributed dynamic destabilization

conserved to make possible a structural switch betweenWith.OUt a changg i.n helical gncjpoints. The CD spectrzlém of
folding-competent and active conformations of the hormone. KP;ns.ullnf é(iontamlnglsubst|.tut|c|).n$ FET@_' Lys and Lf :

Thus, impairment of the TR transition in a variant insulin __ "0 € ), an analogue in clinical use as a rapid-acting
hexamer by substitution of G¥ by p-Ala also impairs insulin formulation 46), also exhibits an apparent attenuation

binding to the insulin receptor. The substitution nonetheless of h_elix content even though_ cn_/stallographic and NMR
studies have demonstrated nativelike secondary strudtgre (

preserves the structure and enhances the stability of an X s '

engineered insulin monomer. We discuss these results from* " 4.8)' A_molecular .understandlng ofSef anal_ogues W'.”

the complementary perspectives of stability, folding and require h|gh-resolut|on NMR or crystallographic analysis of

function these distorted structures. It is noteworthy that the unfavor-
' ableL-amino acids are not accommodated at B8 (as might

Stereospecific Stabilization of a ProteRespectives and ) . ) : .
L substitutions at B8 give rise to large and opposite changes.be imagined) simply by propagation of the BB19 a helix

; : - ) to the N-terminal segment (i.e., adoption of an extended
in thermodynamic stabilityAAG,; see Table 2). Why do Intc : . O
or L substitutions so markedly eunhance or perturb stability? R-like conformation). This possibility is excluded by the CD

D-Ala®® and p-SeP® enhance the stability of DKP-insulin pertur.bations implying attenuation (rat'her. thgn enhangement)
by 1.5+ 0.2 and 0.9+ 0.2 kcal/mol, respectively. We of helix-related features. It would be intriguingLifSef?8 is
' ' ' ' ' ' nevertheless accommodated in a high-affinity hormene
receptor complex by an R-like conformational change.

7The kinetic hypothesis is in accord with prior studies indicating Protein Stability and Stereospecific Modulation of the TR
that chain combination is in part under kinetic contr@8)(and that .\
pairing of cystine A7-B7 plays a critical role in the oxidative folding ~ Transition. Although the present study has focused on the
pathway of insulin-like polypeptides8, 79). insulin monomer, the biologically active species, our ex-
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perimental design is stimulated by the extensive foundation wild-type insulin: anomalously rapid growth of clusters of
of crystallographic studies of zinc-insulin hexamers. Such small crystals. Suitable gTcrystals of the analogue were
assemblies are remarkable for a ligand-dependent equilibriumtherefore not obtained despite extensive trials. Accelerated

among F, T3R5, and R hexamers§). The TR transition is

crystallization, although a practical impediment to obtaining

characterized by long-range conformational changes associhighly ordered single crystals, suggests thattisebstitution

ated with a switch in the Ramachandran position of®&ly
D Substitutions at B8 significantly stabilize the T-like

enhances lattice growth either by stabilizing intermolecular
contacts or damping structural fluctuations that otherwise

conformation of an insulin monomer and would hence be retard the growth of wild-type crystals. It is possible that in

expected to shift the equilibrium among, T3R5/, and R

the future suitable singlegTcrystals ofb-AlaB8-insulin can

hexamers toward the T state. Such a shift is in accord with be obtained under conditions that are less favorable for wild-

our observation of attenuated €od—d transitions, which

are diagnostic of the R state-specific tetrahedral metal-

binding site in phenol-stabilized hexameric complex&s
27). These results suggest thatithoughp-AlaB8-insulin can
indeed form an R statethe variant R state is less stable

type crystallization, retarding the rate of crystallization to
permit orderly growth of single crystals. Because the wild-
type Te crystal form has been found to diffract to atomic
resolution {, 50), such crystals would be of interest to enable
comparative analysis of anisotrofosalues and alternative

than the variant T state under conditions (high phenol side-chain conformations as probes of protein dynamics. It

concentration) in which wild-type insulin is almost entirely
in the Ry conformation. Thep-Ala®® substitution thus

is also possible that at higher concentrations of phenol,
p-AlaB-insulin can be driven into the fstate as the free

impedes (but does not entirely prevent) both binding of an energy of ligand binding compensates for chiral destabiliza-

insulin monomer to the IR and the hexameric TR transition.
Crystallization trials ofp-Ala®8-insulin zinc hexamers
under conditions that ordinarily give rise to a wild-type R
lattice instead yield JR4 crystals. This result rationalizes
the ca. 2-fold attenuation of the previous?Cal—d transi-

tion of the R-state-specifio-helix.

Insulin Chain Combination and the Folding of Proinsulin.
In vivo insulin is the product of a larger single-chain
precursor, designated proinsulin (86 residuesbigfNative
disulfide pairing (A6-Al11, A7—B7, and A206-B19) occurs

tions and demonstrates that the TR transition has beenin the endoplasmic reticulum (ER). In vitro studies suggest
interrupted at an intermediate stage. Although the molecular that such pairing is directed exclusively by sequences in the
details of this structure have not been determined, the overallA and B domains14); the connecting peptide (35 residues)

ability of p-Ala®® to be accommodated within arf Btate-
specifica helix would be consistent with studies of model

provides a passive tether. Combination of the isolated A and
B chains has thus been studied as a peptide model of

helicogenic peptides by W. DeGrado and co-workers in proinsulin-folding intermediate8, 52). The present study

which a singlep-Ala was shown to be energetically well-
tolerated within aro helix (49). Although local conforma-

of chain-combination efficiency exploits peptide libraries to
demonstrate a stereospecific preferenceof@mino acids

tional adjustments may occur, such accommodation incursat B8. In fact,p-Ala® enhances the yield of chain combina-

only a modest cost in free energhAG, 1 kcal/mol relative
to L-Ala and 0.2 kcal/mol relative to glycine at the same
peptide position). The ability of a canonicalhelix to
accommodate one or mobeamino acids has been elegantly

tion by 3-fold; to our knowledge, such enhancement is
without precedent in the literature of insulin synthesis. It is
likely that even higher yields would be conferred by other
members of the library. Equally striking, the corresponding

demonstrated by Karle and co-workers in crystallographic L library yields no productive sequences. Use of libraries

studies of model peptides in helicogenic solvend).(
Impairment of the TR transition by-Ala®8 is thus likely to

containing all possibleo or L side chains (exclusive of
cysteine and proline) thus indicates that the key feature is

have two mechanisms: marked chiral stabilization of the T the chirality of thea carbon (and hence preferred sign of

state and modest chiral destabilization of the R state.
The crystal structure af-Ala®®-insulin as a FRs" hexamer
promises to extend prior peptide studi8d)(to define how
ab amino acid is accommodated in arhelix within a large
protein assembly. Substitution of GRby L-Ser is likewise
compatible with either T or Rconformation in crystal-

lographic hexamers (J. Whittingham and G. G. Dodson,

personal communication). We would expect such tan
substitution to shift the equilibrium among;, TT3Rsf, and

the ¢ dihedral angle) rather than the size or chemical features
of individual side chains. Representativeanalogues can
nonetheless be prepared in very low yield. The relevance of
the peptide libraries to proinsulin is suggested by studies of
the expression of a foreshortened single-chain analogue
(porcine insulin precursor; 52 residues) $accharomyces
cerevisciae substitution of GI¥® by L-Ala markedly impairs
productive folding and secretio®%). It would be of future
interest to extend these results to the folding and secretion

Rs hexamers toward the R state. Although the Ramachandranof human proinsulin analogues by a transfected mammalian
plot is often interpreted in terms of forbidden regions, these neuroendocrine cell line.

considerations emphasize tlabr L substitutions influence

Together, our results suggest that the B8 conformation

the relative thermodyamic stabilities of competing conforma- plays a critical role in the mechanism of disulfide pairing.
tions rather than provide covalent locks to tether or exclude Becausep substitutions stabilize a native T-like fold (the

specific structures.
Because the solution structure pfAlaB8-DKP-insulin

structure of an isolated insulin monomer; refs 10 43
exclusion ofL substitutions suggests that local nativelike

closely resembles the parent monomer and in turn the structures are populated in the relevant protein-folding

crystallographic T state, we initially sought to obtain crystals
of p-AlaB8-insulin under a range of conditions suitable for
growth of wild-type T crystals. Surprisingly, the analogue

exhibited crystallization properties different from those of

intermediates and serve to guide disulfide pairing. Although
these intermediates are not well-characteriZs), (pairwise
substitution of cystine A#B7 by serine leads to rescue of
chain combination and essentially complete attenuation of
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stereospecific interference hyAla®. This finding suggests  33). The present study exploits chiral stabilization of the-B7
that the B8 conformation is coupled to productive orientation B10 3 turn byp-amino acid substitutions at B8 to provide a
of the adjoining Cy%’. We speculate that a kinetic block to complementary example of an inactive analogue with na-
formation of the A7-B7 disulfide bridge leads to competing tivelike structure. Substitution of G¥ by p-Ala or p-Ser
off-pathway events. The yield of insulin chain combination enhances the thermodynamic stability of insulin but markedly
(like that of proinsulin folding; reb4) is well-known to be impairs its binding to the insulin receptor (Table 2). As in
limited by aberrant aggregation of partially folded species mini-proinsulin 66), the extent of impairment is highly
(28). Analogous partial unfolding, even in the presence of unusual among mutant insulink (L1). The solution structure
the three native disulfide bridges, may underlie the unex- of p-AlaB8-DKP-insulin resembles wild-type insulin (and the
pected self-association ofAla®8-DKP-insulin and the slow  parent DKP-insulin monomer; réf3) with the exception of
aggregation of the-Sef8-DKP-insulin NMR sample. Such  the protruding methyl group at B8. Although we cannot
aggregation is ordinarily mediated by the B chain (or B exclude thab side chains at B8 themselves introduce a steric
domain) and can lead to irreversible crgsssssembly of clash at the receptor interface (see below), we propose that
fibrils. It would be of future interest to investigate whether the severe decrement in binding reflects a chiral impediment
B8 L substitutions in proinsulin lead to formation of to induced fit: the analogues are locked into an inactive
pathological electron-dense deposits in the endoplasmicT-like conformation. This model thus envisages that both
reticulum in cell culture or accelerated aggregation or the N-and the C-terminal segments of the B chain reorganize
fibrillation in vitro. Such features are characteristic of a on receptor bindin§.Such reorganization would in each case
mutant proinsulin in a murine model of diabetes mellitus expose nonpolar side chains that are otherwise inaccessible
(the Akita mouse; rebb). in the T state and so make possible a more extensive
The marked enhancement in the efficiency of chain hormone-receptor interface. Whereas displacement of the
combination associated with the-Ala®® substitution is C-terminal segment of the B chain would exposé3land
unlikely simply to reflect the greater stability of the end Val*® (3, 4, 30, 33, 43, 65), reorganization of the B1B8
product (the insulin analogue). Past syntheses of unrelatedsegment may likewise enable 8, Leu'3, and Led® to
insulin variants of enhanced stability (such as &&nsulin contact the receptor (Figure 1E.E;27, 69).
and Hig®-insulin; 60, 68, 85) have exhibited only modest Why is steric clash unlikely to account for the inactivity
increases in yield <20%). The magnitude of the increase of B8 D analogues? This model seems implausible for several
in yields of Al&8-insulin and Al&8-DKP-insulin (3-fold) reasons. First, single amino acid substitutions on the surface
therefore suggests favorable kinetic control of the reaction. of insulin generally affect receptor binding by less than 100-
It is possible that the substitution biases the conformation fold. Alanine-scanning mutagenesis of the protein surface,
of a protein-folding intermediate to facilitate AB7 disul- for example, yields a range of relative receptor-binding
fide pairing (an example of on-pathway control). It is also affinities between 30% (Léd® — Ala) and 405% (Ar§??
possible that thep substitution impairs competing side — Ala) (11). Even at presumed sites of van der Waals contact
reactions, such as formation of cyclic B chains, covalent between insulin and the IR, enlarging the size of a side chain
B-chain dimers, or B-chain fibrils (off-pathway control). We by one methyl group typically has only modest effects.
speculate that both of these mechanisms are operative. OrExamples are provided by critical conserved valinestin
the one hand, because substitutions stabilize disulfide helices: Vat® and VaP'2 Substitution of valine by isoleu-
pairing in the native state, it is reasonable to suppose thatcine orallo-isoleucine leads to a one-methyl protrusion of
they also stabilize the productive orientation of €yand one branch or the other. In each case, the respective receptor
Cys* in a transition state. On the other hand, it is also binding affinities are decreased by less than 10-fold (see
plausible thab substitutions at B8 impede crofsassembly Supporting Information; ref$8 and43). Similarly, substitu-
of B chains. Such a unique combination of on- and tion of Val*® or ValP!? by t-leucine (which substitutes H
off-pathway effects may account for the extraordinary by a third methyl group) perturbs receptor binding by less
stereospecific augmentation of yields observed in the presentthan tenfold {8, 43).1° Accommodation of additional methyl
p-AlaB® syntheses. substituents at B12 is of particular interest in light of its
Induced Fit and the Actie Conformation of InsulinHow proximity to B8 (in both T and R states; Supporting
insulin binds to the insulin receptor has long been the subjectInformation). Other sites near B8 also tolerate marked
of speculation 1, 2). That classical structures represent changes in side-chain volume as follows. (i) Only modest
inactive conformers has been suggested by studies of archanges in affinity are observed on substitution ofSby
inactive single-chain analogue (mini-proinsulin) in which a
peptide bond tethers the C-termirthastrand of the B chain 9 The T— R transition is also characterized by a small displacement
(Lys®?) to the N-terminala helix of the A chain (GI§*; 3{ thBezg-;legjj[gﬂ g qugng s;rand agvaydfrobm the ?_CQﬁin,Tbrf;king
refs3 and56).° On receptor binding, th@ strand presumably Tr?e two modes of inducyedrofgi]tegro%rc])seod Stgrvc?cctjnr ine theS N}—3 f’;md
detaches from the core to contact the receptpad expose  C-terminal segments of the B chain, although spatially separated in

an otherwise hidden functional surface in the A ch&@, (  the protein, may in part be correlated (G. G. Dodson, personal
communication).

10Whereas substitution of V&F by Leu likewise impairs receptor

8 Mini-proinsulin refolds more efficiently than does proinsulin to  binding by only less than 20-fold.6), Leu**-insulin exhibits an unusual
achieve native disulfide pairin@0). Its enhanced foldability mirrors 500-fold decrease4, 81), indicating limited flexibility around the
a loss of biological activity@4): the tethered native state is presumably presumed A3-binding pocke82). A site of clinical mutation causing

constrained from reorganizing on receptor bindi8g Analogous (but diabetes mellitus§3), Val*® is largely buried in a crevice between
less stringent) tethering has been described in an analogue containinghains that is distant from the B8-associated surface. The crystal
a chemical cross-link between theamino group of Ly&* and the structure of Let®-insulin (as an Rzinc hexamer) is essentially identical

o-amino group of GI§* (63). to that of wild-type insulin 82).
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the larger side chains of Asn or Asp7). (ii) Substitution ref 1) by glycine leads to an altered segmental structure with
of His®® (near B8 in the structure of DPI; ref8 and59) by near-native activity4, 65).1* Further, the activity of insulin
Asn or Ala is similarly well-tolerated. (i) Substitution of is enhanced by chiral substitution of PHeoy p-Phe om-Ala
HisB10 by Asn or Leu leads to 2- and 3-fold decrements in (20, 66); these substitutions appear to be incompatible with
receptor binding; AsSp® enhances binding whereas B3 native structure. The present study has yielded analogous
impairs binding by 7-fold, presumably due to favorable or findings at B8, which suggest a second site of conformational
unfavorable long-range electrostatic interactio68, 61). change in the N-terminal region of the B chain. Whereas
Given these quantitative trends, the 1000-fold decrement inthe nativeliken-AlaB8-stabilized T state is essentially inactive,
activity caused byp-Ala®® seems anomalous and unlikely theL-Sef8-distorted structure exhibits high activity despite
to be due to rigidity of packing near this part of the insulin its attenuated helix content and lower stability. We imagine
surface. Indeed, whereas the steric-clash model envisages that structural distortions associated witlsubstitutions at
snug fit between GB? and the insulin receptor, we instead B24 or L substitutions at B8 facilitate induced fit of the
imagine that this site adjoins a cavity between respective respective C- or N-terminal segments of the B chain and so
protein surfaces. This model would rationalize the relative are compatible with high activity. It would be of future
affinities of p-Sef8-DKP-insulin: although serine is larger interest to investigate the solution structures of these
than alanine, the residual binding of theSeP® analogue is  analogues.
10-fold higher than that ofb-Ala®8-DKP-insulin. Such Limitations of Comentional MutagenesisThe present
enhancement, difficult to reconcile with the steric-clash study illustrates a limitation of alanine scanning mutagenesis.
model, might arise from the introduction of a new interaction The low activity ofL-Ala®8-insulin (ref11and present results)
between the serine side chain and an otherwise uncontacteds likely to reflect aberrant aggregation rather than local
wall of the cavity, partially offsetting the-associated chiral  structural changes. Becaus&ef8-DKP-insulin is initially
impairment. Similarly, the bulky side chain ofp-amino- monomeric but exhibits a similar decrement in stability and
Phe (Pmp) is accommodated at B8 with less impairment thanCD-detected helix content, rapid aggregation is a particular
that caused byp-AlaB® (Table 1), presumably due to feature of the A& analogue. Such aggregation was unan-
favorable interactions in the putative B8-associated cavity. ticipated as the DKP substitutions disallow classical self-
Insulin analogues of extremely low activity ordinarily fall association: inversion of B28829 destabilizes the dimer-
into two classes. The first are substitutions that lead to related 3 sheet, whereas the substitution Hfs— Asp
transmitted structural perturbations, presumably impairing destabilizes the hexamer-forming interfa2®,(24, 48, 67).
both local and nonlocal hormoneeceptor contacts. Ex-  That these substitutions do not prevent self-association of
amples include substitution af helical contact residues AlaB8-DKP-insulin implies that aggregation is mediated by
Val*® or ValP*? by glycine (relative affinities 0.20.2 and distorted protein surfaces. InterestinglySef® is compatible
0.32%; refsl8, 43, and62), expected to destabilize the helical with nativelike assembly of zinc-insulin hexamers and
segment40, 62). Substitution of a framework aromatic side crystallization (J. Whittingham and G. G. Dodson, personal
chain in the hydrophobic core (TA#® — Ala), expected to ~ communication). Native zinc-mediated assembly presumably
disrupt tertiary structure, likewise impairs receptor binding protects.-SeP8-insulin from the slow aggregation observed
by 1000-fold (L1). Similarly, pairwise substitution Cy%and in NMR samples of.-SeP8-DKP-insulin. With respect to
Cys®” by serine (hence removing the AB7 disulfide the different properties af-Ala andL-Ser analogues, it may
bridge) leads to a molten partial fold whose activity is be relevant that generally among protein crystal structures
reduced by at least 5000-fol@3). The present NMR studies  serine is more likely than alanine to exhibit positivangles.
demonstrate thai-Ala®® analogues do not fall into this class Confounding effects of structural distortion have previ-
as the solution structure ofAla®8-DKP-insulin is essentially ~ ously been encountered in alanine scanning mutagenesis of
identical to that of the parent monomer3|. The observed insulin (11). At some sites, Ala variants could not be
confluence of native structure and very low activity is expressed, presumably due to misfolding and degradation
reminiscent of single-chain insulin analogues in which the in the yeast expression systerhl). Kinetic barriers to
C-terminus of the B chain is connected to the N-terminus of disulfide pairing in vitro can also block synthetic chain
the A chain directly or by a short linkeB(56, 63, 64). This combination {6, 68). Of particular interest, substitution of
topological constraint is envisaged to hinder induced fit rather invariant side chain If by Ala permits robust expression
than impose a local steric clash. We propose an analogy(11) but leads to segmental unfolding of the AA8 a helix
between such a topological restraint and chiral restriction of (5). In this case, substitution aflo-1le”2 enabled the specific
the flexibility of Gly®8 by ap substitution. Consistent with  contribution of this side chain to be resolved@0( 33).
the previous discussion of the thermodynamics of the TR Detachment or reorganization of the C-terminal segment of
transition, also impaired bp-Ala®8, we imagine that the  the B chain, as envisaged previously, would expog tie
1000-fold decrement in binding @fAla®® analogues arises  engage the receptor. Analogous reorganization of the B1
in two ways: from chiral stabilization of the initial inactive B8 segment would likewise expose the central surface of
T state and from the cost of accommodatiméla®® in an the A chain (A10-A13) to provide an additional contact
induced R-likea helix (49). In essence, induced fit is surface 2, 69). The total chemical synthesis of insulin
impaired because the initial state is harder to leave and the
final state is less favorable to enter. 1 Two structural models of GR#* analogues have been proposed
The induced-fit hypothesis at the C-terminal region of the in which the C-terminal segment is either detached from the efre (
B chain is supported by the high activities of analogues that or aberrantly attached via non-native contacts by®Ph@5). Reas- .
i - . . sessment of these models suggests that the unanchored segment is
exhibit structural perturbations of the B chain. Substitution primarily disordered but able to make transient contacts with the core
of Phé#2* (which anchors the C-terminAlstrand to the core;  (Q.-x. Hua and M. A.Weiss, manuscript in preparation).
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permits use of nonstandard amino acids to extend theCo.) for ultracentrifuge studies and the gift of human insulin;
ordinary repertoire of site-directed mutagenesis. The use ofB. H. Frank, Y.-M. Feng, and J. Whittingham for com-
stereoisomers such adlo-lle (30, 43) andbp amino acids, munication of results prior to publication; and P. Arvan, T.
as exemplified here, may be of general utility in studies of L. Blundell, P. De Meyts, G. G. Dodson, A. Fersht and D.

synthetic proteins70). F. Steiner for helpful discussions. M.A.W. thanks C. M.
Dobson and M. Karplus for encouragement. This article is
CONCLUSION a contribution from the Cleveland Center for Structural

Important insight into the informational content of protein Biology. These studies were stimulated in part by historical
sequences has been obtained through genetic analysis ofémarks of Prof. Dorothy C. Hodgkin on the 20th anniversary
allowed and disallowed substitutiongl( 72). Application ~Of the determination of the crystal structure of insulin (The
of random cassette mutagenesis to peptide libraries, pioneered/niversity of York, York, England, 1989). We dedicate this
by Kent and co-workersl6), provides a chemical approach ~ article to her memory.
to dissecting determinants of foldability. In the present study,
the ability gf B chain variants to cotr>r/1bine w?ch the wild—y SUPPORTING INFORMATION AVAILABLE
type A chain provides a functional selection. Advances in  Nine figures illustrating disulfide pairing and structural
both synthetic methodologies and MS sequencing methodsyelationships in insulin crystals, visible absorption spectra
may enable this approach to be extended to multiple sites inof cobalt-substituted hexamers, additional CD and NMR
the A and B chains. Such studies are motivated by the Spectra, diagona| p|ot of NOES, and summary of NMR
hypothesis that the evolution of insulin sequences is con- sequential assignment. Nine tables providing B8 dihedral
strained in part by foldability: complementary requirements angles, summary of mutations at sites neighboring B8,
for specific disulfide pairing andgainsttoxic misfolding.  crystallographic unit-cell dimensions, NMR resonance as-
The present study has established thahdp substitutions  signments, statistical information pertaining to DG/RMD

at position B8 exhibit striking stereospecific modulation of ensemble, and restraints. This material is available free of
Syntheth erIdS and thermOdynamlc stabilities. We SpeCUlate Charge via the Internet at http://pubs_acs_org_
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