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ABSTRACT: Proinsulin contains six cysteines whose specific pairing (A6-A11, A7-B7, and A20-B19)
is a defining feature of the insulin fold. Pairing information is contained within A and B domains as
demonstrated by studies of insulin chain recombination. Two insulin isomers containing non-native disulfide
bridges ([A7-A11,A6-B7,A20-B19] and [A6-A7,A11-B7,A20-B19]), previously prepared by directed
chemical synthesis, are metastable and biologically active. Remarkably, the same two isomers are
preferentially formed from native insulin or proinsulin following disulfide reassortment in guanidine
hydrochloride. The absence of other disulfide isomers suggests that the observed species exhibit greater
relative stability and/or kinetic accessibility. The structure of the first isomer ([A7-A11,A6-B7,A20-
B19], insulin-swap) has been described [Hua, Q. X., Gozani, S. N., Chance, R. E., Hoffmann, J. A.,
Frank, B. H., and Weiss, M. A. (1995)Nat. Struct. Biol. 2, 129-138]. Here, we demonstrate that the
second isomer (insulin-swap2) is less ordered than the first. Nativelike elements of structure are retained
in the B chain, whereas the A chain is largely disordered. Thermodynamic studies of guanidine denaturation
demonstrate the instability of the isomers relative to native insulin (∆∆Gu > 3 kcal/mol). In contrast,
insulin-like growth factor I (IGF-I) and the corresponding isomer IGF-swap, formed as alternative products
of a bifurcating folding pathway, exhibit similar cooperative unfolding transitions. The insulin isomers
are similar in structure and stability to two-disulfide analogues whose partial folds provide models of
oxidative folding intermediates. Each exhibits a nativelike B chain and less-ordered A chain. This general
asymmetry is consistent with a hierarchical disulfide pathway in which nascent structure in the B chain
provides a template for folding of the A chain. Structures of metastable disulfide isomers provide probes
of the topography of an energy landscape.

The structure of a protein, its presumed thermodynamic
ground state, is determined by its sequence (1). What are
the rules relating sequence to structure? This question, being
of broad relevance to biology and chemistry, has attracted
long-standing interest (for reviews, see refs2-4). Insight
into the informational content of protein sequences has been
obtained from genetic analysis of allowed and disallowed
sequences (5, 6) and from development of knowledge-based
algorithms for evaluating the fit between a given sequence
and a known structural template (7-9). Complementary
insight into structural features that distinguish the native state
has been provided by construction of incorrectly folded
models and their analysis using empirical force fields (10-
12). This approach allows direct visualization of competing
“threads” but is largely restricted to computer simulation.
In this paper, we investigate metastable disulfide isomers of
human insulin as model misfolded proteins (13). The results
demonstrate that nativelike supersecondary structure is

consistently maintained in the B chain but not in the A chain.
Such asymmetry supports the hypothesis that in the hierar-
chical folding pathway of proinsulin (14) nascent structure
in the B domain provides a template for folding of the A
domain (15). Such partial folds are discussed in relation to
energy landscapes (16) and possible mechanisms of insulin
fibrillation (17).

Insulin is a globular protein containing two chains,
designated A (21 residues) and B (30 residues). Its structure
as a monomer in solution (18, 19) resembles a crystal-
lographic T-state protomer (Figure 1A) (20-24). The
hormone is generated in vivo by proteolytic processing of a
single-chain precursor, designatedproinsulin, in which a
connecting peptide joins the C-terminus of the B chain to
the N-terminus of the A chain (25). The connecting peptide
provides a topological tether but is without specific folding
information (26). Air oxidation of isolated A and B chains
preferentially yields covalent A-B heterodimers with native
disulfide pairing (27), a reaction known asinsulin chain
combination.The absence of detectable disulfide isomers
following chain combination demonstrates that proinsulin’s
folding information resides within isolated A and B chains
(28). The efficiency of chain combination is limited by off-
pathway events, such as the reversible formation of cyclic
A chains and irreversible B chain aggregation. Although the
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FIGURE 1: Structures of native insulin (A) and insulin-swap(B). Ribbon models are derived from NMR studies as described previously
(34). In each panel, disulfide bridges (boxes) are shown in red. Selected side chains (blue) in the hydrophobic core are labeled. The structure
of insulin-swapis remarkable for segmental unfolding of the A1-A8 R-helix and tilting of the A12-A18 helix in an otherwise nativelike
globular domain. (C) Reverse-phase HPLC chromatograms showing (i) disulfide reassortment of native insulin, (ii) purified isomer I (insulin-
swap), and (iii) purified isomer II (insulin-swap2). In chromatogram i, species a, a′, and a′′ are isolated A chains containing internal disulfide
bridges; species b is the isolated B7-B19 cyclic B chain. Isomers I and II are herein designated insulin-swapand insulin-swap2, respectively.
Their differences in elution times and breadth of peaks relative to those of native insulin correlate with trends in CD-defined helix contents
(Figure 3) and1H NMR chemical shift dispersion (Figure 5). (D) Primary structures and disulfide pairing schemes of insulin-swap2. Insulin-
swap2contains an unusual A6-A7 vicinal disulfide bridge as well the A7-A11 pairing also found in insulin-swapand the native A20-
B19 disulfide bridge.

Insulin Disulfide Isomers Biochemistry, Vol. 41, No. 50, 200214701



mechanism of chain combination is not well characterized,
studies of a single-chain proinsulin analogue suggest that
disulfide pairing occurs via a preferred kinetic pathway (14).
Chain combination and oxidative folding of single-chain
precursor polypeptides have been widely employed to
generate analogues, including novel insulins of therapeutic
importance (29-33).

In a pioneering study, two disulfide isomers of human
insulin were prepared by directed chemical synthesis (13).
The isomers, which contain non-native pairings [A7-A11,
A6-B7, and A20-B19 and A6-A7, A11-B7, and A20-
B19 (herein designated insulin-swap1 and insulin-swap2)],
are metastable and function as insulin agonists.2 The rate of
disulfide rearrangement under acidic conditions was observed
to be negligible. Remarkably, the same two isomers are
preferentially formed from native insulin or proinsulin
following disulfide reassortment in the presence of denatur-
ants (Figure 1C;34). That other disulfide isomers are not
detected suggests that the observed species exhibit greater
relative stability and/or kinetic accessibility. One isomer
(insulin-swap) has previously been shown to exhibit a partial
fold (34). Although one of insulin’s three canonicalR-helices
(comprising residues A1-A8) is not formed, nativelike
secondary structure otherwise defines a globular domain and
compact hydrophobic core (Figure 1B). Here, we extend
these studies to the other isomer (insulin-swap2; disulfide
pairing scheme shown in red in Figure 1D) and investigate
its relative thermodynamic stability by guanidine denatur-
ation. The second isomer is less organized than the first,
precluding definition of a well-defined three-dimensional
structure. Whereas the A chain is largely disordered, qualita-
tive analysis of1H NMR nuclear Overhauser enhancements
(NOEs) nonetheless demonstrates the maintenance of na-
tivelike supersecondary structure in the B chain adjoining
the cystine A20-B19 disulfide. Use of high-sensitivity
cryogenic NMR probe technology demonstrates that these
features are retained in dilute protein solutions and so
characterize that misfolded monomer. The observed partial
structure rationalizes the isomer’s partial biological activity
and immunological cross-reactivity with native insulin (13).
Asymmetry between chains supports the hypothesis that the
B domain of proinsulin provides a template for nascent
folding of the A domain in a hierarchical pathway (14).

Insulin-swap and insulin-swap2 exemplify a polypeptide
chain caught in a kinetic trap. Their structures probe the
rugged topography of an energy landscape.

MATERIALS AND METHODS

Protein Purification. Biosynthetic proteins [insulin, pro-
insulin, insulin-like growth factor I (IGF-I), and IGF-swap]
were provided by Eli Lilly and Co. Isomers of insulin and
proinsulin were generated from the native proteins (1 mM)
by disulfide exchange in 10 mM dithiothreitol, 6 M guanidine
hydrochloride, and 0.1 M Tris-HCl (pH 8.3). After 23 h in
room air at 37°C, the solution contained no protein SH
groups (as assayed by reactivity to iodoacetate at pH 9.0),
and the reactions were quenched by addition of 0.1 N HCl
to a final pH of 3.1. Species with molecular masses of<12
kDa were desalted and separated from possible higher-order
oligomers by size-exclusion chromatography (Sephadex G50
Superfine). Products were resolved by reverse-phase high-
performance liquid chromatography (rp-HPLC; see below),
desalted, lyophilized, and analyzed by electrospray ionization
mass spectrometry and analytical HPLC in reference to native
and non-native synthetic insulin standards (kindly provided
by B. Riniker; Ciba-Geigy AG, Basel, Switzerland). The
pairing schemes of proinsulin isomers were established by
enzymatic cleavage of the connecting peptide with trypsin
and carboxypeptidase B to yield the corresponding insulin
isomers. Beginning from native insulin, ca. 70% of the
starting material remained as native insulin; other products
included insulin-swap (3-5% of the starting material),
insulin-swap2(3-5%), and isolated A and B chains contain-
ing internal disulfide bonds (20-25%). Similar results were
obtained with proinsulin except that isolated chains were not
observed. Base-catalyzed reassortment of insulin or proin-
sulin in 6 M guanidine hydrochloride to the same two
isomers was also observed over 1-4 weeks in the absence
of a reducing agent in 1 M Tris-HCl (pH 9.5) at 4°C.
Quantitative rearrangement of either insulin isomer to native
insulin was catalyzed by traceâ-mercaptoethanol in 1 h at
room temperature in 0.1 N ammonium hydroxide as de-
scribed previously (13); the reaction is accompanied by
formation of polymers. The purity of preparations used for
NMR and circular dichroism (CD) studies was in each case
>98% as evaluated by reverse-phase HPLC. Molecular
masses of insulin and its disulfide isomers were indistin-
guishable by electrospray mass spectrometry; no contaminat-
ing molecular masses were observed.

HPLC Protocol. Products of disulfide reassortment were
monitored by analytical rp-HPLC (Zorbax C8 150 Å column,
6 mm × 250 mm) at a column temperature of 40°C. For
gradient elution, we employed buffer A (20% acetonitrile
in 200 mM ammonium sulfate and 50 mM sulfuric acid)
and buffer B (40% acetonitrile in the same solution). The
column was equilibrated and loaded in 70% buffer A and
30% buffer B. Proteins and peptides were eluted by a 30
min gradient from 30 to 70% B (Figure 1C). Products of
disulfide reassortment were purified by semipreparative rp-
HPLC (C18 column, 2.5 cm× 60 cm) by a similar protocol
except that 0.5% trifluoroacetic acid was used instead of
nonvolatile components (200 mM ammonium sulfate and 50
mM sulfuric acid). The respective fractions containing insulin
or isomers were lyophilized.

1 Abbreviations: CD, circular dichroism; DPI,des-pentapeptide-
[B26-B30]-insulin; DQF-COSY, double-quantum-filtered correlation
spectroscopy; IGF-I, insulin-like growth factor I; insulin-swap, disulfide
isomer with A6-B7, A7-A11, and A20-B19 pairings; insulin-swap2,
disulfide isomer with A6-A7, A11-B7, and A20-B19 pairings; NMR,
nuclear magnetic resonance; NOESY, nuclear Overhauser spectroscopy;
rp-HPLC, reverse-phase high-performance liquid chromatography;
TOCSY, total correlation spectroscopy; 2D, two-dimensional. Disulfide
bonds are designated by residue number; e.g., A20-B19 indicates the
disulfide bond between CysA20 and CysB19. Amino acids are designated
in the text with standard three-letter codes.

2 Biological potencies of insulin isomers are qualitatively indistin-
guishable from those of native insulin, functioning in isolated adipocytes
as full agonists in stimulation of glucose oxidation and inhibition of
lipolysis (13). Potencies in cellular assays (14-28% relative to native
insulin) are similar to percent activities in vivo in the rat hypoglycemia
test and mouse convulsion assay (21-37%). The relative potencies of
the two isomers are similar. Conversion of isomers to insulin in the
presence of fat cells or in vivo has not been ruled out but seems unlikely
given the similar results obtained under diverse assay conditions (13).
No delay was observed in the onset of action as would be expected if
slow isomerization to native insulin were required prior to assumption
of an active structure.
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Gel-Permeation Chromatography. A reduced level of self-
association of insulin-swap2relative to that of native insulin
at pH 8.1 and 32°C was verified by HPLC gel-permeation
chromatography. Whereas NMR studies were conducted in
the absence of buffer, operation of the column requires a
moderate ionic strength (5 mM Tris-HCl and 50 mM KCl),
conditions that enhance the self-association of native insulin.
Different concentrations of insulin or insulin-swap2were
fractionated on a SynChropak GPCPEP column (250 mm
× 4.6 mm, 5µm as obtained from Eprogen, Darien, IL),
using a Waters 1525 HPLC system equipped with a column
heater. The column was maintained at 32°C in a water bath
and run at a flow rate of 0.5 mL/min prior to sample
application. Samples (20µL) were applied through an
autosampler; peptide elution was monitored at 215 nm using
a dual-lambda 2487 absorbance detector. Data acquisition
and processing utilized the Waters Breeze HPLC software.
Although gel-filtration studies are difficult to perform in 20%
acetic acid, it is feasible to employ Sephadex G-50 (medium-
grade, Pharmacia) in 5% acetic acid (HPLC-grade) in which
insulin is partly monomer and dimer (at 200µM insulin,
the relative populations are 75 and 25%, respectively, as
determined by NMR). Insulin and insulin-swap2(200 µM
in 50µL) were chromatographed separately on such a column
(1 cm × 23 cm) at a flow rate of 0.5 mL/min at room
temperature. Fractions (0.25 mL) were recovered in a fraction
collector and eluted proteins detected by intrinsic tyrosine
fluorescence using an Aviv ATF-105 spectrofluorimeter
(Aviv Instruments, Lakewood, NJ). The excitation wave-
length was 276 nm; emission spectra were obtained from
350 to 285 nm. Void and total column volumes were
determined by fractionating blue dextran and xylene cyanol,
respectively. The elution profile of the isomer is similar to
that of native insulin, shifted somewhat to later elution times,
consistent with a decreased level of dimerization.

NMR Spectroscopy. Initial NMR spectra were obtained at
500 and 600 MHz and 25°C in 80% H2O/20% deuterioacetic
acid (pH 1.9) and 80% D2O/20% deuterioacetic acid mixtures
as described previously (34, 35); the protein concentration
was 1.5 mM. Resonance assignment (Supporting Informa-
tion) was based on two-dimensional (2D) nuclear Overhauser
spectroscopy (NOESY) (mixing times of 100 and 200 ms),
total correlation spectroscopy (TOCSY) (mixing time of 55
ms), and double-quantum-filtered correlation spectroscopy
(DQF-COSY) spectra.3JRN coupling constants in the folded
moiety could not be inferred from DQF-COSY HR-HN

cross-peaks due to conformational broadening (Supporting
Information, Figure S8-A). Tables of chemical shifts are
provided as Supporting Information. NMR assignments of
nonexchangeable resonances were extended by analogy to
spectra obtained at 600 MHz in D2O at pD 7.7 (direct meter
reading) at 32°C in the absence of a cosolvent. This
“bootstrap” procedure has previously been applied in studies
of unstable insulin analogues containing pairwise substitution
of cystine with alanine or serine (15, 36). NMR analysis of
amide resonances in an H2O solution (pH 7.7-8.1; corre-
sponding to pD 7.7) is not feasible due to rapid base-
catalyzed amide proton exchange and conformational broad-
ening (Supporting Information). Bootstrap extrapolation of
assignments obtained in an organic cosolvent is justified by
(a) insulin’s native structure in 20% deuterioacetic acid (18,
37), (b) the similarity of inter-residue nuclear Overhauser

effects (NOEs) in insulin-swap2in spectra obtained in either
20% deuterioacetic acid or aqueous solution (pD 7.7), and
(c) the consistency between NMR-defined helical segments
and trends in CD-derived helix contents at neutral pH (see
the Results). The solution structure of insulin-swap has
previously been characterized in 20% deuterioacetic acid
(34). The proteins are monomeric under conditions of study
as inferred from gel-permeation chromatography (see above).
To verify that the observed NMR features reflect the
structural properties of the monomeric isomer, spectra were
obtained at a protein concentration of 50µM with an
enhanced-sensitivity cryogenic probe at 600 MHz. Similar
patterns of chemical shifts, resonance line widths, and NOEs
were observed (Supporting Information).

Structural Analysis. Interpretation of NMR data focuses
on the predominant conformation in solution. A small
number of supernumerary NOE cross-peaks (<10 comprising
at most two spin systems) are observed in 20% deuterioacetic
acid. These are present in virgin samples and so do not
represent degradation products. ROESY spectra indicate
chemical exchange between major and minor states of CysB7

(8.38 and 8.70 ppm, respectively); such exchange is not
observed in native insulin. No other amide-amide ROESY
cross-peaks are observed of the same sign as the diagonal
(Supporting Information). The fractional occupancy of the
minor state is<10%, leading to its exchange broadening
relative to the major state (Supporting Information). We
speculate that the minor state corresponds to an alternative
configuration of the A7-B7 disulfide bridge.3 We cannot
exclude other mechanisms of structural heterogeneity as the
TOCSY fingerprint spectrum contains several weak ad-
ditional cross-peaks unassociated with detectable NOEs and
unlinked to the major assignment pathway. Reverse-phase
HPLC studies indicate that disulfide rearrangement does not
occur during NMR data acquisition either in 20% acetic acid
or at pD 7.7.

CD Spectroscopy. Spectra were obtained using an Aviv
spectropolarimeter equipped with thermister-controlled tem-
perature regulation. Samples were placed in a 1 mmpath
length quartz cuvette for wavelength scans and 1 cm quartz
cuvette for guanidine denaturation studies. Spectra were
obtained under acidic [0.01 N HCl (pH 2.0)] and neutral
conditions [50 mM KCl and 10 mM potassium phosphate
(pH 7.0)]; spectra are similar under these two conditions, in
accord with past studies of insulin analogues (38). CD-
detected guanidine unfolding curves at 222 nm (Figure 4A,B)
were obtained in 50 mM KCl and 10 mM potassium
phosphate (pH 7.0) at 4°C with an automated titration unit
as described previously (15). The protein concentration in
guanidine studies was 5µM. The reversibility of thermal
transitions was evaluated by comparison of CD spectra and
rp-HPLC chromatograms before and after heating (Support-
ing Information). Deconvolution of far-UV CD spectra to
obtain estimates of fractional secondary structural composi-
tion (R-helix, â-sheet, turn, and random coil) was achieved
by the SELCON method of Sreerama and Woody (39, 40).

Thermodynamic Modeling.Guanidine denaturation data
were fitted by a nonlinear least-squares method to a two-

3 Among crystal structures of Zn-insulin hexamers, the cystine A7-
B7 bridge exhibits a change in configuration associated with the Tf
R transition (21, 23).
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state model as described previously (41). Justification for
the empirical use of a two-state model in the analysis of a
partial fold has been given by Baldwin and co-workers4 (42).
In brief, CD dataθ(x), wherex indicates the concentration
of the denaturant, were fitted by a nonlinear least-squares
program according to

wherex is the concentration of guanidine andθA andθB are
baseline values in the native and unfolded states, respectively.
In “fit 1” (Table 1), these baselines were approximated by
pre- and post-transition linesθA(x) ) θA

H2O + mAx andθB(x)
) θB

H2O + mBx, respectively. Fitting CD data and baselines
simultaneously circumvents artifacts associated with linear
plots of ∆G as a function of denaturant concentration
according to∆G°(x) ) ∆GH2O° + m°x (for a review, see ref
41). Because the nonsigmoidal shapes of the isomers’
unfolding transitions make definition of pre- and post-
transition baselines uncertain, modeling was also performed
assuming (a) thatθA(x) ) θA

H2O and fitting only the post-
transition baseline (fit 2 in Table 1) and (b) thatθA(x) )
θA

H2O and θB(x) ) θB
H2O without baseline fitting (fit 3); this

protocol has been described previously (15). Them values
obtained in fitting the isomer’s unfolding curve are in each
case significantly lower than the nativem value (see Table
1). Such lowerm values are likely to reflect a more exposed
hydrophobic surface in the absence of denaturant and/or the
existence of a native-state ensemble containing a distribution

of incompletely folded forms with differing stabilities5 (43).

RESULTS

Insulin-swap([A7-A11,A6-B7,A20-B19]) and insulin-
swap2([A6-A7,A11-B7,A20-B19]) are generated at low
yield from native insulin by disulfide reassortment under
denaturing conditions (see Materials and Methods). A variety
of conditions (pH, temperature, ratio of protein to reducing
agent, and incubation time prior to acid quenching) were
tested to optimize yield. HPLC chromatograms documenting
the reassortment and purification of the two isomers are
shown in Figure 1C. Proinsulin exhibits analogous disulfide
reassortment (not shown). Prolonging the incubation time
leads to a lower yield of insulin-swapand -swap2isomers
as a more complex distribution of products (including
polymers) evolves. The present reassortment reaction is thus
not at equilibrium; the observed isomers represent kinetic
traps accessible under denaturing conditions.6 Polymeric
products have not been characterized.

CD Studies Demonstrate an Unstable Partial Fold.CD
spectra demonstrate that the isomers are partially folded but
distinct in structure from native insulin. Spectra of the

4 Rigorous application of the Baldwin-Luo formalism (42) to a
molten globule or partial fold requires verification of concordance
between probes of secondary and tertiary structure. The latter is typically
provided by intrinsic tryptophan or tyrosine fluorescence. As insulin
lacks tryptophan and its tyrosine fluorescence is uninformative, its
present applicability is presumptive.

5 Although partial folds would be expected to exhibit lowermvalues
as observed here, a change in slope can also be associated with an
underestimate of an analogue’s stability as extrapolated to zero
denaturant concentration. In the Baldwin-Luo formalism (42), 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.

6 Isomerization of insulin in 6 M guanidine hydrochloride occurs
under conditions in which the three species are substantially unfolded
(as indicated by CD spectra) and presumably exhibit similar residual
stabilities. The low yield of isomers reflects kinetic control of the initial
reassortment; an equilibrium has not been reached. If the initial
reassortment were under thermodynamic control (i.e., if an equilibrium
had been reached), then the relative populations of insulin (or proinsulin)
to isomers I and II (Figure 1C) would imply a∆∆Gu of ≈2 kcal/mol
between native and alternative pairing schemes. Such a marked
difference between the stabilities of respective unfolded-state ensembles
in 6 M guanidine hydrochloride seems to be unphysical.

Table 1: Guanidine Denaturationa

analogue ∆Gu ∆∆Gu Cmid (M)
m (kcal

mol-1 M-1)
potency

(%)

(A) insulin analogues
native insulin 4.4( 0.1 - 5.2( 0.1 0.84( 0.01 100
insulin-swap

fit 1 1.3 ( 0.2 -3.1( 0.2 2.2( 0.2 0.58( 0.04 13-27
fit 2 1.4 ( 0.1 -3.0( 0.1 2.4( 0.2 0.57( 0.02
fit 3 1.3 ( 0.1 -3.1( 0.2 2.6( 0.3 0.50( 0.05

insulin-swap2
fit 1 0.5 ( 0.2 -3.9( 0.3 1.2( 0.1 0.44( 0.03 13-27
fit 2 0.8 ( 0.1 -3.6( 0.1 2.0( 0.2 0.43( 0.02
fit 3 0.9 ( 0.3 -3.5( 0.3 1.9( 0.2 0.46( 0.01

(B) IGF analogues
native IGF-1 2.5( 0.1 - 4.2( 0.1 0.58( 0.01 100
IGF-swap 3.3( 0.1 0.8( 0.2 5.1( 0.1 0.64( 0.01 10

a ∆Gu is the apparent change in free energy on denaturation in guanidine hydrochloride as extrapolated to zero denaturant concentration by a
two-state model.∆∆Gu is the difference in∆Gu values relative to native insulin (A) or IGF-I (B). Uncertainties 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 hydrochloride at which 50%
of the protein is unfolded. Them value provides the slope in plotting the unfolding free energy∆Gu (Gu[HCl]) vs the molar concentration of the
denaturant; this slope is proportional to the protein surface area exposed on unfolding. Insulin potencies (A) are expressed as the percent activity
in isolated fat cell assays andin ViVo rodent models (13; see footnote 2); IGF-I potencies (B) are defined as the percent affinity for the type I IGF
receptor defined relative to the native ligand (100%;49). Fits 1-3 in the analysis of insulin isomers designate (1) simultaneous fitting of slopes of
pre- and post-transition baselines, (2) an assumed horizontal pretransition baseline with simultaneous fitting of slope of the post-transition baseline
only, and (3) assumed horizontal pre- and post-transition baselines without fitting of either slope, respectively (see Materials and Methods). For
sigmoidal transitions (native insulin, IGF-I, and IGF-swap), the model employs simultaneous fitting baselines as in fit 1.

θ(x) )
θA + θBe-∆GH2O°-mx/(RT)

1 + e(-∆GH2O°-mx)/(RT)
(1)
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isomers are remarkable for attenuation of helix-specific bands
at 195, 208, and 222 nm (Figure 2A). Similar results are
obtained at pH 7.7 and 32°C (Figure 2A; chosen to
correspond to the NMR conditions described below) and in
50 mM KCl and 10 mM potassium phosphate (pH 7.0) at 4
°C [Figure 3A; chosen to correspond to past studies of insulin
analogues (15, 36, 44)]. InferredR-helix contents are in each
case less than that of native insulin; on the basis of SELCON
deconvolution (39, 40), estimated helix contents are 39
(native), 20 (insulin-swap), and 14% (insulin-swap2) (Figure
2B). The reduction in helix content is accompanied by an
increase in predictedâ and turn content (histogram in Figure
2B). The inferred helix content of native insulin is less than
that expected on the basis of crystal structures (26 helical
residues of 51 total residues or 52%). Despite the imprecision
of the deconvolution method, the trend in inferred helix
contents (native insulin> insulin-swap> insulin-swap2) is
in accord with qualitative features of the spectra. These
features do not resolve possible sites of perturbation in the
protein nor distinguish between local unfolding versus global
destabilization. CD spectra of proinsulin isomers are similar
to those of the corresponding insulin isomers with addition
of random-coil features attributed to the connecting peptide
in accord with past studies of proinsulin (45-47).

CD spectra of insulin-swap and -swap2 are shown at
successive temperatures (4-70 °C) in panels B and C of
Figure 3, respectively. Temperature-dependent features are
reversible and unaccompanied by disulfide scrambling (Sup-
porting Information). Whereas insulin-swap [like native
insulin (15)] contains a subset of temperature-dependent
structure, spectra of insulin-swap2are similar throughout this
temperature range. The spectra of insulin, insulin-swap, and
insulin-swap2exhibit similar nonrandom features at 70°C
(Figure 3E). This convergence is also seen in thermal melting
curves at 222 nm (Figure 3D) in which the extent of thermal
lability is greatest for native insulin (curve a) and least for
insulin-swap2(curve c). Thermal unfolding of insulin would
be non-two-state if melting of a labile substructure should

precede that of a stable nucleus whose structure is analogous
to that of insulin-swap2(see the Discussion).

Thermodynamic stabilities were estimated by CD-moni-
tored guanidine denaturation (Figure 4A). Whereas native
insulin exhibits a cooperative unfolding transition at 222 nm
with a well-defined pretransition baseline (labeleda in Figure
4A), the isomers are each sensitive to low concentrations of
guanidine hydrochloride (curvesb andc). Visual inspection
suggests that the isomers are each markedly less stable than
native insulin and that the unfolding transition of insulin-
swapis somewhat more sigmoidal in character than that of
insulin-swap2. In neither case are pretransition baselines well
defined. These broad transitions are similar to those observed
in studies of two-disulfide insulin analogues (15, 36). Despite
their nonclassical shapes, the unfolding curves are consistent
with a two-state model (eq 1 in Materials and Methods). This
formalism (41), implemented with a variety of fitting
procedures (see Materials and Methods; Table 1 and its
footnote), would indicate that the isomers are less stable than
native insulin (∆∆Gu > 3 kcal/mol), in accord with their
kinetic conversion to native insulin under appropriate condi-
tions (13). Such fitting further suggests that insulin-swap2
is less stable than insulin-swap, in qualitative accord with
relative CD-defined helix contents. Quantitative interpretation
of guanidine denaturation transitions is nonetheless limited
by the assumptions of two-state modeling (43) and formal
inequivalence of respective denatured states.7

Respective disulfide pairing schemes of insulin and insulin-
swapare the same as those of the homologues IGF-I and
IGF-swap(Figure 4C;48, 49). Unlike insulin and proinsulin,
however, the two forms of IGF-I are nearly equally populated
at equilibrium, demonstrating the existence of alternative
ground states (49). The structure of IGF-swap closely
resembles that of insulin-swap(50). A corresponding “IGF-
swap2” has not been observed. As a control for the guanidine
denaturation method, we have characterized the respective
unfolding transitions of native IGF-I and IGF-swap(desig-
nated n and swap in Figure 4B). Each exhibits a classical
sigmoidal transition with well-defined pretransition baseline.
A marked contrast is thus observed between the nativelike
transitions of native insulin, native IGF-I, and IGF-swap, on
one hand, and the broad and unstable transitions of insulin-
swapand insulin-swap2, on the other hand. The stability of
IGF-I is lower than that of insulin (∆∆Gu ) 1.9( 0.2 kcal/
mol), in accord with observations that insulin is able to
maintain its disulfide bridges at the oxidation-reduction
potential of the blood stream whereas the isolated IGF-I
monomer cannot (51).

NMR Studies Demonstrate Asymmetric Perturbations.To
probe the structural origins of the isomer’s altered CD
spectrum and instability, insulin-swap2was investigated by
1H NMR spectroscopy. Initial studies were conducted in 20%
deuterioacetic acid at 25°C in relation to native insulin (35)
and insulin-swap(34). Spectra are unaffected by dilution of

7 The guanidine denaturation method, unlike thiol-catalyzed disulfide
rearrangement (51), employs distinct unfolded reference states (i.e.,
oxidized disulfide isomers in a saturated concentration of guanidine
hydrochloride). Estimates of∆∆Gu assume that the various unfolded
states exhibit similar baseline stabilities. It is possible, however, that
different unfolded-state ensembles have different (low) stabilities due
to altered global topology (69) or residual local interactions (70)
enforced by distinct disulfide connectivities. See also footnote 4.

FIGURE 2: CD spectra of insulin and disulfide isomers (A) and
spectral deconvolution (B). Far-UV spectra in panel A demonstrate
attenuation of helix-specific bands at 222 and 195 nm in the
following order: native insulin (s, highest helix content), insulin-
swap(- - -), and insulin-swap2(b, lowest helix content). Decon-
volution in panel B yields a histogram of secondary structures: (R,
black bars) helix, (â, gray bars)â-sheet, (t, cross-hatched bars) turn,
and (rc, white bars) random coil. Bars pertaining to insulin, insulin-
swap, and insulin-swap2 are labeled n, 1, and 2, respectively.
Analysis of protein secondary structure was performed by the
method of Woody and co-workers (39). Spectra were obtained in
aqueous solution at pH 7.7 amd 32°C at protein concentrations of
40 µM.
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the protein to 50µM as observed with enhanced-sensitivity
cryogenic probe technology (Supporting Information). One-
dimensional1H NMR spectra of native insulin, insulin-swap,
and insulin-swap2exhibit the progressive loss of chemical
shift dispersion (Figure 5). This trend is in qualitative accord
with the respective stabilities and CD-definedR-helix
contents in aqueous solution at neutral pH. Essentially
complete sequential assignment of insulin-swap2was ob-

tained by standard methods (Supporting Information). Mo-
tional narrowing is observed involving resonances in the
N-terminal segments of both chains (A3-A5 and B2-B6)
and C-terminal B chain segment (B27-B30); such narrowing
is prominent in DQF-COSY fingerprint spectra due to
antiphase cancellation of non-narrowed cross-peaks8 (52)
(Supporting Information). Two amide resonances (A2 and
A10) are unobserved, presumably due to conformational

FIGURE 3: CD studies of insulin isomers. (A) Comparison of far-UV CD spectra of native insulin (b), insulin-swap(2), and insulin-swap2
(O) at 4 °C in 10 mM potassium phosphate (pH 7.4) and 50 mM KCl. (B and C) CD spectra of insulin-swap(B) and insulin-swap2(C)
as a function of temperature. Both panels utilize the same temperature designations: 4 (black squares), 10 (red triangles), 20 (blue circles),
30 (light green circles), 40 (purple triangles), 50 (black triangles), 60 (light blue triangles), and 70°C (red squares). (D) The mean residue
ellipticity at 222 nm is shown as a function of temperature for native insulin (a), insulin-swap(b), and insulin-swap2(c). (E) Far-UV CD
spectra of native insulin (b), insulin-swap(2), and insulin-swap2(O) at 70°C in 10 mM potassium phosphate (pH 7.4) and 50 mM KCl.
(F) Proposed model of the partial insulin fold at 70°C prior to the onset of fibrillation. Cylinders and the arrow indicate temperature-stable
substructure (B9-B26 and A16-A20). Dashed lines indicate disordered regions. The protein’s three disulfide bridges are indicated in
schematic form by balls (sulfur atoms).
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broadening. Nonexchangeable side chain resonances are well-
defined, with the exception of GlyB20 (whose HR resonances
are presumably overlapping near the diagonal of the 2D
spectrum).

The upfield region of the aliphatic1H NMR spectrum of
insulin-swap2 is shown in Figure 6A-d in relation to the
spectrum of an engineered monomer (DKP-insulin;53) in
the same cosolvent (Figure 6A-a) and the native insulin dimer
in dilute HCl at pH 2 (Figure 6A-b).9 Whereas spectra of
the native insulin monomer and dimer exhibit upfield-shifted
methyl resonances from both A and B chains (IleA2, IleA10,
and LeuB15), the upfield spectrum of insulin-swap2contains
only the methyl resonances of LeuB15. The magnitude of B15
secondary shifts is attenuated relative to such shifts in the
native dimer or monomer. Previous analyses of aromatic ring
current shifts in insulin have ascribed the upfield shift of
LeuB15 to PheB24 (54). The near-random-coil chemical shifts

8 Antiphase cancellation of DQF-COSY fingerprint cross-peaks (52)
is accentuated inR-helical regions due to smaller values of3JHNR
coupling constants. This effect is insufficient in itself, however, to
account for the observed attenuation of such signals as indicated by
past NMR studies of DPI (71) and other small helical proteins wherein
such cross-peaks are well-defined. The extent of antiphase cancellation
is not affected by dilution of the protein to 50µM (Supporting
Information).

9 The crystal structure of native insulin at pH 2.0 has recently been
determined by G. G. Dodson and co-workers to be a dimer (72). Its
structure closely resembles the native dimer observed in the classical
T6 Zn hexamer (20, 22).

FIGURE 4: Contrasting thermodynamic features of insulin and IGF-I: guanidine unfolding transitions of insulin (A) and IGF-I (B) and
disulfide pairing scheme of IGF-I (C). (A) Studies of native insulin (a), insulin-swap (b), and insulin-swap2(c). Guanidine unfolding
transitions were monitored by CD ellipticity at 222 nm in panels A and B. (B) Control unfolding studies of native IGF-I and IGF-swap.
Thermodynamic parameters inferred from two-state fitting (41) are given in Table 1. (C) Disulfide pairing schemes of IGF-I. Pairings in
native IGF-I are designated with thick lines connecting sulfur atoms (residues 6-48, 18-61, and 47-52), whereas pairings in IGF-swap
(6-47, 18-61, and 48-52) are denoted with thin lines.

FIGURE 5: 1H NMR spectra of native insulin (A), insulin-swap(B),
and insulin-swap2(C) in 20% deuterioacetic acid (pH 1.9) at 25
°C. Chemical shift dispersion is greatest in the spectrum of native
insulin and smallest in the spectrum of insulin-swap2. The protein
concentration was in each case 1 mM. The spectrometer frequency
was 500 MHz. Cryoprobe-enhanced1H NMR spectra at a protein
concentration of 50µM are provided as Supporting Information.
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of IleA2 and IleA10 (not individually assigned;δ-CH3 reso-
nances are labeled Ia and Ib in Figure 6A-d) suggest that
neighboring ring currents (IleA2-TyrA19 and IleA10-HisB5)
have been perturbed. The1H NMR spectrum of isulin-swap2
in 20% deuterioacetic acid (pH 1.9) is similar to (but
somewhat less broad than) that obtained in dilute HCl
solution (pH 2.0; Figure 6A-c). This similarity suggests that
addition of the cosolvent prevents self-association of the
isomer without introducing significant additional perturba-
tions.

High-resolution spectra of insulin-swap may also be
obtained in D2O at 32 °C (Figure 6B-h). Fortuitously,
whereas native insulin self-associates at neutral pH to yield
broad NMR resonances (Figure 6B-f), insulin’s classical self-
association surfaces (22) are presumably perturbed in the
isomer, leading to NMR line widths similar to those of an
engineered insulin monomer under these conditions (Figure
6B-e). Similar spectra are observed at isomer concentrations
of 1 mM and 50µM. A decreased level of self-association
under these conditions is independently verified by HPLC
gel-permeation chromatography (Supporting Information).
Assignments are extended by analogy as 2D NMR spectra
obtained under the two solution conditions exhibit corre-

sponding patterns of spin systems (Figures 7B and 8). Trends
in chemical shifts are similar to those observed under acidic
conditions. For both DKP-insulin (spectraa ande in Figure
6) and insulin-swap2 (spectra d and h), dispersion of
chemical shifts is more pronounced near neutral pH than in
20% deuterioacetic acid, especially in the magnitude of the
upfield shift of LeuB15. Nonetheless, spectral comparison at
pD 7.7 (spectraeandh in Figure 6B) demonstrates an overall
attenuation of chemical shift dispersion in the isomer similar
to that observed in 20% deuterioacetic acid. The aliphatic
portion of the1H NMR spectrum of insulin-swap2is in each
case remarkable for retention of upfield-shifted B chain
resonances but loss of upfield-shifted A chain resonances.
The spectrum of insulin-swap2under CD conditions [50 mM
KCl and 10 mM potassium phosphate (pH 7.0) at 25°C]
exhibits line broadening indicative of partial aggregation at
this protein concentration (Figure 6B-g). The envelope of
resonances nonetheless resembles that observed at pD 7.7
and 32°C (Figure 6B-h).

Analysis of inter-residue NOEs in 80% H2O and 20%
deuterioacetic acid permits the observation of helical-
associated contactsdNN (contacts between successive amide
protons); limited resolution in the fingerprint region precludes
analysis of the correspondingdRN(i,i+3) cross-peaks (contacts
between HR of residuei and the amide proton of residuei +
3). The pattern of corroborative helix-relateddRâ(i,i+3) contacts
is similar in 20% deuterioacetic acid and in aqueous solution
at pD 7.7. These contacts are summarized in Table 2 and
outlined in Wüthrich format in the Supporting Information.
Long-range inter-residue NOEs (Figures 7B and 8D) are also
observed. These involve a subset of nativelike contacts and
are similar under the two solution conditions (Table 3). Use
of cryogenic probe technology demonstrates that these NOEs
are retained at a protein concentration of 50µM (Supporting
Information) and hence arise in the monomer. Although
insufficient NOEs are observed (or resolved) to permit
calculation of a precise three-dimensional model by distance
geometry, the following qualitative features are discerned.

(i) Maintenance of a Central B ChainR-Helix (B9-B19).
Analysis of secondary structure reveals a nested pattern of
dRâ(i,i+3) NOEs under both solution conditions spanning the
B9-B18 segment. Similarly,dNN NOEs are observed in 20%
deuterioacetic acid involving the B9-B10, B10-B11, B14-
B15, B17-B18, and B18-B19 steps (Supporting Informa-
tion). The B11-B14 and B15-B16 steps are unclear because
of either limited resolution near the diagonal or conforma-
tional broadening. AdditionaldNN NOEs are observed at the
B4-B5 (weak), B5-B6, and B6-B7 steps (i.e., the segment
N-terminal to the non-native B7-A11 disulfide bridge). No
dRâ(i,i+3) connectivities are observed in this region. It is
possible that one or more turns occur between B4 and B9.

(ii) Maintenance of B Chain Supersecondary Structure.
In native insulin, the B chain centralR-helix is followed by
a â-turn (residues B20-B23) and â-strand (B24-B28),
which packs back across theR-helix (B9-B19) (Figure 7A).
In insulin-swap2, a dNN contact consistent with a turn is
observed between residues B22 and B23; the expected B21
HR-B23 HN NOE may exist but is obscured by resonance
overlap. Evidence for nativelike strand and helix packing is
provided by side chain NOEs from the aromatic rings of
PheB24 and TyrB26 to methyl resonances in theR-helix (ValB12

and LeuB15; Figures 7B and 8D). Subtle differences in side

FIGURE 6: Reduced chemical shift dispersion of the insulin isomer.
One-dimensional1H NMR aliphatic spectra of native insulin and
insulin-swap2under acidic conditions (A) or at neutral pH (B):
(a) 1 mM DKP-insulin monomer in 20% deuterioacetic acid at 25
°C, (b) native insulin dimer at pH 2 in 0.01 M HCl at 25°C, (c)
0.2 mM insulin-swap2under the conditions of spectrumb, (d) 0.8
mM insulin-swap2under the conditions of spectruma, (e) 1 mM
DKP-insulin monomer in aqueous solution at pD 7.7 and 32°C,
(f) 0.2 mM native insulin aggregate at pD 7.0 and 25°C, (g) 0.2
mM insulin-swap2at pD 7.0 and 25°C, and (h) 0.5 mM insulin-
swap2 at pD 7.7 and 32°C. Assignments of spectraa, d, ande are
based on complete sequential assignment; assignments of spectra
b andh are based on analogous NOE patterns of spin systems in
D2O (see Figure 8). The two isoleucine spin systems of insulin-
swap2 are distinguishable but not assigned; their twoδ-CH3
resonances are labeled Ia and Ib in panelsd andh.

14708 Biochemistry, Vol. 41, No. 50, 2002 Hua et al.



chain packing are observed between the two solution
conditions (Table 3), but the observed NOEs are in each case
consistent with maintenance of nativelike strand and helix
packing. No nativelike contacts are observed under either
solution condition between HisB5 and IleA10, indicating that
the structure of the mobile N-terminal portion of the B chain
differs from that of native insulin. These NOEs are also
absent in the spectrum of insulin-swap.

(iii) A Nascent A Chain C-TerminalR-Helix. Strings of
dRâ(i,i+3) NOEs are absent in the N-terminal segment of the
A chain. Assignments are largely defined and in principle
would allow resolution of the majority of such helix-related
contacts. Evidence suggesting a nascent C-terminal helix in
the A chain is provided by an incomplete set of helix-related
NOEs; these include A12-A15 dRâ(i,i+3), A12-A16 dRγ(i,i+4)

(not seen in native insulin), A15-A18 dRN(i,i+3), a side chain
(i, i + 3) contact between the aromatic ring of TyrA19 and
methyl resonances of LeuA16 (Figure 7B), and a string of
dNN connectivities between A13 and A19 (Supporting
Information, Figure S8-B). An additional A15-A18 dRâ(i,i+3)

is observed in D2O (pD 7.7) not present in 20% deuterio-

acetic acid (Table 2). An A13-A16 dRN(i,i+3) NOE may exist
but is obscured by overlap under either solution condition.
It is possible that this segment’s helical preference is
associated with side chain disorder in a molten ensemble of
conformations. These features are shared by insulin-swap
and insulin analogues lacking one disulfide bridge (either
the cystine A6-A11 or A7-B7 bridge; 15, 18, 36). A
substantial loss ofR-helical structure in the A chain is in
accord with the attenuated CD spectra of these analogues.
Long-range NOEs between side chains in the A chain, if
present, are difficult to resolve.10

DISCUSSION

Insulin’s three disulfide bridges (A6-A11, A7-B7, and
A20-B19) play critical roles in its structure, stability, and

10 An NOE is observed between the aromatic ring of TyrA19 and a
methyl resonance near 0.9 ppm. This contact is consistent with a
nativelike contact involving IleA2 (Figures 7B and 8D), but resonance
overlap precludes a definitive assignment. Conformational broadening
of A2 resonances (unlike those of A3-A5) suggests the presence of
alternative interactions.

FIGURE 7: Long-range interactions of B chain supersecondary structure. (A) Superposition of crystal structures (residues A12-A20 and
B9-B26) showing key side chain contacts among LeuA16, TyrA19, ValB12, LeuB15, PheB24, and TyrB26. Main chain atoms of the A and B
chains are shown in gray and black, respectively; side chains of the A and B chains are shown in lilac and red, respectively. The A20-B19
disulfide bridge is shown as yellow-orange balls (sulfur atoms) and sticks. The spread of the conformations reflects structural variation
among crystal forms. Coordinates were obtained from the Protein Data Bank (entries 4INS, 1APH, 1BPH, 1CPH, 1DPH, 1TRZ, 1TYL,
1TYM, 1ZNI, 1LPH, 1G7A, 1EV6, and 1ZNJ). (B) NOESY spectrum of insulin-swap2in an 80% D2O/20% deuterioacetic acid mixture
showing long-range contacts between aromatic and aliphatic side chains. Of particular interest are contacts characteristic of nativelike B
chain supersecondary structure (from ValB12 to PheB24 and/or TyrB26 and from LeuB15 to TyrB26) and nativelike A16-A19 and B15-A19
contacts. Aromatic resonances of PheB24 Hγ and TyrB26 Hε overlap at 6.75 ppm. The assignment of a possible IleA2-TyrA19 interaction (Ia)
is provisional due to resonance overlap.
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function (15, 18, 36, 55). We have previously described the
structure of insulin-swapas a model of a protein caught in

a kinetic trap (34). This disulfide isomer ([A7-A11,A6-
B7,A20-B19] pairing scheme), originally prepared by total

FIGURE 8: Structural relationships in insulin-swap2in aqueous solution (pD 7.7 and 32°C). (A and B) NOESY spectrum showing aromatic
(A) and methyl-related (B) NOEs. (C) TOCSY spectrum showing aromatic spin systems. (D) NOEs between aromatic protons and methyl
resonances. The NOESY and TOCSY mixing times were 200 and 55 ms, respectively. Assignments are as follows: (A and C) (a) B26
Hε-B26 Hδ, (b) B24 Hε-B24 Hδ and B24 Hε-B24 Hú, (c) A14 Hε-A14 Hδ, (d) B16 Hδ-B16 Hε, (e) A19 Hδ-A19 Hε, (f) B1 Hδ-B1
Hε, and (g) B25 Hδ-B25 Hε and (B and D) (h) B15 Hâ-B15 δ1,2 CH3 and B15 Hγ-B15 δ1,2 CH3, (i) A16 Hâ-A16 δ1,2 CH3 and A16
Hγ-A16 δ1,2 CH3, (j) Ia Hâ-Ia γ′ CH3, (k) B12 Hâ-B12 γ1,2 CH3, (l) B2 Hâ-B2 γ1,2 CH3, (m) B18 Hâ-B18 γ1,2 CH3, (n) A3 Hâ-A3
γ1,2 CH3, (o) B6 Hâ-B6 δ1,2 CH3 and B6 Hγ-B6 δ1,2 CH3, (p) A16 Hâ-B15 δ1 CH3 and A16 Hγ-B15 δ1 CH3, (q) A17 Hγ-B18 γ1,2 CH3,
(r) B26 Hε-B12 γ1,2 CH3, (s) A19 Hε-B15 Ηâ1, (t) B26 Hδ-B12 γ1,2 CH3, (u) A19 Hε-Ia δ CH3, (v) A19 Hε-A16 δ1,2 CH3, (w) A19
Hε-B16 δ1 CH3, (x) B24 Hε-B15 δ1,2 CH3, (y) B5 Hδ-B6 δ1,2 CH3, (z) B24 Hδ-B12 γ1,2 CH3, (a′) B24 Hδ-B15 δ1 CH3, (b′) B1 Hδ-B2
γ1,2 CH3, (c′) B1 Hδ-B18 γ1,2 CH3, (d′) A19 Hδ-Ia δ CH3, (e′) A19 Hδ-A16 δ1,2 CH3, and (f′) A19 Hδ-B15 δ1,2 CH3. The pattern of
inter-residue NOEs is retained at an isomer concentration of 50µM as observed with a high-sensitivity cryogenic probe (Supporting
Information).

Table 2: Helix-Associated NOEsa in Insulin-swap2

(A) present in both 20% acetic acid and aqueous solution (pD 7.7)
dRâ(i,i+3), B9-B12, B10-B13, B13-B16, B14-B17,b B15-B18
dRγ(i,i+3), B9-B12 and B15-B18
noncanonical (i, i + 3) contacts between A16δ-CH3 and A19 Hδ,ε

(B) present only in 20% acetic acid
dRâ(i,i+3), B12-B15 and related NOEsc

noncanonical (i, i + 3) contactd between A16δ-CH3 and A19 HR
(C) present only in aqueous solution (pD 7.7)

dRâ(i,i+3), A15-A18 and B11-B14
a This table pertains to spectra observed in D2O. No non-native helix-

associated NOEs are observed; only a subset of native contacts is
maintained. An A12-A16 dRγ(i,i+4) contact is also observed in 20%
deuterioacetic acid but not observed in the spectrum of native insulin.
b The cross-peak is unresolved from an alternative possible assignment
that is inconsistent with nativelike structure.c Helix-related contacts
are also observed between HR of ValB12 and the methine and methyl
resonances of LeuB15. d Theδ1 andδ2 methyl resonances of LeuA16 have
similar chemical shifts in 20% deuterioacetic acid.

Table 3: Long-Range NOEsa between Side Chains in Insulin-swap2

(A) present in both 20% acetic acid and aqueous solution (pD 7.7)b

LeuA16 δ1,2 CH3-LeuB15 HR, TyrA19 Hδ-LeuB15 δ1 CH3,
TyrA19 Hâ1,2-LeuB15 δ1 CH3, TyrA19 Hδ,ε-isoleucinec δ-CH3

(B) present only in 20% acetic acid
LeuB15 δ2 CH3-TyrB26 Hδ

(C) in aqueous solution (pD 7.7) and possibly in 20% acetic acid
GluA17 Hγ-ValB18 γ2 CH3, LeuB6 δ2 CH3-LeuB11 HR

(D) present only in aqueous solution (pD 7.7)d

LeuA16 HR,â,γ-LeuB15 δ1 CH3, TyrA19 Hε-LeuB15 Hâ andδ1 CH3,
ValB12 γ CH3-TyrB26 Hδ, ValB12 δ CH3-PheB24 Hδ,
LeuB15 δ1 CH3-PheB24 Hδ, LeuB6 δ CH3-HisB10 Hâ

a This table pertains to spectra observed in D2O. No non-native long-
range NOEs are observed; only a subset of native contacts is maintained.
b The δ1 and δ2 methyl resonances of LeuA16 have similar chemical
shifts in 20% deuterioacetic acid.c The two isoleucine spin systems
(IleA2 and IleA10) are classified as Ia and Ib but not individually assigned
(see Figures 6 and 7B).d The γ1 andγ2 methyl resonances of ValB12

have similar chemical shifts under both conditions.
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protein synthesis (13), is accessible to kinetic disulfide
reassortment under denaturing conditions. In this paper, a
second accessible disulfide isomer ([A6-A7,A11-B7,A20-
B19] pairing scheme) has been investigated by CD and NMR
spectroscopy. CD spectra indicate an attenuated helix content
in the following order: insulin-swap2(lowest helix content)
< insulin-swap< native insulin (highest helix content). The
limited chemical shift dispersion observed in the1H NMR
spectrum of insulin-swap2indicates that the spatial organiza-
tion of side chains (relative to aromatic rings currents) is
not well maintained (54).

Regions of substructure populated by the majority of
conformers in solution have been identified by 2D NMR
spectroscopy. A bootstrap strategy has been applied whereby
sequential assignment in an acidic cosolvent is extended to
aqueous solution near neutral pH. The remarkable sensitivity
of cryogenic probe technology enabled 2D NMR spectra of
dilute protein solutions to be obtained (50µM), thus verifying
monomer-specific structural features. Although the secondary
structure of the B chain of insulin-swap2is similar to that
of native insulin and insulin-swap, the A chain is substantially
less ordered. A partial hydrophobic core with nativelike
interactions is nonetheless maintained in the neighborhood
of the shared A20-B19 disulfide bridge. This partial
structure and potential induced fit of disordered regions
rationalize the isomer’s biological activity as an insulin
agonist (13). Thermodynamic studies by CD-detected guani-
dine denaturation demonstrate that insulin-swapand insulin-
swap2are each markedly less stable than native insulin. Such
instability is in qualitative accord with the isomers’ lower
R-helix content (Figure 2B) and attenuated1H NMR chemi-
cal shift dispersion (Figure 6). Similar instability has been
observed among two-disulfide analogues of insulin (15, 36).
Of the two isomers, insulin-swap2is the less stable and less
organized. These features rationalize its later rp-HPLC
elution time (Figure 1C); greater exposure of hydrophobic
surfaces would enhance the isomer’s affinity for C8 and C18
aliphatic matrices.

The A and B domains of IGF-I are homologous to those
of insulin and yet exhibit distinct disulfide-pairing properties
(48, 49). Native IGF-I exists in equilibrium with IGF-swap;
a putative IGF-swap2has not been detected. The present
guanidine unfolding studies indicate that native insulin and
IGF-I exhibit different stabilities (relative to their respective
unfolded states); insulin is significantly more stable. The
lower stability of IGF-I to guanidine denaturation is consis-
tent with the instability of its disulfide bridgesin Vitro at a
redox potential similar to that of blood (51). The greater
intrinsic stability of insulin is in accord with biological
requirements; whereas IGF-I is transported as a complex with
specific binding proteins, insulin circulates in the blood
stream as a monomer and must maintain its disulfide bridges
to be active. That insulin-swap(and so presumably proin-
sulin-swap) is destabilized relative to IGF-swap is also
consistent with biological requirements; whereas nascent
disulfide pairing by reduced proinsulin is thought to be
affected within the monomeric polypeptide chain, the equi-
librium between native IGF-I and IGF-swap in the endo-
plasmic reticulum is pulled toward the native pairing scheme
by specific IGF-binding proteins (56). Such a coupled
equilibrium in a heterodimeric system has apparently relaxed
the selection pressure on the IGF-I sequence to encode a

unique ground state. Interestingly, application of two-state
fitting also predicts that IGF-swapis more stable under these
conditions (50 mM KCl and 10 mM potassium phosphate
at pH 7.0 and 4°C) than is native IGF-I (∆∆Gu ) 0.8 (
0.1 kcal/mol; Table 1), in accord with a shift in its unfolding
curve to the right. (Because of a difference in them values,
however, the apparent difference in∆Gu may be an
overestimate. Correction form value change yields a lower
bound on∆∆Gu of 0.3 kcal/mol.) It seems remarkable that
the non-native isomer can be more stable than native IGF-I
under some conditions. In contrast, disulfide exchange at
higher temperatures and pHs demonstrates that native IGF-I
is more populated than IGF-swap, making possible a robust
estimate of∆∆G of -0.4 to 0.7 kcal/mol (the negative sign
reflects the opposite relative stabilities;51).

Implications for Protein Folding.A correspondence is
observed between the partial fold of insulin-swap2and those
of two-disulfide analogues of insulin sharing a cystine A20-
B19 bridge (15, 36). The latter analogues represent peptide
models (57) of populated proinsulin folding intermediates
(14). Each contains nativelike B chain supersecondary
structure and a C-terminal A chainR-helix, the packing of
which is proposed to provide a specific folding nucleus (15).
Preferred pathways of disulfide pairing (14) and associated
structures have motivated the hypothesis that nascent folding
of the B domain provides a template for subsequent folding
of the A domain. Stepwise organization of the the poly-
peptide chain with successive disulfide pairing suggests a
hierarchical process (3, 4). We imagine that diffusion and
collision of nascent B chain and C-terminal A chain helices
(a framework mechanism) leads to an extended disulfide-
stabilized nucleus polarized with respect to frayed N-terminal
segments in each chain. Nativelike B chain supersecondary
structure and the nonlocal A20-B19 disulfide bridge would
ensure that proinsulin’s transition state exhibits a nativelike
topology. Structures of insulin-swapand -swap2are in accord
with this proposal in that an invariant B chain template is
mismatched with aberrant N-terminal A chain folds. It is
not known whether these isomers are the most stable of the
possible alternative folds or only the most kinetically
accessible from the ground state. Our attempts to obtain
additional isomers through prolonged reassortment reactions
were confounded by formation of polymers.

We imagine that the energy landscape of proinsulin has a
funnel shape, in accord with the “new view” of protein
folding (16; Figure 9A). Preferential trajectories down the
funnel are populated (58), in accord with the experimental
characterization of a preferred disulfide pathway (14, 15).
Disulfide intermediates occupy a range of molten-globule
states (shaded region in Figure 9A) from which non-native
structures may be trapped by disulfide mispairing (traps I
and II in Figure 9A). The cystine A20-B19 bridge forms
early in the kinetic pathway of disulfide pairing, rationalizing
its maintenance in the two accessible isomers (15, 49). We
cannot exclude the possibility that non-native isomers lacking
the A20-B19 bridge exist but cannot be reached by
trajectories accessible within the funnel. In the future, this
issue may be addressed through directed synthesis of
inaccessible isomers. Such studies may illuminate why the
sequence of proinsulin specifies a unique disulfide-pairing
scheme whereas that of IGF-I encodes two distinct ground
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states11 (native IGF-I and IGF-swap, Figure 9B;48, 49).
Implications for Misfolding and Fibrillation.An unex-

pected feature of insulin-swap2 is its apparent thermal
stability as monitored by far-ultraviolet CD spectroscopy.
Such stability stands in contrast to the isomer’s exquisite
sensitivity to guanidine denaturation. Whereas native insulin
and (to a lesser extent) insulin-swap exhibit attenuated
R-helix content at elevated temperatures (15), the CD
spectrum of insulin-swap2 is similar at high and low
temperatures. This spectrum resembles those of insulin and
insulin-swapat 70°C. How can an unstable partial fold resist
thermal denaturation? To resolve this apparent paradox, we
propose that the structure of native insulin consists of two

substructures: temperature-stable B chain supersecondary
structure (residues B9-B26 and the adjoining A16-A20
hydrophobic cluster) and temperature-labile substructure
elsewhere. This proposal suggests that the contrasting CD
thermal features of insulin, insulin-swap, and insulin-swap2
reflect differences in the extent to which the latter regions
are folded at low temperatures. Since NMR studies demon-
strate that the three species contain similar B chain structure
and the adjoining A16-A20 hydrophobic cluster at room
temperature (the presumed temperature-stable substructure),
it is likely that insulin at 70°C retains an analogous partial
fold (Figure 3F). This same substructure is proposed to form
a specific folding nucleus in the kinetic pathway of disulfide
pairing (14, 15, 59).

Proteins ordinarily exhibit cooperative (“all or none”)
unfolding transitions. Such cooperativity is an evolved
property of polypeptide sequences proposed to hinder their
otherwise universal propensity to form cross-â fibrils (60).
Studies of insulin analogues have demonstrated segmental

11 Recent studies of chimeric single-chain insulin precursor polypep-
tides have demonstrated that the B domain is responsible for this
difference (73). Polypeptides containing the insulin B domain and IGF-I
A domain fold with unique disulfide pairing, whereas sequences
containing the IGF-I B domain and insulin A domain form native and
swapisomers in equilibrium.

FIGURE 9: Protein folding landscapes and fibrillation. Comparison of funnel-like energy landscapes for proinsulin and insulin (A) and
IGF-I (B). Whereas IGF-I exhibits two distinct ground states (native andswap), insulin and proinsulin exhibit a single minimum with
higher-energy potential kinetic traps. These alternative folds are not ordinarily detected during insulin chain combination or oxidative
folding of proinsulin. (C) Electron micrograph of insulin fibrils obtained from ref68. (D) The crystal structure ofdes-pentapeptide[B26-
B30]-insulin contains a novel antiparallelâ-sheet as a lattice contact between monomers (17). The N-terminal segment of the B chain is
displaced from its native contact against the A chain to contact an adjoining A chain. Thisâ-sheet is proposed as a model of an interaction
in the cross-â insulin fibril (17) or within an amyloidogenic nucleus (63).
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unfolding (37, 61), suggesting that the monomer is not highly
cooperative. The structures of insulin isomers highlight this
noncooperativity in that a nativelike B chain substructure is
compatible with non-native A chain configurations. The
insulin monomer is also highly susceptible to fibrillation,
which for many decades has been a key issue in its clinical
formulation (31, 62). Fibrillation is enhanced by partial
unfolding under a variety of stresses, including temperature
(17). An example of an insulin fibril formed at 70°C is
shown in Figure 9C (63). The structure of insulin at 70°C
would be of interest in relation to the mechanism of
fibrillation (63-67); the proposed partial fold (Figure 3F)
would render accessible the N-terminal segments of the A
and B chains for initiation of formation of an intermolecular
â-sheet. Although the structure of an insulin fibril is not
known, the participation of the B1-B8 segment in an
intermolecular antiparallelâ-sheet has in fact been observed
as a lattice contact in the crystal structure of a monomeric
insulin fragment [des-pentapeptide[B26-B30]-insulin (DPI)]
(Figure 9D). This crystal contact is proposed as a model of
non-native interactions in either the mature fibril or amy-
loidogenic intermediate12 (17). It would be intriguing if
insulin’s susceptibility to fibrillation should arise as a side
consequence of limited cooperativity.

This study has addressed how alternative disulfide pairing
schemes are accommodated in nativelike partial folds of low
stability. It would be of future interest to investigate whether
insulin’s disulfide isomers are also susceptible to fibrillation
and, if so, how alternative disulfide bridges can be accom-
modated (or not) in an amyloidogenic nucleus or cross-â
polymer. Would a particular pairing scheme be incompatible
with long-range order and hence yield an amorphous
precipitate? To our knowledge, there are presently no
examples of a structural switch between ordered cross-â
assembly and disordered aggregation based on a change in
disulfide-directed chain topology rather than sequence.

CONCLUDING REMARKS

The landscape paradigm of protein folding rationalizes
how a correct fold forms with high probability following
hydrophobic collapse. Alternative metastable folds may exist
at early stages of this process or as long-lived kinetic traps.
This study exploits the kinetic accessibility of non-native
disulfide isomers under denaturing conditions for obtaining
models of a globular protein caught in a kinetic trap. The
stabilities of these isomers are marginal under native condi-
tions. Nonetheless, their structures exhibit some features of
conventional native states, including well-defined elements
of secondary structure and partial desolvation of nonpolar
residues. Insulin-swapand insulin-swap2are less organized
than native insulin. The incompatibility of the insulin
sequence (especially in the A chain) with these alternative
folds provides a physical realization of a template-threading
procedure (7, 8). The predominant structural features ob-

served in NMR studies coincide with regions of nascent
structure proposed to provide a specific folding nucleus in
native oxidative folding (59). This nucleus is polarized,
containing major elements of B chain supersecondary
structure and a portion of the C-terminal A chainR-helix.
Recapitulation of this nucleus in the metastable structures
of insulin-swap and insulin-swap2may account for their
kinetic accessibility from the native state. This perspective
suggests that these traps exist in the walls of the native funnel
and so do not represent rugged features of the outer
landscape. Analysis of disulfide-trapped non-native states
may provide a general method for probing the topography
of an energy surface within the molten zone of hydrophobic
collapse.
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