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ABSTRACT. The landscape paradigm of protein folding can enable preferred pathways on a funnel-like
energy surface. Hierarchical preferences may be manifest as a nonrandom pathway of disulfide pairing.
Stepwise stabilization of structural subdomains among on-pathway intermediates is proposed to underlie
the disulfide pathway of proinsulin and related molecules. Here, effects of pairwise serine substitution of
insulin’'s exposed interchain disulfide bridge (€¥sCys?’) are characterized as a model of a late
intermediate. Untethering cystine AB7 in an engineered monomer causes significantly more marked
decreases in the thermodynamic stability and extent of folding than occur on pairwise substitution of
internal cystine A6-A11 [Weiss, M. A., Hua, Q. X., Jia, W., Chu, Y. C., Wang, R. Y., and Katsoyannis,

P. G. (2000)Biochemistry 3915429-15440]. Although substantially disordered and without significant
biological activity, the untethered analogue contains a molten subdomain comprising cystin8¥X20

and a native-like cluster of hydrophobic side chains. Remarkably, A and B chains make unequal
contributions to this folded moiety; the B chain retains nativelike supersecondary structure, whereas the
A chain is largely disordered. These observations suggest that the B subdomain provides a template to
guide folding of the A chain. Stepwise organization of insulin-like molecules supports a hierarchic view
of protein folding.

Insulin is a globular protein containing two chains, suggested that the sulfur atoms are not required per se for
designated A (21 residues) and B (30 residué) $tored receptor recognitioh(16), it is not known whether cystine
as a ZAt-stabilized hexamer in the humah cell, the A7—B7 contributes to the hormone’s receptor-binding
hormone functions as a Zhfree monomerZ). Despite its surface. We describe herein pairwise substitution ofA"Cys
small size, insulin contains representative features of largerand Cy§” with serine in an engineered insulin monomer
proteins, including canonical elements of secondary structure(DKP-insulin)? The analogue (designated DKles[A7—
and a well-ordered hydrophobic cor&®).( The protein B7]5®) provides a model of a late folding intermediafé,
contains three disulfide bridges, two between chains (cystines17). Dramatic decreases in the analogue’s stability and
A7—B7 and A26-B19) and one within the A chain (cystine
A6—A11). Oxidative refolding of proinsulin and insulin ! Abbreviations: BPTI, bovine pancreatic trypsin inhibitor; DKP-
chain combination in each case lead to native disulfide insulin, monomeric insulin analogue containing three substitutions in

- . . . P . the B chain (Asp'®, Lys®?8, and Pr&?% see Table 1); DKRies-[A7—
pairing @4—7). Studies of proinsulin-like molecules by air B7]%¢ insulin analogue containing substitutions’Send Set’ as well

oxidation or redox-coupled disulfide exchange have revealed as DKP substitutions in the B chain (See Table 1); DQF-COSY, double-
a preferred pathway of populated intermediates (Figure 1A; quantum-filtered correlation spectroscopy; IGF-I, insulin-like growth

_ factor I; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser
i?ESB).?TQ'e Sﬁc.uddy Er.edsent.ed he;e_fO(f)ulzt_ES on tze ;Olg.ﬁf thee_nh‘ancement; NOESY, NOE spectroscopy; HPLC, high-performance
Isulnde bridge in protein folding and stability. jiquid chromatography; SA, simulated annealing; TOCSY, total cor-

Unlike internal cystines A26B19 and A6-Al1l, the A7 related spectroscopy; 2D NMR, two-dimensional NMR.
B7 disulfide bridge lies on the protein surfa¢€igure 1B). 2 Cystine A7-B7 lies on the surface of the T-state protomay, (

: : : : which is the predominant conformation of insulin as a monomer in
Although previous studies of an active analogue with a solution @4, 39, 79). However, following the T— R transition (an

noncleavable aliphatic bridge between residues A7 and B7 allosteric feature of insulin hexamerg3, 65), cystine A7-B7 lies
within a hydrophobic cleft between the A and B chains (see Figure 8);
its torsion angle also undergoes a change in handed@dps (
T This work was supported by grants from the extramural diabetes 3 Studies of [A7,B7k,L-2,7-diaminosuberoylfies(B26—B30)-insulin
program of National Institutes of Health to M.A.W. and P.G.K. and B25-amide (an analogue in which the AB7 disulfide bridge was
by the Diabetes Research and Training Center of The University of replaced with an aliphatic linker) by Brandenburg and colleagli€s (
Chicago (S.H.N. and M.A.W.). suggest that the sulfur atoms are not specifically required for activity
* To whom correspondence should be addressed. M.A.W.: e-mail, but do not address whether the polarity of the tether influences
weiss@biochemistry.cwru.edu; telephone, (216) 368-5991; fax, (216) biological activity. The analogue was only partially purified, however,
368-3419. P.G.K.: e-mail, Panayotis.Katsoyannis@mssm.edu; tele-precluding rigorous assessment of its biological activity. Previous

phone, (212) 241-9350; fax, (212) 996-7214. studies of analogues containing A7 and B7 modificati@is-82) were
* Case Western Reserve University School of Medicine. performed prior to HPLC purification of monocomponent insulins.
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A. Putative Path - -
utalive Fathway Table 1: Design of Insulin Analogugs

(A6 - A1) ——==== [AG- A1, A20-B19] W substitution location purpose
us N B10 His—Asp surface ofi-helix destabilize trimer
slow " / B28 Pro—Lys surface off-strand destabilize dimer
A20 - B19 A7-B7, A20-B19] ~How B29 Lys—Pro surface offi-strand destabilize dimer )
[ I { slow I A7 Cys— Ser exposed disulfide bridge untether A and B chains
fast _— B7 Cys—Ser exposed disulfide bridge untether A and B chains
[A6 - B7, A20-B19] . Kinetic
other off-pathway traps @ DKP-insulin contains three B chain substitutions, whereas DKP-
disuifide isomers des[A7—B7]5* contains five substitutions; the latter retains native-A6

A1l and A20-B19 disulfide bridges. The B28B29 inversion was
) motivated by homology to IGF-I to destabilize insulin’s classical dimer
A e £ interface 82). AspP0 destabilizes the hexamer interfa@s)

B. Solvent-Exposed Bridge

absence of detectable disulfide isomers indicates that folding
information intrinsic to proinsulin’s sequence resides within
A isolated A and B chains7f. Sequence specificity is
A7-B7 P & chain highlighted by the exquisite sensitivity of chain combination
(top view) yield to a subset of mutations in either cha®3), The extent
Ficure 1: Putative disulfide pathway of proinsulin and role of the to Whlch this reaction is under thermodynamic versus kinetic
A7—B7 disulfide bridge. (A) Proposed pathway based on bio- €ontrol is not well understood. o _
chemical mapping studies of proinsulin-like moleculd$)( U Similarities between folding of proinsulin and insulin chain
designates the unfolded and reduced polypeptide; N designates the&ombination suggest that analogous mechanisms in each case
Rgt(i)"e;itg)telr‘]"t’gr‘mtgé?aetedissugﬂ‘ijees grrig%issi(ﬁgtleld’ t')”c?lz;h :(2‘;'_ o o SPecify the fidelity of disulfide pairing. Accordingly, insulin
[A20—-B19] indicatesaspegies containinggone disul);id)é bridge.’Thge ‘analogues Iacklnlg one or more dls'ulflde.brlc.iges may be
designations “fast” or “slow” refer to the recent kinetic study of regarded as peptide models of protein-folding intermediates
Feng and co-workerd 5). Technical limitations in peptide mapping  (24). Design of such analogues is based on biochemical
precluded unambiguous assignment of disulfide pairing schemes,characterization of the disulfide pathway of a single-chain

SO %he proposed P"’t‘.th""afy is in part hﬂPOtT‘etic_a'- (B)I Va”t der Waf"t‘)'ls insulin precursor (Figure 1A15). As previously observed
surface representation of porcine insulin snowing solvent-accessinlie. . . . .
positions of cystine A#B7. The two sulfur atoms are shown in in studies of insulin-like growth factor | (IGF-IB10, 13,

yellow and G methylene groups in black. The A chain is otherwise 17), oxidativ_e refolding of the precursor polypeptide pro_ceeds
shown in red and the B chain in blue. The orientation is a “top through a discrete and nonrandom set of populated disulfide
view” relative to the standard depiction of insulin (see Supporting species, which presumably represent both on- and off-
Information). The position of cystine A7B7 in relation to insulin’s pathway intermediateF). The productive pathway is not

putative receptor-binding surface is shown in Figure 8. Coordinates | ". t least t int ted ch Is lead to th
were obtained from the crystal structure of gifisulin hexamer ~ UNIQUE as at least two Iinterconnected channels lead 1o the

[molecule 1 (Chinese nomenclature) of 2-Zn insuBj, @nd PDB native state (Figure lA) In one channel, the final disulfide

(N}

entry 4INS]. bridge (cystine A#B7) lies on the protein surface, whereas
in the other, it is internal (A6A11). Terminal formation of

function illuminate the essential role of the AB7 cross- an exposed disulfide bridge is a hallmark of the oxidative

link in stabilizing insulin’s structure and functidn. pathway of the bovine pancreatic trypsin inhibitor (BPTI)

Insulin is generated in vivo by proteolytic processing of a (26, 27). The native-like structure of the preceding two-
single-chain precursor, designated proinsulin, in which a disulfide BPTI intermediate orients the terminal thiolates for
connecting peptide joins the C-terminus of the B chain to rapid oxidation. The celebrated complexities of the BPTI
the N-terminus of the A chairll@). Proinsulin and a variety  disulfide pathway arise in part due to kinetic barriers to
of related single-chain analogues are employed in recombi-further oxidation of native-like intermediate®6]. Because
nant methods of pharmaceutical manufactlel©—21). BPTI analogues containing a single disulfide bridge exhibit
That the connecting peptide acts only as a passive topologicahative-like structure 28—30), the process of subsequent
tether (i.e., it enables disulfide pairing to occur as an disulfide pairing and rearrangement may be unrelated to
intramolecular process but is otherwise without specific general mechanisms of hierarchical folding in a funnel-like
folding information) has been demonstrated by two comple- landscape.
mentary lines of evidence. First, “reverse proinsulin”’, a  We demonstrate here that formation of a terminal solvent-
topological analogue in which a rearranged connecting exposed disulfide bridge in a protein may be accompanied
peptide links the N-terminus of the B chain to the C-terminus by substantial local and nonlocal protein folding. Design of
of the A chain, exhibits folding properties similar to those the present two-disulfide insulin analogue utilizes an engi-
of native proinsulin 22). Second, under suitable conditions, neered monomer (DKP-insulir1—33) as a template to
air oxidation of isolated A and B chains preferentially yields avoid confounding effects of self-association. The analogue
covalent A-B heterodimers with native disulfide pairing)( thus contains additional substitutions in the B chain that

This reaction is known amsulin chain combinationThe weaken the hormone’s classical dimer- and hexamer-forming
surfaces (Hig'® — Asp, Pr&?® — Lys, and Ly§?° — Pro;
4While this paper was in preparation, related analogue[Sgef’]- Table 1). The parent analogue retains a native T-state

desThr®3%insulin was obtained in low yield by biosynthetic expression  structure in solution32, 33) and exhibits twice the biological

of an insulin precursor59). Consistent with the results presented in  4ctjvity of native human insulin3d). Pairwise substitution
this paper, the two-disulfide analogue exhibits marked decreases in helix 7 7. L .
content (as probed by CD) and function as evaluated in vivo using a Of CyS*" and Cy§” with serine is shown to lead to substantial

rat hypoglycemic convulsion assay. protein unfolding with a profound decrease in global
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thermodynamic stability. RemarkablyH NMR studies
demonstrate that the A and B chains make asymmetric
contributions to the folded moiety. Whereas the A chain is
largely disordered, the B chain retains native-like supersec-
ondary structure. Unlike the corresponding analogue of IGF-|
(35), DKP-des[A7 —B7] exhibits extremely low activity. The
A7—B7 disulfide bridge thus stabilizes key determinants of
insulin’s biological activity and may itself engage the insulin
receptor. The novel partial fold of DKBes[A7—B7]%¢"
provides strong support for a hierarchic model of proinsulin
folding and insulin chain combination as a stepwise confor-
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previously @3, 34). Final purification of this product by
reversed-phase high-performance liquid chromatography
(HPLC) yielded 0.3 mg of the purified insulin analogue.
Amino acid ratios were as follows: Aspa), Throe 3, Ser,,
@, Glus.7 (7y GlYya2 4y Alar1 1) Valss ) lle1s ) LEUs1 (o)
TYr.6 uy Ph&o0 (3) HiSoo 1y LYSo.0 1y and Arg o 1y the levels
of Pro and Cys were not determined. The analogue’s
predicted molecular mass (5755.8 Da) was verified (5757.3
Da) by electrospray mass spectrometry.

Peptide Mapping of DKP-des-[A7B7]%¢" Digestion of
DKP-insulin and DKPdes[A7—B7]%®" analogues bySta-

mational search among a redox-sensitive series of energyphylococcus aureu¥8 protease (Pierce) enabled mapping

landscapes.

EXPERIMENTAL PROCEDURES

Materials 4-Methylbenzhydrylamine resin (0.63 mmol of
amine/g; Bachem, Inc.) was used as solid support for
synthesis of the A chain analoguli-butoxycarbonyl©-
benzylthreonine-PAM resin (0.6 mmol/g; Bachem, Inc.) was

used as solid support for synthesis of the B chain analogue.

tert-Butoxycarbonyl amino acids and derivatives were ob-
tained from Bachem, Inc. Amino acid analyses of synthetic
chains and insulin analogues were performed after acid
hydrolysis with a Hewlet Packard Amino Quant Analyzer

(model 1090). Chromatography resins CM52 and DE52
cellulose (Whatman) and Cellex E (Ecteola cellulose; Sigma)
were used.

Peptide Synthesighe protocol for solid-phase synthesis
is as described previously3€). The C-terminal Asn in
synthesis of the A chain was incorporated into a solid support
by couplingtert-butoxycarbonylaspartic acid-benzyl ester
with 4-methylbenzhydrylamine resin. After the final depro-
tection, the Asp residue was converted to an Asn residue.

(i) Synthesis of A Chain S-Sulfonaterom 3 g of
4-methylbenzhydrylamine resifl g ofpeptidyl A chain resin
was obtained. Peptidyl resin (0.7 g), after deblocking and
sulfitolysis, yielded 220 mg of crude A chain, which on
chromatography on a Cellex E coluni3( 34) afforded 88
mg of purified S-sufonated (A7) chain. Amino acid
analysis gave the following ratios, in agreement with the
theoretically expected values shown in parentheses; Asp
@, Thrio 1y Seb.7 @y Glusz @y Glyio ay Valos @y lleis @y
Leu,, ,, and Tyk: (2; the level of Cys was not determined.

(i) Synthesis of B Chain S-Sulfonaterom 1.3 g of
N-butoxycarbonyl©-benzylthreonine-PAM resin, 5.1 g of
peptidyl B chain resin was obtained. Peptidyl resin (0.8 g),
after deblocking and sulfitolysis, yielded 474 mg of crude
B chain, which on chromatography on a DE52 cellulose
column @3, 34) afforded 133 mg of purified S-sulfonated
DKP [SeF’] chain. Amino acid analyses gave the following
ratios, in agreement with expected values: Asp, Thri7
@, Setig 2y Gluso 3y Gly29 3y Alawo 1y Vala1 3y LEUs1 (ay
Tyrao @ Phe 4 G) Hiso.g @ LYSo.9 @y and Arg o o the levels
of Pro and Cys were not determined.

Interaction of Deriatives Chain combination was effected
by interaction of the S-sulfonated derivatives of FAJ A
chain (40 mg) and DKP [B¥] B chain (20 mg) in 0.1 M
glycine buffer (pH 10.6, 10 mL) in the presence of dithio-
threitol (5.0 mg). Purification of the combination mixture
by CM52 cellulose chromatography led to the isolation of
2.1 mg of the hydrochloride of the analogue as described

of disulfide-containing peptide fragments)( The reaction
was carried out with 10 and 29 of analogue and enzyme,
respectively, in 0.16 mL of 0.05 M Tris-HCI (pH 8.0) at 37
°C for 5 h. A portion (40uL) of the digested mixture was
acidified by the addition of neat acetic acid (10), and the
sample (4QuL) was analyzed by reverse-phase HPLC on a
Microsorb C18 column (0.46 cm 25 cm, Rainin) using an
elution gradient between an aqueous mixture of 0.1 M
phosphoric acid and 0.02 M triethylamine (adjusted to pH
3.0 with NaOH) and acetonitrile. The concentration of
acetonitrile was 15% (v/v) at the start and was increased at
a rate of 1%/min. Absorbance was measured at 214 nm using
a Perkin-Elmer series 4 chromatographic system and an LC-
85 UV detector. In the chromatogram corresponding to DKP-
insulin, three peaks were observed corresponding to peptides
containing residues (i) B22B30, (i) A18—A21 in disulfide
linkage to B14-B21, and (iii) A5—A17 in disulfide linkage

to B1-B10. In the chromatogram corresponding to DKP-
des[A7—B7]%® peak iii did not exist. Instead, two new peaks
were observed, corresponding to the-A&17 and B1-B10
fragments due to a lack of an AB7 disulfide linkage.

Biological Assays Receptor binding studies were per-
formed using a human placental membrane preparation as
described previoush3(). Relative activity is defined as the
ratio of analogue to human insulin required to displace 50%
of specifically bound?3-labeled human insulin (purchased
from Dupont Amersham).

Spectroscopy'H NMR spectra were obtained at 600 MHz
and 25°C in 50 mM potassium phosphate (pH 7.0) and
independently in 20% deuterioacetic acid (pH 1.9) as
described previously3d, 38); the protein concentration was
1.5 mM. Spectra in BD were obtained using pulse-field
gradients and laminar-shaped pulsg4)(CD spectra were
obtained using an Aviv spectropolarimeter equipped with
thermister temperature control and an automated titration unit
for guanidine denaturation studies. CD samples for wave-
length spectra contained 250 «M insulin analogue in 50
mM potassium phosphate (pH 7); samples were diluted to 5
uM for equilibrium denaturation studies.

NMR Resonance Assignmehtie NMR spectrum of DKP-
des[A7—B7]% at neutral pH was partially interpreted by a
bootstrap strategy; sequential assignment was obtained in
20% deuterioacetic aciBB8) and extended by analogy to
neutral pH 84). This approach exploits a fortuitous narrow-
ing of shifted resonances in the organic cosolvent, presum-
ably due to more complete averaging of chemical shifts on
the NMR time scale. Sequential assignment in the cosolvent
system was based on DQF-COSY, TOCSY (mixing time of
55 ms), and NOESY (mixing time of 200 ms) spectra.
AssociatedJ,n coupling constants in the folded moiety could
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that results are robust to baseline uncertainties within the

Table 2: Properties of Insulin Analogides e h VT
limits of the two-state model. Tha values obtained in fitting

Cmid m(kcal  potency

analogue AG, AAG, M) moFiM-Y) (%) the variant unfolding curve are in each case significantly
DKP-insulin 4.9+ 0.1 —  58+0.1 0.84+0.01 161+ 19 lower than them value obtained in fitting the wild-type
DKP-des 1.44 0.4 —3.5-+ 0.5 2.7+ 0.4 0.52+ 0.08 5 unfolding curve (DKFf-msuIm, see Tgble 2). This situation

[A6—AL11]Na can be associated with an underestimate of the analogue’s
Dﬁigﬁjll]%, 1.9403 -3.0+0.4 29403 0.65£0.07 0.1 stability. The analogue’s lowen value may reflect its more
DKP-des exposed hydrophobic surface in the absence of denaturant

][32\71—5713” 03406 46407 074 11 048L 0.05 0.00 and/or existence of a native-state ensemble containing a

fit 2 05401 —44+02 12403 0464 003 distribution Qf mcomple_tely folded form; of d|ffer|ng stability

fit 3 03+02 —4.64+ 0.3 0.94+ 0.3 0.34+ 0.02 (41). Analysis of unfolding curves in this setting has recently

a AG, indicates the apparent change in free energy on denaturation bee_n_ C_OnSIdered by Luo and Baldwin Ir_] a study Qf an
in guanidine-HCI as extrapolated to zero denaturant concentration by €quilibrium molten globule (apomyoglobir42). In- this
a two-state modeAAG, indicates the difference iAG, values relative formalism, an upper bound to the stability of the analogue
to that of DKP-insulin. Thermodynamic differences between Di#€3- is obtained by multiplying it§Cns[value (an apparent value

[A6—AL1]"* and DKPdes[A6 —AL1]*are not significant. Uncertain- reflacting an average over an ensemble of distinct partial
ties in two-state fitting parameters do not include possible systematic -
folds) by the nativam value.

error due to non-two-state behavi@iq is defined as that concentration
of guanidine-HCI at which 50% of the protein is unfolded. Thealue
provides the slope in plotting the unfolding free eneAd, ([G.-HCI]) RESULTS

vs the molar concentration of denaturant; this slope is proportional to

the protein surface area exposed on unfolding. Potencies are expressed DKP-des[A7 —B7]%¢'was prepared by total synthesis (see

as percent affinity for the human placental insulin receptor, defined Experimenta| Procedures). The ana|ogue contains one sub-

relative to native human insulin (100%). Fits-2 in the analysis of stitution in the A chain and four in the B chain (Table 1)
DKP-des[A7 —B7]°¢"designate nonlinear least-squares fitting assuming Protein design is based on DKP-insulin, a high-activitg/

(1) simultaneous fitting of slopes of pre- and post-transition baselines, - ]
(2) a horizontal pretransition baseline with simultaneous fitting of the €ngineered monome82, 33). The yield of DKPdes[A7—

slope of the post-transition baseline only, or (3) horizontal pre- and B7]%¢" on chain combination was 3-fold lower than that
post-transition baselines without fitting of either slope (see Experimental ghserved in the synthesis of DKP-insufiThe presence of
Procedures). native A6-A11 and A20-B19 disulfide pairings in the
_ HPLC-purified DKPdes[A7—B7]%¢ product was verified

not be inferred from DQF-COSY {+Hy cross-peaks as by peptide mapping. The biological activity of DKdes
conformational broadening leads to antiphase cancellation.[A7 —B7]S¢, measured by analysis of specific binding to the
The bootstrap procedure is justified by insulin’s native jnsulin receptor, was found to be 0.002% & 4.5 x 1075
structure in 20% deuterioacetic aci@4( 39), overall M) relative to the activity of human insulin. This represents
similarities between the analogue’s spectra under the twoan extraordinary reduction of 3fold relative to that of
conditions, and the consistency between NMR-derived helix DKP-insulin (20, 33), mutations in the putati\/e receptor-
content in the cosolvent system and CD-derived helix content pinding surface ordinarily exhibit decreases in affinity of less
at neutral pH (see the Results). Tables of chemical shiftsthan 16-fold (and usually less than #@old; 3). The
and additional NMR spectra are provided as Supporting corresponding analogue of IGF-I (Ser6, Ser48) retains 0.3%
Information. native affinity for the type I IGF-I recept®r(12, 35).

Thermodynamic ModelingSuanidine denaturation data Analogue Exhibiting a Neel Partial Fold. The far-
were fitted by a nonlllnear Ieagt—squares m_ethod t0 a tWo- iraviolet (UV) circular dichroic (CD) spectrum of DKP-
state model as described previousf)( In brief, CD data  yoq[A7—B7]5*"at 4°C provides evidence of a partial fold.
0(x), wherex indicates the concentration of denaturant, were o anaj0gue exhibits decreased helix content [asterisk in

fitted by a nonlinear least-squares program according to Figure 2A O)] relative to the parent DKP-insulin monomer
(- AG\ 10— MA/RT (®). The extent of attenuation is more marked than that
Op + Oge previously observed in studies of DKdes[A6—A11]Se"
1 + @(~AGH0-MYRT (Figure 2B). To evaluate the thermodynamics of protein
unfolding, denaturation in guanidine-HCI was monitored at

wherex is the concentration of guanidine and whégeand @ helix-sensitive wavelength of 222 nm (Figure 2C). DKP-
respectively. These baselines were approximated by pre- ancptate free energy\G,) of 4.9+ 0.1 kcal/mol (line 1 in Table -
post-transition line®a(x) = HaH° + max andds(X) = OgH° 2;43) as estimated by nonlinear least-squares fitting. Pairwise
+ mgx. Fitting the original CD data and baselines simulta-
neously circumvents artifacts associated with linear plots of s n contrast to the results presented here, synthetic studies of DKP-
AG as a function of denaturant accordingtG°(x) = AGg,0 des[A6—A11]5* and DKPdes[A6—A11]*a demonstrated chain com-

. . ' . o . . analogue was also investigated by othé&?3)(
nons'gmo'dal shape of the_ .unfOId'ng_ transition m_akes def',n" & Analysis of the IGF-I analogue’s structure and stability by CD,
tion of pre- and post-transition baselines uncertain, modeling guanidine titration, and fluorescen@5| suggests perturbations similar
was also performed assuming that @3(x) = 0H° with to those described here. Although the exterftoNMR chemical shift

i _ it ; — dispersion was likewise reduced, NOESY spectra demonstrated reten-
fitting of only the post-transition baseline and (@)(x) tion of a native-like 143-Y60 contact, corresponding to packing of

A" andOg(X) = 05™° without either baseline fitting (see  |jeA2 and Tyr19 in insulin. The latter NOE is not observed in DKP-
Table 2). The consistency of extracted parameters indicatesdes[A7—B7]%%, suggesting a less compact structural ensemble.

0(x) =
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Ficure 2: CD studies of an insulin analogue demonstrating the
marked loss of structure and thermodynamic perturbation. (A and
B) Untethering of cystine A#B7 leads to more severe loss of
structure than does untethering of cystine-A6L1: (A) far-Uv

CD spectrum of DKRdes[A7—B7]5¢" (asterisk) relative to the
spectrum of DKP-insulin (wt) and (B) CD spectrum of DKIes
[A6—A11]5¢ (control) relative to the spectrum of DKP-insulin (wt).
(C and D) Guanidine unfolding curves (C) and thermal unfolding
curves (D) ofdes[A7—B7]5¢" (asterisk) relative to those of DKP-
des[A6—A11]5¢"(C) and DKP-insulin (wt). (E) Expansion of the
guanidine unfolding curve of DKBes[A7—B7]5¢ highlights the
nonsigmoidal character of the transition. (F) Expansion of the
thermal curve of DKRies[A7—B7]%¢" highlights the extent of
destabilization T, > 25 °C). Thermodynamic parameters derived
from guanidine titration curves are given in Table 2.

substititution of cystine A6A11 with either alanine or serine
leads to a similar destabilization (estimated change in free
energyAAG, of 3 + 0.3 kcal/mol; lines 2 and 3 in Table 2)
with retention of sigmoidal cooperativity. Inspection of
unfolding curves suggests that DKIRs[A7 —B7]* is even
less stable. Further, the shape of the curve exhibits a
qualitative change: lack of sigmoidal character (see the
asterisk in Figure 2C and expansion in Figure 2E), suggesting
possible non-two-state unfolding. Although application of
the two-state formalism is complicated by unclear pre- and
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Ficure 3: Non-two-state thermal unfolding of a two-disulfide
analogue. (A and B) Control studies of DKP-insulin. (A) Far-Uv
CD spectra of DKP-insulin at 5 and 7€ indicate partial loss of
helix content. (B) Comparison of multiple spectra at 5 (black), 10
(red), 20 (blue), 30 (green), 40 (fushia), 50 (yellow), 60 (brown)
and 70°C (light blue) indicates the presence of an isoasbestic point
(arrow) consistent with a two-state unfolding transition. (C and D)
Parallel CD studies of DKRles[A7—B7]5¢ reveal the less marked
effects of temperature and the absence of an isoasbestic point.

wavelength (nm)

predict an apparent value faG, of <1 kcal/mol and hence
value forAAG, of >3.9 kcal/mol.

The models also imply a significant reduction in time
value (column 5 in Table 2}4), consistent with a change in
the extent of hydrophic exposure of DKies[A7—B7]¢
that is smaller than that which occurs on denaturation of
DKP-insulin or DKPdes[A6—A11]¢. This is as expected
given that under native conditions DKdRs[A7 —B7]5¢ is
already substantially unfolded. In the setting of a reduced
value, however, it is possible that the fitted valueAd®,
underestimates the actualG, (41). An upper bound may
be estimated by the formalism of Luo and Baldwin,
developed to measure the average stability in a heterogeneous
system, such as a distribution of incompletely folded forms
(42). The apparentniq is regarded as the ensemble average
of Cnigj values due to specieswith fractional contribution
Q.

[q:sz zaicmi

An upper bound for the stability of the heterogeneous system
is obtained as the product &Cyq(Jand the nativen value.
Use of the maximalCny value obtained by two-state
modeling (1.8 M; upper bound of 0F 1.1 M; see fit 1 in

post-transition baselines, experimental points are consistentTable 2) yields 1.5 kcal/mol as an upper bound g8,

with a two-state function of the form

QA + 036(_AG°H20_mX)/RT

H(X) - 1 + e(*AGOHzome)/RT

as fit by a nonlinear least-squares algoritha®)( Three
modeling procedures each yielgf values greater than
0.999: simultaneous fitting oAGy, m, and pre- and post-
transition baselines (fit 1 in Table 2), simultaneous fitting
of AGy, me, and the post-transition baseline (fit 2 in Table
2), and fitting of AG, andm with fixed horizontal pre- and
post-transition baselines (fit 3 in Table 2). The models each

The profound instability of DKRies[A7—B7]5¢" is thus
robust to choice of model.

Analogous instability is seen in thermal unfolding. DKP-
des[A7—B7]5 exhibits incremental and progressive attenu-
ation of ellipticity with increasing temperature. The apparent
thermal unfolding midpointTy,) is reduced by at least 25
°C relative to that of DKP-insulin. Because the two-disulfide
analogue exhibits an attenuated helix content under native
conditions, the decrease in helix content observed at high
temperature is smaller than that seen in control studies of
DKP-insulin (Figure 3A,C). Non-two-state behavior in
thermal unfolding is suggested by the absence of an
isoasbestic point in a series of CD spectra obtained at
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Ficure 4: H NMR spectrum of DKPdes[A7—B7]%¢" at neutral '

| 'l I il cystine
1 ﬂ"' ?'“ — © Lo _/lii—Aﬂ
ﬂM rml L, UM " Y

pH in aqueous solution exhibiting a loss of dispersion: (A) DKP- L AD0.519
insulin, (B) DKP-des[A6—A11]5¢, and (C) DKPdes[A7—B7]Se" ) '

The relative changes in chemical shift dispersion are in accord with FIGURE 5: *H NMR signature ofo-helix and structural models.
relative helix contents as inferred from CD (see Figure 2). Selected (A) Summary of the sequential resonance assignment of Bé&>-
assignments of aliphatic resonances, including the upfield spin [A7—B7]5¢"in 20% deuterioacetic acid in Whrich format provid-

system of LeB1S, are as labeled. Amide assignments in spectrum ing evidence of the A16A19 helical turn and native-like B9
A are as describedt(): All, B8, B9, B6, B7, B19, B5, B7, and  B19 helix. The A chain is shown by convention on the left and the

B19. Corresponding spectra in 20% deuterioacetic acid (SupportingB chain on the right (opposite to the order of corresponding

Information) exhibit similar features. The amino acid substitutions sequences in the gene). Asterisks indicate sites of -€ySer
in DKP-insulin and DKPdes[A7—B7]S¢are given in Figure 5and  Substitutions; arrows indicate the three DKP substitutions in the B

Table 1. chain that yield a monomeric templat83{. The intensity of the
cross-peaks is represented in schematic fashion by the thickness

. . . . of the line. Open circles indicate sites of slowly exchanging amide
successive temperatures (Figure 3D). DKP-insulin by contrast osonances i'?] ID solution. (B and C) Cylinde)r/ modelsgof%KP-

exhibits a classical isoasbestic point (arrow in Figure 3B). des[A7—B7]%¢ (B) and DKP-insulin (C). Dashed lines in model
Asymmetric Unfolding of the A and B ChairiEhe 'H B denote disordered regions. The positions of the two native cystines

i — — Ser indi i
NMR specirum of DKPdes{A7—B7]5%(pH 7.2 and 25C) Th shaded neli i the native stte (C) highlights the modlariy
exhibits a reduction in dispersion relative to the spectrum of the N-terminal A-chairo-helix, whose segmental unfolding in
of DKP-des[A6—A11]5¢, which itself exhibits less disper- ~DKP-des[A6—A11]A¥Seris independent of the remainder of the
sion than that of DKP-insulin (Figure 4). Analysis of two- Protein @3).
dimensional (2D}H NMR spectra under these conditions
is limited by a combination of poor resolution (for those
resonances with near-random coil chemical shifts) an
differential line broadening (for those resonances with
significant secondary chemical shifts). Because the extent
of broadening is not significantly affected by protein
concentration in the range of 6:2.5 mM and occurs in the
context of sharp resonances elsewhere in the spectum, suc
broadening is ascribed to conformational exchange on the

(m|I!|_second) tlme_ scale of NMR chemical Sh_'f‘$? some region specific perturbations are coded by color. Aimost all
additional broadening due to transient self-association CannOtsymboIs are located in the lower-left triangle of each diagonal

be excluded. The combination of narrow and broad reso- yjot * reflecting the trend toward reduced chemical shift
nances suggests that the analogue contains a molten subdjispersion in the two-disulfide analogue. Symbols along the

main flanked by disordered segments. Sequential assignmenfjiagonal indicate resonances with similar secondary shifts
in 20% deuterioacetic acid (Figure 5A; see also Supporting i, DKP-des[A7—B7]5 and DKP-insulin; these predomi-
Information) demonstrates retention of a native-likeB9 nantly occur in the B chain supersecondary structure and
B19 a-helix and A16-A19 partial helical segment. Observa-  the A16-A20 segment. The distinctive upfield secondary
tion of protected amide resonances in#olution [Figure chemical shifts of the methyl resonances of By for

5A (O)] indicates that peptide hydrogen bonds are stably example, are retained with attenuated magnitude in both
maintained in the folded moiety. Native helical segments of solvent systems. Tables of chemical shifts and chemical shift
residues A2-A8 and A12-Al5 are not observed. Loss of  differences are provided as Supporting Information. A similar
o-helix in the A chain is consistent with the decreased overall pattern of chemical shifts is observed at neutral pH and
helix content of DKPdes[A6—A11]*2 as inferred by CD. assigned by analogy.

Two main chaindyy NOEs are seen within the AGA11 Retention of long-range NOEs (between the side chains
segment, presumably due to nonrandom conformationalof Phé®?* and Le#'® and between Ty and VaP'd)
preferences near cystine A@11. indicates that a native-like hetixurn—strand supersecondary

Sequential assignment in the organic cosolvent system

d enables assessment of trends in chemical sB8s \(Vhereas
many resonances in the A chain exhibit near-random coil
values, significant nonrandom shifts occur among the major-
ity of B chain resonances. B chain secondary shifts in part
recapitulate those of native insulin. An overview of such

hifts (defined as differences between observed chemical

hifts and tabulated random coil values) in DKES[A7 —
B7]%¢"and DKP-insulin is provided in Figure 6; chain and
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Ficure 6: Asymmetric loss of chemical shift dispersion in the A ®, (ppm)

and B chains. Magnitudes of secondary chemical shift|} are ) N Ser
plotted by proton class; in each panel, the ordinate derives from FIGURE 7: 2D 600 MHz'H NMR spectra of DKPdes[A7—B7]®>"
DKP-insulin and the abscissa derives from DH&S[A7 —B7]se" at neutral pH in aqueous solution demonstrating an ordered moiety.
The proton classes are as follows: (A) amide resonances, ¢8) H (A) A TOCSY spectrum of aromatic spin systems reveals partial
resonances, (C) methylene resonances, and (D) methyl and aromatiétention of chemical shift dispersion and line broadening. (B) The
resonances. Assignments are color-coded by segment: (yellow)@ligned portion of NOESY spectrum (mixing time of 200 ms)
residues A+Al1, (orange) residues AX2A21, (green) residues  contains cross-peaks between aromatic side chains (vertical axis;

B1-B8, and (blue) residues BB30. Partial unfolding of the two- ~ @2) and aliphatic protons (horizontal axie),) in the folded
disulfide analogue is manifest in each panel by points in the lower Moiety: Ph&—Lelf'* (indicated), (a) B16 k—-B12 yCHs, (b)

right-hand triangle. The preferential clustering of blue symbols along A19 He—A16 6CHj, (c) B16HO—B12 yCHs, and (d) A19 2"‘5_

the diagonal line reflects chain-specific retention of B chain B150CHs. No contacts are observed between”fyand lle*2. (C

supersecondary structure in the -B826 segment. and D) Corresponding TOCSY (C) and NOESY (D) spectra of
DKP-insulin exhibit marked chemical shift dispersion and density

of inter-residue contacts. Assignments are as shown. Spectra were

structure is retained in the B chair\s in DKP-insulin 34), obtained at 32C in D,O (pD 7.6, direct meter reading).

a long-range NOE is observed between the side chains of
Tyr*®® and Led™ indicating a native-like hydrophobic A1 ag segment within an otherwise native-like fold4

ﬁgjttgl' %or(rgf %?gd;r)'g I\Ilgng(;ﬁg%tes Na?eESbg(raervggsgcra\':\/evge?lt‘B)' Here, we have extended this approach to investigate the
P 9 ' consequences of untethering the solvent-exposedBY7

TyrA1® and Il€¥?, an otherwise invariant feature of insulin's "0 : -
native state). A schematic model of the folded moiety in dlsuslﬂde bp(_jge. Our results demonstrate that D#ES{A7
B7]°¢" exhibits a more severe loss of ordered structure than

DKP- A7—B7]%¢ is sh in Fi Bi lati ; .
des] J>*ris shown in Figure 5B in relation to was observed in studies of DKiRes[A6—A11]% or DKP-

the native T state (Figure 5C). This model contains stable A o L
elements of secondary structure (cylinders) and disordereddes[AG_All] °. We outline in turn possible implications

segments (dashed lines). Disorder is corroborated by motionaf©"” Structure-activity relationships and oxidative protein
narrowing of H—Hy resonances (AtA5, B1—B6, and foldl_ng. D|sulf|<_je intermediates oflnsullr_u and r_elated protel_ns
B27-B30), visualized in DQF-COSY spectra by robustness e?<h|b!t stepwise structural organization Wlth. successive
to antiphase cancellatiod%) in the organic cosolvent. These disulfide pairing (2, 35, 46). Similarities and differences
residues exhibit no detectable nonlocal nuclear Overhauseetween such hierarchical behavior and the oxidative refold-
effects (NOEs). The extent of organization in the proposed ing properties of model globular proteins (such as BPTI,
model is smaller than that observed in distance geometryo-lactalbumin, and ribonuclease A6, 27, 47-56) are
models of DKPdes[A6—A11]%¢"in which substantial struc-  discussed.

ture was retained in the A chain and hydrophobic cég.( Structure-Activity Relationships Our previous study

established that local unfolding of the internal -AA8
a-helix in DKP-des[A6—A11]"?2 (but not DKPdes[A6—
Analogues of DKP-insulin lacking cystine A6A11 A11]%®) is compatible with significant biological activity
(DKP-des[A6—A11]5" and DKPdes[A6—A11]*9) have (43). These results were consistent with an induced-fit
previously been shown to exhibit segmental unfolding of the model: the destabilized A1A8 segment regains helical
structure on receptor binding. The greater activity of the
7 Observed long-range NOEs in partially folded species may in alanine analogue was rationalized on the basis of alanine’s
principle reflect either stably maintained or transient interactions, i.e., greater helical propensity8, 57) and hydrophobicity §8)
contacts present in only a subset of molecules at a given time in an rg|ative to serine, local properties that would facilitate

ensemble of fluctuating structures. In contrast, maintenance of helix- . fthe A chain’ . in the h
related NOEs is corroborated by observation of slowly exchanging '€Storation of the A chain’s native structure in the hormene
receptor complex.

amide resonances in,D (see Figure 5A).

DISCUSSION
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Untethering the exposed AB7 disulfide bridge leads to
a 10-fold decrease in the level of receptor binding. A
similarly profound loss of activity in vivo has recently been
demonstrated using the rat convulsion as&&y. (The present

analogue’s extraordinary decrease in the level of binding,

greater in magnitude than the free energy of unfolding of
DKP-insulin itself, may in part reflect destabilization of the
hormone’s receptor-binding surfac® 60—62) and in part

a change in the environment of cystine-AB7 on receptor

binding. Two possible models are plausible, one based on

the crystallographic T state and the other on the R s&8e (
64).

() Engagement of Cystine AB7 in the Hormone
Receptor Interfacelhe functional deficit of DKPdes[A7 —
B7]5° raises the possibility that cystine AB7 directly

Hua et al.

A. T state

B8

© putative receptor contacts

engages the insulin receptor as previously suggested by g R state

Dodson and colleague8)( In the structure of the crystal-
lographic T state, the A7B7 disulfide bridge protrudes from
the surface (Figure 8A). Engagement of cystine-/377 at
the interface would extend the known boundaries of insulin’s
receptor-binding surface (Figure 88; 60—62).

(i) Packing of Cystine A#B7 in the Nonpolar Creice
of the HormoneThe T— R transition, well characterized
among crystallographic hexameB3(66), is characterized
by a change in the secondary structure of the—B8
segment from extended stranddehelix. This transition is
accompanied by changes in the dihedral angles of the A7
B7 disulfide bridge and GRf (shown in black in Figure 8A).
In the R state, cystine A7B7 is largely buried in a
hydrophobic cleft between chains (Figure 8B,C). Should
aspects of the ¥ R transition be recapitulated on receptor
binding, then the environment of the disulfide bridge could

change from exposed and solvated (free hormone) to

nonpolar and buried (bound hormone).

Either model could account for the very low activity of
DKP-des[A7—B7]%%; in each case, cystine AB7 is
proposed to pack within a nonpolar environment in the
hormone-receptor complex. The pol@OH groups of Ser
and/or Séet’ would hence be expected to destabilize the

R-State Hydrophobic Crevice

C D

(N) B chain

A7
‘,5 A8

Ficure 8: Putative receptor-binding surface of human insulin (gray)
based on the crystallographic T and R sta8s(f) T-State model.
Critical side chains of I€?, Val*3, and Tyf!® are highlighted in
the A chain along with the--amino group of GIg?; critical side
chains of Va#'2, TyrB26 and Ph&?5 are highlighted in the B chain.

A chain

variant complex, blocking induced fit. The general hypothesis Cystine A7-B7 (sulfur atoms shown as yellow balls) is exposed
that the environment of cystine AB7 changes from on the protein surface near these key determinants, most promi-

hydrophilic to hydrophobic on receptor binding can be tested €Nty Vafe. The side chains of S& and Hig"? (blue) are

. proposed to lie at one edge of the receptor interface, whereé® Thr
by future characterization of an [AT&Ala®’] or related (orange) is proposed to lie at the other. Side chains in gray indicate

analogue containing nonpolar side chains at A7 and B7. invariant surface sites at which mutations significantly impair
Unfortunately, such experiments cannot distinguish betweenactivity; other portions of the A and B chains are shown in red and

the models described above. Structural characterization ofPlue. respectively. Although this figure is based on the crystal-

the local role of the A7#B7 disulfide bridge in receptor

lographic T state, the active conformation of insulin is unknown.
The side chain of L€t} is mostly buried in the T state (magenta)

binding and assessment of the functional relevance of the Tpyt might be exposed on a change in configuration oP&(Z.,

— R transition will require crystallographic analysis of a
hormone-receptor complex.

It is surprising that corresponding serine substitutions in
IGF-I cause only a 300-fold decrease in the level of binding
to the type | IGF-1 recept61(35); the corresponding alanine
analogue likewise exhibits a 100-fold decremelf)( Such
a marked difference between insulin and IGF-1 may indicate
a difference in the mode of receptor binding. Differences
are in principle possible in global positioning of the ligand
with respect to the receptor or in the local environment of
the cognate disulfide bridge in the liganteceptor complex.
Alternatively, it is possible that IGF-I, as a single-chain

atoms shown in black). Another site of conformational change is
suggested at PR& (magenta) since, as a seeming paradox, its
substitution withp-Phe orp-Ala enhances insulin’s activity3j.
TyrB26 js not required for activity in the foreshortened analogue
despentapeptide (B26-B30)-insulin amide. The extent of contact
between insulin and its receptor is likely to be more extensive than
the gray region shown. (BD) R-State model. In a space-filling
model (B), sulfur atoms of cystine A7B7 (yellow) are predomi-
nantly buried in a crevice between the A and B chains. The
orientation of chains is defined by a ribbon model (C). The
hydrophobic character in this crevice is highlighted by color coding
(aliphatic side chains of L&8, Val*3, LelP:, and Ilé?; upper left

to lower right in panels B and D).

analogue, is less perturbed by loss of a long-range disulfidebetween homologous insutin and IGF-receptor com-
tether than is insulin as a two-chain molecule. Differences plexes have previously been demonstra@d-70). It is not
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known whether the conformational repertoire of IGF-I can
include features of insulin’s ¥ R transition and so whether
model ii above is relevant to its mode of receptor binding.
Oxidative Protein Folding.Studies of model globular
proteins have highlighted the principle that disulfide bridges
reflect rather than direct protein structure. An illustration of
this principle is provided by the demonstration of native
structure in BPTI analogues lacking two of its three native
disulfide bridges 29, 30). The complex choreography of

Biochemistry, Vol. 40, No. 41, 200112307

observation that pairwise serine substitution of yand
Cys19 (but not that of Cy&® and Cy$') precludes biosyn-
thetic expression of proinsulin analogues in ye&$§).(
Insulin-like growth factor | (IGF-I), a single-chain protein
homologous to proinsulin, refolds to native and non-native
disulfide isomers&—10). The non-native isomer (designated
IGF-swap) contains pairings A7A11, A6—B7, and A26G-
B19 (using insulin nomenclature; residues4s, 4752, and
18—61 in IGF-I). The two products exhibit similar thermo-

subsequent disulfide pairing and exchange in BPTI may thus dynamic stabilities). Formation of the non-native isomer
be regarded as peripheral to the central problem posed byin vivo is avoided by coexpression of specific IGF-1 binding
the conformational search of the unfolded-state ensémble proteins: formation of a specific complex shifts the equi-

(26, 29, 30). Complementary insights have emerged from
studies of ribonuclease A8—56) anda-lactalbumin 48—
51). An analogue ofr-lactalbumin in which each of its eight
cysteines has been substituted with alanine (“all-&laa”)
forms a compact molten structure with key native-like
features%2). The various disulfide bridges play distinct roles

librium to favor the native pairing schemgq). As in studies

of insulin precursors1(), refolding of IGF-I proceeds via a
well-defined set of disulfide intermediates3( 17). The first
populated intermediate contains cystine-88 (correspond-

ing to cystine A26-B19 in insulin;8, 9). Engineered models

of this and subsequent two-disulfide intermediates suggest

in stabilizing the native state, however, depending in part stepwise stabilization of structure with successive disulfide

on the intrinsic stability of neighboring long-range interac-
tions. There would be little entropic penalty, for example,

bond formation 15, 35, 46). “Strain” of cystine 4752 in
native IGF-I (corresponding to cystine A&11 in insulin)

in forming a cross-link between segments of the polypeptide is proposed to favor disulfide rearrangement to the swapped

chain already in proximity in the reduced-state ensemble.

We imagine that the hierarchical disulfide pathways of

isomer containing cystine 482 (12). Such strain rational-
izes the failure to detect during IGF-I refolding the ac-

proinsulin and related proteins reflect analogous structural cumulation of a single-disulfide species (i.e., corresponding
principles and propensities in this family of sequences. The to insulin species [A6A11]). The structural basis of strain
associated hierarchy of partial folds nevertheless highlightsin IGF-1 has not been defined. Like the corresponding

a critical difference, the lower intrinsic stability of the native
insulin fold.

The putative disulfide pathway of a single-chain insulin
precursor 15) presumably begins with random disulfide

disulfide isomer of human insulin7(), IGF-swap shares
some but not all of the structural features of native IGF-I
(72). The swapped disulfide pairing scheme corresponds to
a possible kinetic trap in the folding of proinsulin or insulin

pairing that rapidly reassorts to two predominant species, (71). It is not understood why the energy landscape of IGF-I
one containing cystine A26B19 and the other containing contains two minima whereas that of proinsulin contains a
cystine A6-A11. Although these two disulfide bridges are single ground state. The strain hypothesis in IGF-I does not
each buried in the native state, our results suggest aaccount for the marked instability of the “swapped” isomer
fundamental difference between their environments in popu- of human insulin.

lated intermediates. The A2B19 disulfide bridge partici- Concluding RemarksThis study has focused on a two-
pates in and presumably stabilizes a molten subdomain,disulfide analogue of human insulin corresponding to a late
whereas the A6A11 disulfide bridge spans a poorly ordered folding intermediate. The results are of interest from the
segment. We suggest that cystine -A811 is favored complementary perspectives of structure, function, and
because of the proximity of these sites in the sequence andolding. The analogue retains a native-like B subdomain with

instability of alternative local pairing schemes (a vicinatA6
A11 disulfide bridge and A7A11). In contrast, we suggest
that cystine A26-B19, involving sites distant in the polypep-

asymmetric destabilization of the A chain. Although such a
partial fold would be expected to exhibit impaired function,
the analogue exhibits an extraordinary decrease in receptor

tide sequence, is favored because of intrinsic long-rangeaffinity (10°-fold), larger than what seems to be compatible
structural propensities in the reduced polypeptide. We thuswith straightforward restoration of an active structure by
envisage that the [A20B19] species represents the first induced fit. We propose that the exposed-237 disulfide
“structural” intermediate, i.e., a species containing a stable bridge not only stabilizes the hormone’s global structure but
partial fold with native-like long-range contacts. This partial also enters a hydrophobic milieu on binding of the hormone
fold can form in the absence or presence of cystine-A6 to the insulin receptor. This milieu may be either within the
Al1, here regarded as peripheral to the initial logic of the bound hormone or at the hormoneeceptor interface. Any
conformational search. Our model is consistent with the direct contacts would extend insulin’s hydrophobic receptor-
binding surface 3, 60—62). That the homologous analogue
8 Interpretation of the BPTI disulfide pathwag®) has engendered ~ Of IGF-I retains higher activity2, 33 suggests a marked
controversy first because of technical reassessment focused on the rolaifference in either the structure or mode of receptor binding.
of non-native disulfide bridges4) and subsequently by its peripheral Structures of disulfide analogues of insulin and IGF-I

relationship to the energy landscape paradigm (new Vign76, 85). o . - . .
Because certain one-disulfide analogues exhibit native-like structures @XDibit @ hierarchical family of partial folds. Whereas

(28-30, 86), the BPTI disulfide pathway primarily reflects the existence ~ classical studies of protein folding focused on such inter-

of kinetic barriers en route to the native sta2&,(87) and the need for mediates and intervening barriers within predetermined

error correction via protein unfoldin@6, 88—90). Native structure in ; « g : :

a two-disulfide analogue has been demonstrated by X-ray crystal- pa;hway's (Figure 9A), the. NEW View" envisages myr.lad
trajectories along a funnel-like free energy landscape (Figure

lography 91). Partially folded BPTI intermediates have also been ) ] '
characterized92—94). 9B; 73, 74). Discrete intermediates are not necessary and,
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A. Pathway B. Landscape

helix formation and collapse

energy

*
intermediates

reaction coordinate

C. Succession of Landscapes

1mermed|ate I4

reduced
polypeptlde

one disulfide MG
bridge lntermeduate Io
two disulfide
bridges

SN

three disulfide

potential oridges

FiIGUrRe 9: Synthesis of classical pathway and landscape paradigms
(74—78). (A) A classical kinetic pathway is indicated in schematic
form in relation to a reaction coordinate. TS represents the transition
state. U and N represent unfolded and native states, jaauadl b
classical intermediate states. (B) Funnel model of the free energy
landscape in the new view of protein folding. Discrete intermediates
are relegated to incidental features near the global minimum,
peripheral to the major mechanisms involved in the folding chain’s
conformational search. (C) Proposed synthesis in which stepwise
oxidative folding of proinsulin and related proteins is viewed as a

pathway of successive energy landscapes with redox-sensitive depth

and topography. Because introduction of cross-links alters chain
entropy at each step, the physics of folding chains with zero to
three disulfide bridges differs in character in accord with experi-
mental observation of hierarchical stabilization of structural sub-
domains. Classical intermediates correspond to ensembles of partial
folds on an intermediate landscape. Such intermediate landscapes
are envisaged as integral (rather than incidental) to the proposed
folding mechanism. Mg designates molten globule.

when populated, may merely represent off-pathway kinetic
traps. We revisit the phenomenology of oxidative protein
folding from the perspective of energy landscapes. New and
classical viewpoints may be reconciletb] by associating
individual disulfide pairing schemes with distinct redox-
dependent landscapes. Because a disulfide bridge alters th
connectivity of the polypeptide chain, each oxidative inter-
mediate (in the absence of disulfide exchange) may be
viewed as exploring a distinct landscape. Further, the
instability of the insulin motif and its hierarchy of partial
folds imply large changes in landscape topography. Accord-
ingly, we imagine that the folding proinsulin chain is engaged
in a series of conformational searches along a succession o

redox-dependent energy landscapes (Figure 9C). Formation

of successive disulfide bridges represents a jump from one
hypersurface to another. A particular pairing scheme may
thus be used to label a landscape rather than a structure. Th
disulfide pathway of insulin-like proteins may thus be viewed

as a succession of conformational searches by ensembles of12.

progressive partial folds. This perspective, oxidative folding

as a search along a hierarchy of landscapes, depends on and, 3

is unmasked by the instability of the insulin motif.
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