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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 (CysA7-CysB7) are characterized as a model of a late
intermediate. Untethering cystine A7-B7 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 39, 15429-15440]. Although substantially disordered and without significant
biological activity, the untethered analogue contains a molten subdomain comprising cystine A20-B19
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,
designated A (21 residues) and B (30 residues) (1). Stored
as a Zn2+-stabilized hexamer in the humanâ cell, the
hormone functions as a Zn2+-free monomer (2). Despite its
small size, insulin contains representative features of larger
proteins, including canonical elements of secondary structure
and a well-ordered hydrophobic core (3). The protein
contains three disulfide bridges, two between chains (cystines
A7-B7 and A20-B19) and one within the A chain (cystine
A6-A11). Oxidative refolding of proinsulin and insulin
chain combination in each case lead to native disulfide
pairing (4-7). Studies of proinsulin-like molecules by air
oxidation or redox-coupled disulfide exchange have revealed
a preferred pathway of populated intermediates (Figure 1A;
8-15). The study presented here focuses on the role of the
A7-B7 disulfide bridge in protein folding and stability.
Unlike internal cystines A20-B19 and A6-A11, the A7-
B7 disulfide bridge lies on the protein surface1 (Figure 1B).
Although previous studies of an active analogue with a
noncleavable aliphatic bridge between residues A7 and B7

suggested that the sulfur atoms are not required per se for
receptor recognition2 (16), it is not known whether cystine
A7-B7 contributes to the hormone’s receptor-binding
surface. We describe herein pairwise substitution of CysA7

and CysB7 with serine in an engineered insulin monomer
(DKP-insulin).3 The analogue (designated DKP-des-[A7-
B7]Ser) provides a model of a late folding intermediate (15,
17). Dramatic decreases in the analogue’s stability and
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1 Abbreviations: BPTI, bovine pancreatic trypsin inhibitor; DKP-
insulin, monomeric insulin analogue containing three substitutions in
the B chain (AspB10, LysB28, and ProB29; see Table 1); DKP-des-[A7-
B7]Ser, insulin analogue containing substitutions SerA7 and SerB7 as well
as DKP substitutions in the B chain (See Table 1); DQF-COSY, double-
quantum-filtered correlation spectroscopy; IGF-I, insulin-like growth
factor I; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser
enhancement; NOESY, NOE spectroscopy; HPLC, high-performance
liquid chromatography; SA, simulated annealing; TOCSY, total cor-
related spectroscopy; 2D NMR, two-dimensional NMR.

2 Cystine A7-B7 lies on the surface of the T-state protomer (3),
which is the predominant conformation of insulin as a monomer in
solution (34, 39, 79). However, following the Tf R transition (an
allosteric feature of insulin hexamers;63, 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 handedness (64).

3 Studies of [A7,B7-L,L-2,7-diaminosuberoyl]-des-(B26-B30)-insulin
B25-amide (an analogue in which the A7-B7 disulfide bridge was
replaced with an aliphatic linker) by Brandenburg and colleagues (16)
suggest that the sulfur atoms are not specifically required for activity
but do not address whether the polarity of the tether influences
biological activity. The analogue was only partially purified, however,
precluding rigorous assessment of its biological activity. Previous
studies of analogues containing A7 and B7 modifications (80-82) were
performed prior to HPLC purification of monocomponent insulins.
Although activities in the range of 0.3-15% were reported, the
possibility of contamination by native insulin cannot be excluded.
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function illuminate the essential role of the A7-B7 cross-
link in stabilizing insulin’s structure and function.4

Insulin is generated in vivo by proteolytic processing of a
single-chain precursor, designated proinsulin, in which a
connecting peptide joins the C-terminus of the B chain to
the N-terminus of the A chain (18). Proinsulin and a variety
of related single-chain analogues are employed in recombi-
nant methods of pharmaceutical manufacture (6, 19-21).
That the connecting peptide acts only as a passive topological
tether (i.e., it enables disulfide pairing to occur as an
intramolecular process but is otherwise without specific
folding information) has been demonstrated by two comple-
mentary lines of evidence. First, “reverse proinsulin”, a
topological analogue in which a rearranged connecting
peptide links the N-terminus of the B chain to the C-terminus
of the A chain, exhibits folding properties similar to those
of native proinsulin (22). Second, under suitable conditions,
air oxidation of isolated A and B chains preferentially yields
covalent A-B heterodimers with native disulfide pairing (4).
This reaction is known asinsulin chain combination.The

absence of detectable disulfide isomers indicates that folding
information intrinsic to proinsulin’s sequence resides within
isolated A and B chains (7). Sequence specificity is
highlighted by the exquisite sensitivity of chain combination
yield to a subset of mutations in either chain (23). The extent
to which this reaction is under thermodynamic versus kinetic
control is not well understood.

Similarities between folding of proinsulin and insulin chain
combination suggest that analogous mechanisms in each case
specify the fidelity of disulfide pairing. Accordingly, insulin
analogues lacking one or more disulfide bridges may be
regarded as peptide models of protein-folding intermediates
(24). Design of such analogues is based on biochemical
characterization of the disulfide pathway of a single-chain
insulin precursor (Figure 1A;15). As previously observed
in studies of insulin-like growth factor I (IGF-I) (8-10, 13,
17), oxidative refolding of the precursor polypeptide proceeds
through a discrete and nonrandom set of populated disulfide
species, which presumably represent both on- and off-
pathway intermediates (25). The productive pathway is not
unique as at least two interconnected channels lead to the
native state (Figure 1A). In one channel, the final disulfide
bridge (cystine A7-B7) lies on the protein surface, whereas
in the other, it is internal (A6-A11). Terminal formation of
an exposed disulfide bridge is a hallmark of the oxidative
pathway of the bovine pancreatic trypsin inhibitor (BPTI)
(26, 27). The native-like structure of the preceding two-
disulfide BPTI intermediate orients the terminal thiolates for
rapid oxidation. The celebrated complexities of the BPTI
disulfide pathway arise in part due to kinetic barriers to
further oxidation of native-like intermediates (26). Because
BPTI analogues containing a single disulfide bridge exhibit
native-like structure (28-30), the process of subsequent
disulfide pairing and rearrangement may be unrelated to
general mechanisms of hierarchical folding in a funnel-like
landscape.

We demonstrate here that formation of a terminal solvent-
exposed disulfide bridge in a protein may be accompanied
by substantial local and nonlocal protein folding. Design of
the present two-disulfide insulin analogue utilizes an engi-
neered monomer (DKP-insulin;31-33) as a template to
avoid confounding effects of self-association. The analogue
thus contains additional substitutions in the B chain that
weaken the hormone’s classical dimer- and hexamer-forming
surfaces (HisB10 f Asp, ProB28 f Lys, and LysB29 f Pro;
Table 1). The parent analogue retains a native T-state
structure in solution (32, 33) and exhibits twice the biological
activity of native human insulin (34). Pairwise substitution
of CysA7 and CysB7 with serine is shown to lead to substantial
protein unfolding with a profound decrease in global

4 While this paper was in preparation, related analogue [SerA7, SerB7]-
des-ThrB30-insulin was obtained in low yield by biosynthetic expression
of an insulin precursor (59). Consistent with the results presented in
this paper, the two-disulfide analogue exhibits marked decreases in helix
content (as probed by CD) and function as evaluated in vivo using a
rat hypoglycemic convulsion assay.

FIGURE 1: Putative disulfide pathway of proinsulin and role of the
A7-B7 disulfide bridge. (A) Proposed pathway based on bio-
chemical mapping studies of proinsulin-like molecules (15). U
designates the unfolded and reduced polypeptide; N designates the
native state with three disulfide bridges (A6-A11, A7-B7, and
A20-B19). Intermediate species are designated by cystine(s); e.g.,
[A20-B19] indicates a species containing one disulfide bridge. The
designations “fast” or “slow” refer to the recent kinetic study of
Feng and co-workers (15). Technical limitations in peptide mapping
precluded unambiguous assignment of disulfide pairing schemes,
so the proposed pathway is in part hypothetical. (B) van der Waals
surface representation of porcine insulin showing solvent-accessible
positions of cystine A7-B7. The two sulfur atoms are shown in
yellow and Câ methylene groups in black. The A chain is otherwise
shown in red and the B chain in blue. The orientation is a “top
view” relative to the standard depiction of insulin (see Supporting
Information). The position of cystine A7-B7 in relation to insulin’s
putative receptor-binding surface is shown in Figure 8. Coordinates
were obtained from the crystal structure of a T6 insulin hexamer
[molecule 1 (Chinese nomenclature) of 2-Zn insulin (3), and PDB
entry 4INS].

Table 1: Design of Insulin Analoguesa

substitution location purpose

B10 Hisf Asp surface ofR-helix destabilize trimer
B28 Prof Lys surface ofâ-strand destabilize dimer
B29 Lysf Pro surface ofâ-strand destabilize dimer
A7 Cysf Ser exposed disulfide bridge untether A and B chains
B7 Cysf Ser exposed disulfide bridge untether A and B chains

a DKP-insulin contains three B chain substitutions, whereas DKP-
des-[A7-B7]Sercontains five substitutions; the latter retains native A6-
A11 and A20-B19 disulfide bridges. The B28-B29 inversion was
motivated by homology to IGF-I to destabilize insulin’s classical dimer
interface (32). AspB10 destabilizes the hexamer interface (33).
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thermodynamic stability. Remarkably,1H 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-I
(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 DKP-des-[A7-B7]Ser

provides strong support for a hierarchic model of proinsulin
folding and insulin chain combination as a stepwise confor-
mational search among a redox-sensitive series of energy
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 analogue;N-butoxycarbonyl-O-
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 Synthesis. The protocol for solid-phase synthesis
is as described previously (36). The C-terminal Asn in
synthesis of the A chain was incorporated into a solid support
by couplingtert-butoxycarbonylaspartic acidR-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-Sulfonate.From 3 g of
4-methylbenzhydrylamine resin, 8 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 column (23, 34) afforded 88
mg of purified S-sufonated (A7Ser) chain. Amino acid
analysis gave the following ratios, in agreement with the
theoretically expected values shown in parentheses: Asp2.0

(2), Thr1.0 (1), Ser2.7 (3), Glu4.2 (4), Gly1.0 (1), Val0.9 (1), Ile1.8 (2),
Leu2.1 (2), and Tyr2.1 (2); the level of Cys was not determined.

(ii) Synthesis of B Chain S-Sulfonate.From 1.3 g of
N-butoxycarbonyl-O-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 (23, 34) afforded 133 mg of purified S-sulfonated
DKP [SerB7] chain. Amino acid analyses gave the following
ratios, in agreement with expected values: Asp2.0 (2), Thr1.7

(2), Ser1.8 (2), Glu3.0 (3), Gly2.9 (3), Ala1.0 (1), Val3.1 (3), Leu4.1 (4),
Tyr2.0 (2), Phe2.9 (3), His0.9 (1), Lys0.9 (1), and Arg1.0 (1); the levels
of Pro and Cys were not determined.

Interaction of DeriVatiVes. Chain combination was effected
by interaction of the S-sulfonated derivatives of [A7Ser] A
chain (40 mg) and DKP [B7Ser] 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

previously (23, 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: Asp3.8 (4), Thr2.6 (3), Ser4.7

(5), Glu6.7 (7), Gly4.2 (4), Ala1.1 (1), Val3.8 (4), Ile1.5 (2), Leu6.1 (6),
Tyr3.6 (4), Phe3.0 (3), His0.9 (1), Lys0.9 (1), and Arg0.9 (1); 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-[A7-B7]Ser. Digestion of
DKP-insulin and DKP-des-[A7-B7]Ser analogues bySta-
phylococcus aureusV8 protease (Pierce) enabled mapping
of disulfide-containing peptide fragments (6). The reaction
was carried out with 10 and 2µg of analogue and enzyme,
respectively, in 0.16 mL of 0.05 M Tris-HCl (pH 8.0) at 37
°C for 5 h. A portion (40µL) of the digested mixture was
acidified by the addition of neat acetic acid (10µL), and the
sample (40µL) 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) B22-B30, (ii) 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]Ser, peak iii did not exist. Instead, two new peaks
were observed, corresponding to the A5-A17 and B1-B10
fragments due to a lack of an A7-B7 disulfide linkage.

Biological Assays. Receptor binding studies were per-
formed using a human placental membrane preparation as
described previously (37). Relative activity is defined as the
ratio of analogue to human insulin required to displace 50%
of specifically bound125I-labeled human insulin (purchased
from Dupont Amersham).

Spectroscopy. 1H 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 previously (34, 38); the protein concentration was
1.5 mM. Spectra in H2O were obtained using pulse-field
gradients and laminar-shaped pulses (34). 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 25-50 µM insulin analogue in 50
mM potassium phosphate (pH 7); samples were diluted to 5
µM for equilibrium denaturation studies.

NMR Resonance Assignment. The NMR spectrum of DKP-
des-[A7-B7]Ser at neutral pH was partially interpreted by a
bootstrap strategy; sequential assignment was obtained in
20% deuterioacetic acid (38) and extended by analogy to
neutral pH (34). 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.
Associated3JRN coupling constants in the folded moiety could
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not be inferred from DQF-COSY HR-HN cross-peaks as
conformational broadening leads to antiphase cancellation.
The bootstrap procedure is justified by insulin’s native
structure in 20% deuterioacetic acid (34, 39), overall
similarities between the analogue’s spectra under the two
conditions, and the consistency between NMR-derived helix
content in the cosolvent system and CD-derived helix content
at neutral pH (see the Results). Tables of chemical shifts
and additional NMR spectra are provided as Supporting
Information.

Thermodynamic Modeling.Guanidine denaturation data
were fitted by a nonlinear least-squares method to a two-
state model as described previously (40). In brief, CD data
θ(x), wherex indicates the concentration of denaturant, were
fitted by a nonlinear least-squares program according to

wherex is the concentration of guanidine and whereθA and
θB are baseline values in the native and unfolded states,
respectively. These baselines were approximated by pre- and
post-transition linesθA(x) ) θA

H2O + mAx andθB(x) ) θB
H2O

+ mBx. Fitting the original CD data and baselines simulta-
neously circumvents artifacts associated with linear plots of
∆G as a function of denaturant according to∆G°(x) ) ∆G°H2O

+ m°x (for reviews, see refs40 and 41). Because the
nonsigmoidal shape of the unfolding transition makes defini-
tion of pre- and post-transition baselines uncertain, modeling
was also performed assuming that (i)θA(x) ) θA

H2O with
fitting of only the post-transition baseline and (ii)θA(x) )
θA

H2O andθB(x) ) θB
H2O without either baseline fitting (see

Table 2). The consistency of extracted parameters indicates

that results are robust to baseline uncertainties within the
limits of the two-state model. Themvalues obtained in fitting
the variant unfolding curve are in each case significantly
lower than them value obtained in fitting the wild-type
unfolding curve (DKP-insulin; see Table 2). This situation
can be associated with an underestimate of the analogue’s
stability. The analogue’s lowermvalue may reflect its more
exposed hydrophobic surface in the absence of denaturant
and/or existence of a native-state ensemble containing a
distribution of incompletely folded forms of differing stability
(41). Analysis of unfolding curves in this setting has recently
been considered by Luo and Baldwin in a study of an
equilibrium molten globule (apomyoglobin;42). In this
formalism, an upper bound to the stability of the analogue
is obtained by multiplying its〈Cmid〉 value (an apparent value
reflecting an average over an ensemble of distinct partial
folds) by the nativem value.

RESULTS

DKP-des-[A7-B7]Serwas prepared by total synthesis (see
Experimental Procedures). The analogue contains one sub-
stitution in the A chain and four in the B chain (Table 1).
Protein design is based on DKP-insulin, a high-activity
engineered monomer (32, 33). The yield of DKP-des-[A7-
B7]Ser on chain combination was 3-fold lower than that
observed in the synthesis of DKP-insulin.5 The presence of
native A6-A11 and A20-B19 disulfide pairings in the
HPLC-purified DKP-des-[A7-B7]Ser product was verified
by peptide mapping. The biological activity of DKP-des-
[A7-B7]Ser, measured by analysis of specific binding to the
insulin receptor, was found to be 0.002% (Kd ) 4.5× 10-5

M) relative to the activity of human insulin. This represents
an extraordinary reduction of 105-fold relative to that of
DKP-insulin (20, 33); mutations in the putative receptor-
binding surface ordinarily exhibit decreases in affinity of less
than 103-fold (and usually less than 102-fold; 3). The
corresponding analogue of IGF-I (Ser6, Ser48) retains 0.3%
native affinity for the type I IGF-I receptor6 (12, 35).

Analogue Exhibiting a NoVel Partial Fold. The far-
ultraviolet (UV) circular dichroic (CD) spectrum of DKP-
des-[A7-B7]Ser at 4 °C provides evidence of a partial fold.
The analogue exhibits decreased helix content [asterisk in
Figure 2A (O)] relative to the parent DKP-insulin monomer
(b). The extent of attenuation is more marked than that
previously observed in studies of DKP-des-[A6-A11]Ser

(Figure 2B). To evaluate the thermodynamics of protein
unfolding, denaturation in guanidine-HCl was monitored at
a helix-sensitive wavelength of 222 nm (Figure 2C). DKP-
insulin exhibits a cooperative unfolding transition with a two-
state free energy (∆Gu) of 4.9( 0.1 kcal/mol (line 1 in Table
2; 43) as estimated by nonlinear least-squares fitting. Pairwise

5 In contrast to the results presented here, synthetic studies of DKP-
des-[A6-A11]Ser and DKP-des-[A6-A11]Ala demonstrated chain com-
bination yields similar to that of DKP-insulin (34, 43). A related
analogue was also investigated by others (83).

6 Analysis of the IGF-I analogue’s structure and stability by CD,
guanidine titration, and fluorescence (35) suggests perturbations similar
to those described here. Although the extent of1H NMR chemical shift
dispersion was likewise reduced, NOESY spectra demonstrated reten-
tion of a native-like I43-Y60 contact, corresponding to packing of
IleA2 and TyrA19 in insulin. The latter NOE is not observed in DKP-
des-[A7-B7]Ser, suggesting a less compact structural ensemble.

Table 2: Properties of Insulin Analoguesa

analogue ∆Gu ∆∆Gu

Cmid
(M)

m (kcal
mol-1 M-1)

potency
(%)

DKP-insulin 4.9( 0.1 - 5.8( 0.1 0.84( 0.01 161( 19
DKP-des-

[A6-A11]Ala
1.4( 0.4 -3.5( 0.5 2.7( 0.4 0.52( 0.08 5

DKP-des-
[A6-A11]Ser

1.9( 0.3 -3.0( 0.4 2.9( 0.3 0.65( 0.07 0.1

DKP-des-
[A7-B7]Ser

fit 1 0.3 ( 0.6 -4.6( 0.7 0.7( 1.1 0.48( 0.05 0.002
fit 2 0.5 ( 0.1 -4.4( 0.2 1.2( 0.3 0.46( 0.03
fit 3 0.3 ( 0.2 -4.6( 0.3 0.9( 0.3 0.34( 0.02

a ∆Gu indicates the apparent change in free energy on denaturation
in guanidine-HCl as extrapolated to zero denaturant concentration by
a two-state model.∆∆Gu indicates the difference in∆Gu values relative
to that of DKP-insulin. Thermodynamic differences between DKP-des-
[A6-A11]Ala and DKP-des-[A6-A11]Ser are not significant. Uncertain-
ties in two-state fitting parameters do not include possible systematic
error due to non-two-state behavior.Cmid is defined as that concentration
of guanidine-HCl at which 50% of the protein is unfolded. Themvalue
provides the slope in plotting the unfolding free energy∆Gu ([Gu‚HCl])
vs the molar concentration of denaturant; this slope is proportional to
the protein surface area exposed on unfolding. Potencies are expressed
as percent affinity for the human placental insulin receptor, defined
relative to native human insulin (100%). Fits 1-3 in the analysis of
DKP-des-[A7-B7]Serdesignate nonlinear least-squares fitting assuming
(1) simultaneous fitting of slopes of pre- and post-transition baselines,
(2) a horizontal pretransition baseline with simultaneous fitting of the
slope of the post-transition baseline only, or (3) horizontal pre- and
post-transition baselines without fitting of either slope (see Experimental
Procedures).

θ(x) )
θA + θBe(-∆G°H2O-mx)/RT

1 + e(-∆G°H2O-mx)/RT
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substititution of cystine A6-A11 with either alanine or serine
leads to a similar destabilization (estimated change in free
energy∆∆Gu of 3 ( 0.3 kcal/mol; lines 2 and 3 in Table 2)
with retention of sigmoidal cooperativity. Inspection of
unfolding curves suggests that DKP-des-[A7-B7]Ser 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
post-transition baselines, experimental points are consistent
with a two-state function of the form

as fit by a nonlinear least-squares algorithm (40). Three
modeling procedures each yieldø2 values greater than
0.999: simultaneous fitting of∆Gu, m, and pre- and post-
transition baselines (fit 1 in Table 2), simultaneous fitting
of ∆Gu, me, and the post-transition baseline (fit 2 in Table
2), and fitting of∆Gu andm with fixed horizontal pre- and
post-transition baselines (fit 3 in Table 2). The models each

predict an apparent value for∆Gu of <1 kcal/mol and hence
value for∆∆Gu of >3.9 kcal/mol.

The models also imply a significant reduction in them
value (column 5 in Table 2;44), consistent with a change in
the extent of hydrophic exposure of DKP-des-[A7-B7]Ser

that is smaller than that which occurs on denaturation of
DKP-insulin or DKP-des-[A6-A11]Ser. This is as expected
given that under native conditions DKP-des-[A7-B7]Ser is
already substantially unfolded. In the setting of a reducedm
value, however, it is possible that the fitted value of∆Gu

underestimates the actual∆Gu (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 apparentCmid is regarded as the ensemble average
of Cmid,i values due to speciesi with fractional contribution
Ri:

An upper bound for the stability of the heterogeneous system
is obtained as the product of〈Cmid〉 and the nativem value.
Use of the maximalCmid value obtained by two-state
modeling (1.8 M; upper bound of 0.7( 1.1 M; see fit 1 in
Table 2) yields 1.5 kcal/mol as an upper bound for∆Gu.
The profound instability of DKP-des-[A7-B7]Ser is thus
robust to choice of model.

Analogous instability is seen in thermal unfolding. DKP-
des-[A7-B7]Ser exhibits incremental and progressive attenu-
ation of ellipticity with increasing temperature. The apparent
thermal unfolding midpoint (Tm) 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

FIGURE 2: CD studies of an insulin analogue demonstrating the
marked loss of structure and thermodynamic perturbation. (A and
B) Untethering of cystine A7-B7 leads to more severe loss of
structure than does untethering of cystine A6-A11: (A) far-UV
CD spectrum of DKP-des-[A7-B7]Ser (asterisk) relative to the
spectrum of DKP-insulin (wt) and (B) CD spectrum of DKP-des-
[A6-A11]Ser(control) relative to the spectrum of DKP-insulin (wt).
(C and D) Guanidine unfolding curves (C) and thermal unfolding
curves (D) ofdes-[A7-B7]Ser (asterisk) relative to those of DKP-
des-[A6-A11]Ser (C) and DKP-insulin (wt). (E) Expansion of the
guanidine unfolding curve of DKP-des-[A7-B7]Ser highlights the
nonsigmoidal character of the transition. (F) Expansion of the
thermal curve of DKP-des-[A7-B7]Ser highlights the extent of
destabilization (Tm > 25 °C). Thermodynamic parameters derived
from guanidine titration curves are given in Table 2.

θ(x) )
θA + θBe(-∆G°H2O-mx)/RT

1 + e(-∆G°H2O-mx)/RT

FIGURE 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 70°C 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 DKP-des-[A7-B7]Serreveal the less marked
effects of temperature and the absence of an isoasbestic point.

〈Cm〉 ) ∑RiCmi
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successive temperatures (Figure 3D). DKP-insulin by contrast
exhibits a classical isoasbestic point (arrow in Figure 3B).

Asymmetric Unfolding of the A and B Chains. The 1H
NMR spectrum of DKP-des-[A7-B7]Ser (pH 7.2 and 25°C)
exhibits a reduction in dispersion relative to the spectrum
of DKP-des-[A6-A11]Ser, which itself exhibits less disper-
sion than that of DKP-insulin (Figure 4). Analysis of two-
dimensional (2D)1H NMR spectra under these conditions
is limited by a combination of poor resolution (for those
resonances with near-random coil chemical shifts) and
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 0.2-1.5 mM and occurs in the
context of sharp resonances elsewhere in the spectum, such
broadening is ascribed to conformational exchange on the
(millisecond) time scale of NMR chemical shifts; some
additional broadening due to transient self-association cannot
be excluded. The combination of narrow and broad reso-
nances suggests that the analogue contains a molten subdo-
main flanked by disordered segments. Sequential assignment
in 20% deuterioacetic acid (Figure 5A; see also Supporting
Information) demonstrates retention of a native-like B9-
B19 R-helix and A16-A19 partial helical segment. Observa-
tion of protected amide resonances in a D2O solution [Figure
5A (O)] indicates that peptide hydrogen bonds are stably
maintained in the folded moiety. Native helical segments of
residues A2-A8 and A12-A15 are not observed. Loss of
R-helix in the A chain is consistent with the decreased overall
helix content of DKP-des-[A6-A11]Ala as inferred by CD.
Two main chaindNN NOEs are seen within the A6-A11
segment, presumably due to nonrandom conformational
preferences near cystine A6-A11.

Sequential assignment in the organic cosolvent system
enables assessment of trends in chemical shifts (38). Whereas
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
shifts (defined as differences between observed chemical
shifts and tabulated random coil values) in DKP-des-[A7-
B7]Ser and DKP-insulin is provided in Figure 6; chain and
region specific perturbations are coded by color. Almost all
symbols are located in the lower-left triangle of each diagonal
plot, reflecting the trend toward reduced chemical shift
dispersion in the two-disulfide analogue. Symbols along the
diagonal indicate resonances with similar secondary shifts
in DKP-des-[A7-B7]Ser and DKP-insulin; these predomi-
nantly occur in the B chain supersecondary structure and
the A16-A20 segment. The distinctive upfield secondary
chemical shifts of the methyl resonances of LeuB15, for
example, are retained with attenuated magnitude in both
solvent systems. Tables of chemical shifts and chemical shift
differences are provided as Supporting Information. A similar
pattern of chemical shifts is observed at neutral pH and
assigned by analogy.

Retention of long-range NOEs (between the side chains
of PheB24 and LeuB15 and between TyrB26 and ValB12)
indicates that a native-like helix-turn-strand supersecondary

FIGURE 4: 1H NMR spectrum of DKP-des-[A7-B7]Ser at neutral
pH in aqueous solution exhibiting a loss of dispersion: (A) DKP-
insulin, (B) DKP-des-[A6-A11]Ser, and (C) DKP-des-[A7-B7]Ser.
The relative changes in chemical shift dispersion are in accord with
relative helix contents as inferred from CD (see Figure 2). Selected
assignments of aliphatic resonances, including the upfield spin
system of LeuB15, are as labeled. Amide assignments in spectrum
A are as described (41): A11, B8, B9, B6, B7, B19, B5, B7, and
B19. Corresponding spectra in 20% deuterioacetic acid (Supporting
Information) exhibit similar features. The amino acid substitutions
in DKP-insulin and DKP-des-[A7-B7]Serare given in Figure 5 and
Table 1.

FIGURE 5: 1H NMR signature ofR-helix and structural models.
(A) Summary of the sequential resonance assignment of DKP-des-
[A7-B7]Ser in 20% deuterioacetic acid in Wu¨thrich format provid-
ing evidence of the A16-A19 helical turn and native-like B9-
B19 helix. The A chain is shown by convention on the left and the
B chain on the right (opposite to the order of corresponding
sequences in the gene). Asterisks indicate sites of Cysf Ser
substitutions; arrows indicate the three DKP substitutions in the B
chain that yield a monomeric template (33). 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
resonances in D2O solution. (B and C) Cylinder models of DKP-
des-[A7-B7]Ser (B) and DKP-insulin (C). Dashed lines in model
B denote disordered regions. The positions of the two native cystines
in DKP-des-[A7-B7]Ser are indicated by black bars and circles.
The shaded helix in the native state (C) highlights the modularity
of the N-terminal A-chainR-helix, whose segmental unfolding in
DKP-des-[A6-A11]Ala/Ser is independent of the remainder of the
protein (43).
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structure is retained in the B chain.7 As in DKP-insulin (34),
a long-range NOE is observed between the side chains of
TyrA19 and LeuB15, indicating a native-like hydrophobic
cluster. Corresponding long-range NOEs are observed at
neutral pH (Figure 7). No contacts are observed between
TyrA19 and IleA2, an otherwise invariant feature of insulin’s
native state (3). A schematic model of the folded moiety in
DKP-des-[A7-B7]Ser is shown in Figure 5B in relation to
the native T state (Figure 5C). This model contains stable
elements of secondary structure (cylinders) and disordered
segments (dashed lines). Disorder is corroborated by motional
narrowing of HR-HN resonances (A1-A5, B1-B6, and
B27-B30), visualized in DQF-COSY spectra by robustness
to antiphase cancellation (45) in the organic cosolvent. These
residues exhibit no detectable nonlocal nuclear Overhauser
effects (NOEs). The extent of organization in the proposed
model is smaller than that observed in distance geometry
models of DKP-des-[A6-A11]Ser in which substantial struc-
ture was retained in the A chain and hydrophobic core (43).

DISCUSSION

Analogues of DKP-insulin lacking cystine A6-A11
(DKP-des-[A6-A11]Ser and DKP-des-[A6-A11]Ala) have
previously been shown to exhibit segmental unfolding of the

A1-A8 segment within an otherwise native-like fold (34,
43). Here, we have extended this approach to investigate the
consequences of untethering the solvent-exposed A7-B7
disulfide bridge. Our results demonstrate that DKP-des-[A7-
B7]Ser exhibits a more severe loss of ordered structure than
was observed in studies of DKP-des-[A6-A11]Ser or DKP-
des-[A6-A11]Ala. We outline in turn possible implications
for structure-activity relationships and oxidative protein
folding. Disulfide intermediates of insulin and related proteins
exhibit stepwise structural organization with successive
disulfide pairing (12, 35, 46). Similarities and differences
between such hierarchical behavior and the oxidative refold-
ing properties of model globular proteins (such as BPTI,
R-lactalbumin, and ribonuclease A;26, 27, 47-56) are
discussed.

Structure-ActiVity Relationships. Our previous study
established that local unfolding of the internal A1-A8
R-helix in DKP-des-[A6-A11]Ala (but not DKP-des-[A6-
A11]Ser) is compatible with significant biological activity
(43). These results were consistent with an induced-fit
model: the destabilized A1-A8 segment regains helical
structure on receptor binding. The greater activity of the
alanine analogue was rationalized on the basis of alanine’s
greater helical propensity (43, 57) and hydrophobicity (58)
relative to serine, local properties that would facilitate
restoration of the A chain’s native structure in the hormone-
receptor complex.

7 Observed long-range NOEs in partially folded species may in
principle reflect either stably maintained or transient interactions, i.e.,
contacts present in only a subset of molecules at a given time in an
ensemble of fluctuating structures. In contrast, maintenance of helix-
related NOEs is corroborated by observation of slowly exchanging
amide resonances in D2O (see Figure 5A).

FIGURE 6: Asymmetric loss of chemical shift dispersion in the A
and B chains. Magnitudes of secondary chemical shifts (|∆δ|) are
plotted by proton class; in each panel, the ordinate derives from
DKP-insulin and the abscissa derives from DKP-des-[A7-B7]Ser.
The proton classes are as follows: (A) amide resonances, (B) HR
resonances, (C) methylene resonances, and (D) methyl and aromatic
resonances. Assignments are color-coded by segment: (yellow)
residues A1-A11, (orange) residues A12-A21, (green) residues
B1-B8, and (blue) residues B9-B30. Partial unfolding of the two-
disulfide analogue is manifest in each panel by points in the lower
right-hand triangle. The preferential clustering of blue symbols along
the diagonal line reflects chain-specific retention of B chain
supersecondary structure in the B9-B26 segment.

FIGURE 7: 2D 600 MHz1H NMR spectra of DKP-des-[A7-B7]Ser

at neutral pH in aqueous solution demonstrating an ordered moiety.
(A) A TOCSY spectrum of aromatic spin systems reveals partial
retention of chemical shift dispersion and line broadening. (B) The
aligned portion of NOESY spectrum (mixing time of 200 ms)
contains cross-peaks between aromatic side chains (vertical axis;
ω2) and aliphatic protons (horizontal axis;ω1) in the folded
moiety: PheB24-LeuB15 (indicated), (a) B16 Hε-B12 γCH3, (b)
A19 Hε-A16 δCΗ3, (c) B16Ηδ-B12 γCH3, and (d) A19 Hδ-
B15 δCH3. No contacts are observed between TyrA19 and IleA2. (C
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
obtained at 32°C in D2O (pD 7.6, direct meter reading).
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Untethering the exposed A7-B7 disulfide bridge leads to
a 105-fold decrease in the level of receptor binding. A
similarly profound loss of activity in vivo has recently been
demonstrated using the rat convulsion assay (59). 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 surface (3, 60-62) and in part
a change in the environment of cystine A7-B7 on receptor
binding. Two possible models are plausible, one based on
the crystallographic T state and the other on the R state (63,
64).

(i) Engagement of Cystine A7-B7 in the Hormone-
Receptor Interface.The functional deficit of DKP-des-[A7-
B7]Ser raises the possibility that cystine A7-B7 directly
engages the insulin receptor as previously suggested by
Dodson and colleagues (3). In the structure of the crystal-
lographic T state, the A7-B7 disulfide bridge protrudes from
the surface (Figure 8A). Engagement of cystine A7-B7 at
the interface would extend the known boundaries of insulin’s
receptor-binding surface (Figure 8A;3, 60-62).

(ii) Packing of Cystine A7-B7 in the Nonpolar CreVice
of the Hormone.The T f R transition, well characterized
among crystallographic hexamers (63-66), is characterized
by a change in the secondary structure of the B1-B8
segment from extended strand toR-helix. This transition is
accompanied by changes in the dihedral angles of the A7-
B7 disulfide bridge and GlyB8 (shown in black in Figure 8A).
In the R state, cystine A7-B7 is largely buried in a
hydrophobic cleft between chains (Figure 8B,C). Should
aspects of the Tf 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]Ser′; in each case, cystine A7-B7 is
proposed to pack within a nonpolar environment in the
hormone-receptor complex. The polarâ-OH groups of SerA7

and/or SerB7 would hence be expected to destabilize the
variant complex, blocking induced fit. The general hypothesis
that the environment of cystine A7-B7 changes from
hydrophilic to hydrophobic on receptor binding can be tested
by future characterization of an [AlaA7,AlaB7] or related
analogue containing nonpolar side chains at A7 and B7.
Unfortunately, such experiments cannot distinguish between
the models described above. Structural characterization of
the local role of the A7-B7 disulfide bridge in receptor
binding and assessment of the functional relevance of the T
f 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 I IGF-I receptor6 (35); the corresponding alanine
analogue likewise exhibits a 100-fold decrement (12). Such
a marked difference between insulin and IGF-I 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 ligand-receptor complex.
Alternatively, it is possible that IGF-I, as a single-chain
analogue, is less perturbed by loss of a long-range disulfide
tether than is insulin as a two-chain molecule. Differences

between homologous insulin- and IGF-I-receptor com-
plexes have previously been demonstrated (67-70). It is not

FIGURE 8: Putative receptor-binding surface of human insulin (gray)
based on the crystallographic T and R states (3). (A) T-State model.
Critical side chains of IleA2, ValA3, and TyrA19 are highlighted in
the A chain along with theR-amino group of GlyA1; critical side
chains of ValB12, TyrB26, and PheB25 are highlighted in the B chain.
Cystine A7-B7 (sulfur atoms shown as yellow balls) is exposed
on the protein surface near these key determinants, most promi-
nently ValA3. The side chains of SerB9 and HisB10 (blue) are
proposed to lie at one edge of the receptor interface, whereas ThrA8

(orange) is proposed to lie at the other. Side chains in gray indicate
invariant surface sites at which mutations significantly impair
activity; other portions of the A and B chains are shown in red and
blue, respectively. Although this figure is based on the crystal-
lographic T state, the active conformation of insulin is unknown.
The side chain of LeuB11 is mostly buried in the T state (magenta)
but might be exposed on a change in configuration of GlyB8 (CR
atoms shown in black). Another site of conformational change is
suggested at PheB24 (magenta) since, as a seeming paradox, its
substitution withD-Phe orD-Ala enhances insulin’s activity (3).
TyrB26 is not required for activity in the foreshortened analogue
des-pentapeptide (B26-B30)-insulin amide. The extent of contact
between insulin and its receptor is likely to be more extensive than
the gray region shown. (B-D) R-State model. In a space-filling
model (B), sulfur atoms of cystine A7-B7 (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 LeuB6, ValA3, LeuB11, and IleA2; upper left
to lower right in panels B and D).
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known whether the conformational repertoire of IGF-I can
include features of insulin’s Tf 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
subsequent disulfide pairing and exchange in BPTI may thus
be regarded as peripheral to the central problem posed by
the conformational search of the unfolded-state ensemble8

(26, 29, 30). Complementary insights have emerged from
studies of ribonuclease A (53-56) andR-lactalbumin (48-
51). An analogue ofR-lactalbumin in which each of its eight
cysteines has been substituted with alanine (“all-Ala-R-La”)
forms a compact molten structure with key native-like
features (52). The various disulfide bridges play distinct roles
in stabilizing the native state, however, depending in part
on the intrinsic stability of neighboring long-range interac-
tions. There would be little entropic penalty, for example,
in forming a cross-link between segments of the polypeptide
chain already in proximity in the reduced-state ensemble.
We imagine that the hierarchical disulfide pathways of
proinsulin and related proteins reflect analogous structural
principles and propensities in this family of sequences. The
associated hierarchy of partial folds nevertheless highlights
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
pairing that rapidly reassorts to two predominant species,
one containing cystine A20-B19 and the other containing
cystine A6-A11. Although these two disulfide bridges are
each buried in the native state, our results suggest a
fundamental difference between their environments in popu-
lated intermediates. The A20-B19 disulfide bridge partici-
pates in and presumably stabilizes a molten subdomain,
whereas the A6-A11 disulfide bridge spans a poorly ordered
segment. We suggest that cystine A6-A11 is favored
because of the proximity of these sites in the sequence and
instability of alternative local pairing schemes (a vicinal A6-
A11 disulfide bridge and A7-A11). In contrast, we suggest
that cystine A20-B19, involving sites distant in the polypep-
tide sequence, is favored because of intrinsic long-range
structural propensities in the reduced polypeptide. We thus
envisage that the [A20-B19] species represents the first
“structural” intermediate, i.e., a species containing a stable
partial fold with native-like long-range contacts. This partial
fold can form in the absence or presence of cystine A6-
A11, here regarded as peripheral to the initial logic of the
conformational search. Our model is consistent with the

observation that pairwise serine substitution of CysA20 and
CysB19 (but not that of CysA6 and CysA11) precludes biosyn-
thetic expression of proinsulin analogues in yeast (59).

Insulin-like growth factor I (IGF-I), a single-chain protein
homologous to proinsulin, refolds to native and non-native
disulfide isomers (8-10). The non-native isomer (designated
IGF-swap) contains pairings A7-A11, A6-B7, and A20-
B19 (using insulin nomenclature; residues 6-48, 47-52, and
18-61 in IGF-I). The two products exhibit similar thermo-
dynamic stabilities (9). Formation of the non-native isomer
in vivo is avoided by coexpression of specific IGF-1 binding
proteins: formation of a specific complex shifts the equi-
librium to favor the native pairing scheme (10). As in studies
of insulin precursors (15), refolding of IGF-I proceeds via a
well-defined set of disulfide intermediates (13, 17). The first
populated intermediate contains cystine 18-61 (correspond-
ing to cystine A20-B19 in insulin;8, 9). Engineered models
of this and subsequent two-disulfide intermediates suggest
stepwise stabilization of structure with successive disulfide
bond formation (15, 35, 46). “Strain” of cystine 47-52 in
native IGF-I (corresponding to cystine A6-A11 in insulin)
is proposed to favor disulfide rearrangement to the swapped
isomer containing cystine 48-52 (12). Such strain rational-
izes the failure to detect during IGF-I refolding the ac-
cumulation of a single-disulfide species (i.e., corresponding
to insulin species [A6-A11]). The structural basis of strain
in IGF-I has not been defined. Like the corresponding
disulfide isomer of human insulin (71), 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
(71). It is not understood why the energy landscape of IGF-I
contains two minima whereas that of proinsulin contains a
single ground state. The strain hypothesis in IGF-I does not
account for the marked instability of the “swapped” isomer
of human insulin.

Concluding Remarks.This study has focused on a two-
disulfide analogue of human insulin corresponding to a late
folding intermediate. The results are of interest from the
complementary perspectives of structure, function, and
folding. The analogue retains a native-like B subdomain with
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
affinity (105-fold), larger than what seems to be compatible
with straightforward restoration of an active structure by
induced fit. We propose that the exposed A7-B7 disulfide
bridge not only stabilizes the hormone’s global structure but
also enters a hydrophobic milieu on binding of the hormone
to the insulin receptor. This milieu may be either within the
bound hormone or at the hormone-receptor interface. Any
direct contacts would extend insulin’s hydrophobic receptor-
binding surface (3, 60-62). That the homologous analogue
of IGF-I retains higher activity (12, 35) suggests a marked
difference in either the structure or mode of receptor binding.

Structures of disulfide analogues of insulin and IGF-I
exhibit a hierarchical family of partial folds. Whereas
classical studies of protein folding focused on such inter-
mediates and intervening barriers within predetermined
pathways (Figure 9A), the “new view” envisages myriad
trajectories along a funnel-like free energy landscape (Figure
9B; 73, 74). Discrete intermediates are not necessary and,

8 Interpretation of the BPTI disulfide pathway (47) has engendered
controversy first because of technical reassessment focused on the role
of non-native disulfide bridges (84) and subsequently by its peripheral
relationship to the energy landscape paradigm (new view;75, 76, 85).
Because certain one-disulfide analogues exhibit native-like structures
(28-30, 86), the BPTI disulfide pathway primarily reflects the existence
of kinetic barriers en route to the native state (27, 87) and the need for
error correction via protein unfolding (26, 88-90). Native structure in
a two-disulfide analogue has been demonstrated by X-ray crystal-
lography (91). Partially folded BPTI intermediates have also been
characterized (92-94).
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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 reconciled (75) by associating
individual disulfide pairing schemes with distinct redox-
dependent landscapes. Because a disulfide bridge alters the
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 of
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. The
disulfide pathway of insulin-like proteins may thus be viewed
as a succession of conformational searches by ensembles of
progressive partial folds. This perspective, oxidative folding
as a search along a hierarchy of landscapes, depends on and
is unmasked by the instability of the insulin motif.
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