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ABSTRACT: Although insulin and insulin-like growth factor-1 (IGF-1) belong to one family, insulin folds
into one thermodynamically stable structure, while IGF-1-folds into two thermodynamically stable structures
(native and swap forms). We have demonstrated previously that the bifurcating folding behavior of IGF-1
is mainly controlled by its B-domain. To further elucidate which parts of the sequences determine their
different folding behavior, by exchanging the N-terminal sequences of mini-IGF-1 and recombinant porcine
insulin precursor (PIP), we prepared four peptide models: [1-9]PIP, [1-10]mini-IGF-1, [1-4]PIP, and
[1-5]mini-IGF-1 by means of protein engineering, and their disulfide rearrangement, V8 digestion, circular
dichroic spectra, disulfide stability, and in vitro refolding were investigated. Among them only [1-9]-
PIP, like mini-IGF-1/IGF-1, was expressed in yeast as two isomers: isomer 1 (corresponding to swap
IGF-1) and isomer 2 (corresponding to native IGF-1), which are supported by the experimental results of
disulfide rearrangements, peptide mapping of V8 endoprotenase digests, circular dichroic analysis, in
vitro refolding, and disulfide stability analysis. The other peptide models, [1-10]mini-IGF-1, [1-4]PIP,
and [1-5]mini-IGF-1, fold into one stable structure as PIP does, which indicates that sequence 1-4 of
mini-IGF-1 is important for the folding behavior of mini-IGF-1/IGF-1 but not sufficient to lead to a
bifurcating folding. The results demonstrated that the folding information, by which mini-IGF-1/IGF-1-
folds into two thermodynamically structures, is encoded/written in its sequence 1-9, while sequences
1-10 of B chain in insulin/PIP play an important role in the guide of its unique disulfide pairing during
the folding process.

Insulin is a structurally and functionally well-characterized
small globular protein with A- and B-chains linked by three
disulfides. Its three-dimensional structure has been well
defined by X-ray crystallography (1) and NMR (2-4) since
the 1970s. Insulin-like growth factor-1 (IGF-1)1 is a 70-
residue single-chain globular protein composed of B-, C-,
A-, and D-domains from the N-terminus to the C-terminus
(5). Its B- and A-domains are homologous to the B- and
A-chains of insulin, respectively; its 12-residue C-domain
is analogous to the C-peptide of proinsulin, but they share
no homology; its C-terminal 8-residue D-domain has no
counterpart in insulin. The three-dimensional structure of
IGF-1 has also been well-defined by X-ray crystallography
(6, 7) and NMR (8, 9). Insulin and IGF-1 belong to the same

superfamily. They have a common structural motif (10, 11)
and share homologous sequence, similar three-dimensional
structure (1, 6, 7), and a common ancestor (12, 13). Both
mainly consist of threeR-helical segments (A2-A8, A13-
A19, and B9-B19 in insulin; 8-18, 42-49, and 54-61 in
IGF-1) in the A- and B-chains/domains; the threeR-helical
segments are stabilized by three identical disulfides (A6-
A11, A7-B7, and A20-B19 in insulin; 47-52, 6-48, and
18-61 in IGF-1); and when IGF-1 and the insulin T-form
are superimposed on the CR positions of their respective
helical segments, the RMSD is only 0.47 Å (6).

However, the folding behaviors of insulin and IGF-1 are
quite different. Insulin can fold into one unique three-
dimensional structure, while IGF-1 is a protein that encodes
two thermodynamically stable folding structures. In 1992,
Hober et al. (14) observed that in vitro refolding of IGF-1
resulted in two major products with different disulfide
pairing. One product was native IGF-1, the other product
was named swap IGF-1 because of its nonnative disulfide
bonds (6-47 and 48-52). Native IGF-1 and swap IGF-1
have different three-dimensional structures. Native IGF-1 has
threeR-helical segments (6, 7), while swap IGF-1 has only
two R-helical segments (15). The bifurcating folding behavior
of IGF-1 is also present under in vivo-like conditions (16).
Different from IGF-1, the swap form of insulin (with the
disulfide pairings A7-B6, A6-A11, and A20-B19) was
only obtained as a kinetic trap with the existence of guanidine
hydrochloride and DTT (17).
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Genetic information can be transferred from DNA to
polypeptide through a simple triplet coding mechanism.
However, the mechanism that governs the transfer of
information in protein from primary sequence to three-
dimensional structure is still unclear. As early as the 1960s,
Anfinsen and co-workers first demonstrated that the three-
dimensional structure of a globular protein is uniquely
determined by its amino acid sequence (18). Since then,
significant advances have been made in the understanding
of protein folding through experimental and theoretical
approaches. However, such a “one sequence, one structure”
theory is being challenged by discoveries that one sequence
may fold into more than one three-dimensional structure;
for example, prion protein (19), formin binding protein
domain (20), and phosphoglycerate kinase (21) can adopt
totally different folded conformations. Yet it is still ambigu-
ous why one protein has different folding structures. Reveal-
ing the structural basis by which IGF-1 (one sequence) folds
into two thermodynamically stable folding forms (two
structures) while insulin folds into one unique structure would
not only have implications for understanding the different
folding behavior of insulin and IGF-1 but also help to
understand how protein folding information is encoded/
written in its sequence.

Porcine insulin precursor (PIP) is a recombinant single-
chain insulin precursor, in which the C-peptide of porcine
proinsulin was replaced by a dipeptide, Ala-Lys (Figure 1B)
(22). PIP not only can be converted into recombinant human
insulin, which had been used clinically, but also can be used
as a peptide model to study the folding behavior of insulin
(23). Mini-IGF-1 (the C-terminus of IGF-1 B-domain and
the N-terminus of IGF-1 A-domain were linked together by

a dipeptide, Ala-Lys, and B30Thr was also replaced by Lys)
has bifurcating folding behavior similar to that of IGF-1 (24).
Previously, on the basis of studies of folding behavior of
mini-IGF-1, PIP, and hybrids Ins(A)/IGF-1(B) and Ins(B)/
IGF-1(A), we have demonstrated that the different folding
behavior of insulin/PIP and IGF-1/mini-IGF-1 is mainly
controlled by their B-chain/domains (24). The different
energetic states of the intra-A-chain/domain disulfide (14,
25), which had been suggested to correspond to the different
folding behavior of insulin and IGF-1, are also controlled
by their B-chain/domains (26). Further mapping in the
B-chain/domain of insulin/IGF-1 is needed to reveal the
structural basis of the different folding behavior of insulin
and IGF-1. We noted that the N-terminal sequences 1-9 of
mini-IGF-1 and 1-10 of PIP are quite different in sequence
and contain one Cys, which participates in the swap and
native disulfide pairing (Figure 1A). It is possible that the
sequences within 1-9/1-10 of IGF-1 and insulin may
encode the information for their different folding behavior.
So we use mini-IGF-1 (24) and PIP (22) as peptide models
to test this hypothesis. We prepared the following four
peptide models by means of protein engineering (22, 24)s
[1-9]PIP, in which the sequence 1-10 of PIP was replaced
by the sequence 1-9 of IGF-1; [1-10]mini-IGF-1, in which
1-9 of IGF-1 was substituted with 1-10 of PIP; as well as
[1-4]PIP and [1-5]mini-IGF-1 (Figure 1)sand compared
their structure and folding behavior with that of mini-IGF-1
and PIP. The results demonstrated that [1-9]PIP, like mini-
IGF-1/IGF-1, folds into two thermodynamically stable
structures, while [1-10]mini-IGF-1, [1-4]PIP, and [1-5]-
mini-IGF-1 fold into one stable structure as PIP does. Thus
we deduced that the folding information, by which mini-

FIGURE 1: Design of the four peptide models. (A) Amino acid sequences of PIP, mini-IGF-1, [1-9]PIP, [1-10]mini-IGF-1, [1-4]PIP, and
[1-5]mini-IGF-1. A linker dipeptide, Ala-Lys, was used to join the B-chain/domain and A-chain/domain together to form single-chain
molecules. Asterisks indicate nonidentical amino acids between the B-chain/domain of insulin and mini-IGF-1. (B) Primary structure of
PIP. (C) Primary structure of [1-9]PIP, in which the B-chain sequence 1-10 of PIP was replaced by the B-domain sequence 1-9 of
mini-IGF-1 (residues in solid circles). (D) Primary structure of [1-10]mini-IGF-1, in which the B-domain sequence 1-9 of mini-IGF-1
was replaced by the B-chain sequence 1-10 of PIP (residues in solid circles). In panels B-D, for convenient description, the sequence
number refers to insulin A- and B-chains. The native disulfides (A6-A11, A7-B7, and A20-B19) are indicated by solid lines; nonnative
disulfides (A7-A11 and A6-B7) are indicated by dotted lines. The arrows indicate the potential cleavage sites of V8 endoproteinase in
panels B and C.
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IGF-1/ IGF-1 folded into two thermodynamically structures,
is encoded/written in its sequence 1-9, while sequence 1-10
of B-chain in insulin/PIP plays an important role in the guide
of its unique disulfide pairing during the folding process.

MATERIALS AND METHODS

Materials.The Escherichia colistrain used was DH12S.
Saccharomyces cereVisiae cells of strain XV700-6B (leu2
ura3 pep4) were kindly provided by Michael Smith (Uni-
versity of British Columbia, Vancouver, BC, Canada).
Plasmids pVT102-U/RMFL-PIP and pVT102-U/RMFL-mini-
IGF-1 were previously constructed in our laboratory for
secretory expression of PIP and mini-IGF-1 in yeast (16,
19). The chemical reagents used in experiments were
analytical-grade. The Pharmacia Biotech reverse-phase col-
umn (Sephasil Peptide C8 5µm ST 4.6/250), Gilson 306
HPLC system, and Gilson 115 UV detector were used. In
HPLC analysis, gradient elution was used. Solvent A was
0.15% aqueous TFA, and solvent B was 60% acetonitrile
containing 0.125% TFA. The elution gradient was as
follows: 0 min, 0% solvent B; 1 min, 0% solvent B; 5 min,
45% solvent B; 32 min, 90% solvent B; 33 min, 100%
solvent B; 35 min, 100% solvent B; 38 min, 0% solvent B;
42 min, 0% solvent B. During analysis, the flow rate is 0.5
mL/min, and the detection wavelength is 230 nm.

DNA Manipulation.The expression plasmids encoding
[1-9]PIP and [1-4]PIP were constructed by a gapped
duplex DNA approach for site-directed mutagenesis on the
basis of pVT102-U/RMFL-PIP (19). The expression plasmids
encoding [1-10]mini-IGF-1 and [1-5]mini-IGF-1 were
constructed in the same way on the basis of pVT102-U/
RMFL-mini-IGF-1. The expected mutations were confirmed
by DNA sequencing. The four plasmids constructed were
designated as pVT102-U/RMFL-[1-9]PIP, pVT102-U/
RMFL-[1-4]PIP, pVT102-U/RMFL-[1-10]mini-IGF-1, and
pVT102-U/RMFL-[1-5]mini-IGF-1.

Expression, Purification, and Identification of [1-9]PIP,
[1-4]PIP, [1-10]Mini-IGF-1, and [1-5]Mini-IGF-1. The
plasmids pVT102-U/RMFL-[1-9]PIP, pVT102-U/RMFL-
[1-4]PIP, pVT102-U/RMFL-[1-10]mini-IGF-1, and pVT102-
U/RMFL-[1-5]mini-IGF-1 were transformed intoS. cere-
Visiae cells of strain XV700-6B (leu2 ura3 pep4). The
transformed yeast cells were cultured in a 16-L fermenter
and the secreted target protein was purified from the medium
in four steps (16, 19). Briefly, first, the target protein was
precipitated from the medium supernatant by TCA; second,
the precipitant was dissolved with 1 M acetic acid and
applied to a Sephadex G-50 column; third, the product was
purified by ion-exchange chromatography on a DEAE-
Sepharose CL-6B column; fourth, the product was further
purified by C8 reverse-phase HPLC with gradient elution
as described under Materials and detected at 280 nm. Their
purity was analyzed by analytical C8 reverse-phase HPLC
and native pH 8.3 PAGE. Their molecular mass was
measured by electrospray mass spectrometry.

Disulfide Rearrangements of [1-9]PIP (Isomers 1 and
2), [1-4]PIP, [1-10]Mini-IGF-1, and [1-5]Mini-IGF-1.
The purified proteins were dissolved in 0.1 M Tris-HCl and
1 mM EDTA buffer (pH 8.7) containing 0.2 mM 2-mercap-
toethanol at a final concentration of 0.1 mg/mL. The disulfide
rearrangement reaction was carried out at 10°C. After 10 h

of incubation, a 100µL sample was removed, immediately
adjusted to pH 2.0 with TFA to terminate the disulfide
rearrangement, and analyzed with analytical C8 reverse-phase
HPLC. Gradient elution as described under Materials was
used, with detection at 230 nm.

Peptide Mapping of V8 Endoproteinase Digests.PIP and
[1-9]PIP isomers 1 and 2 were dissolved in 0.1 M phosphate
buffer (pH 7.8), and then V8 endoproteinase was added to
the solution at about a mass ratio of 1:10 (enzyme to protein).
Digestion was performed at 37°C for 16 h. After digestion,
the solution was adjusted to pH 2.0 with TFA and analyzed
by C8 reverse-phase HPLC, with elution by the gradient
described under Materials.

Circular Dichroic Analysis.The samples were dissolved
in 1 mM HCl. The protein concentration was determined by
UV absorbance at 280 nm, and their final concentration was
adjusted to 0.2 mg/mL. Circular dichroic measurements were
performed on a Jasco-715 spectropolarimeter at room tem-
perature. The near-UV spectra were scanned from 300 to
245 nm in a cell with a path length of 1.0 cm; the far-UV
spectra were scanned from 250 to 190 nm in a cell with a
path length of 0.1 cm. The data were expressed as molar
ellipticity. The software J-700 for windows secondary
structure estimation, Version 1.10.00 was used for secondary
structural content estimation from spectra.

In Vitro Refolding of [1-9]PIP (Isomers 1 and 2) and
[1-10]Mini-IGF-1. The purified isomers 1 and 2 of [1-9]-
PIP, as well as [1-10]mini-IGF-1, were dissolved in 0.1 M
Tris-HCl and 1 mM EDTA buffer (pH 8.7) with 8 M urea.
The final protein concentration was 1 mg/mL. Adding DTT
to a final concentration of 100 mM initiated the reduction.
The reaction was carried out at 37°C for 1 h. The reduced
samples were immediately exchanged to 10 mM HCl by gel
filtration on a Sephadex G-25 column and stored at-80 °C
for later use. The refolding reaction was initiated by diluting
the reduced samples with the refolding buffer (0.5ML-Arg,
pH 9.6) at a final protein concentration of 0.1 mg/mL.
Refolding was carried out at 25°C overnight by air
oxidization. After incubation, 100µL of refolding solution
was removed, acidified to pH 2.0 by TFA, and then analyzed
by C8 reverse-phase HPLC, with elution by the gradient
described under Materials and detection at 230 nm.

Disulfide Thermodynamic Stability Comparison of Isomer
2 of [1-9]PIP, [1-10]Mini-IGF-1, NatiVe Form of Mini-
IGF-1, and PIP.The sample, [1-9]PIP (isomer 2), [1-10]-
mini-IGF-1, native form of mini-IGF-1, and PI, were
dissolved in the different redox buffer (0.1 M Tris-HCl and
1 mM EDTA, pH 8.7) at a final concentration of 0.1 mg/
mL. In the redox buffer, the ratio of GSH and GSSG was 5
mM/5 mM. At the same time a negative control (the samples
were dissolved in buffer not containing the redox compo-
nents) was carried out. The reaction was carried out at 4°C
for 16 h. After incubation, samples were adjusted to pH 2.0
with TFA to terminate the reaction and analyzed by analytical
C8 reverse-phase HPLC. Gradient elution as described under
Materials was used, with detection at 230 nm.

RESULTS

[1-9]PIP Was Expressed in Yeast as Two Isomers while
[1-10]Mini-IGF-1, [1-4]PIP, and [1-5]Mini-IGF-1 Were
Expressed as Single Component.Plasmids pVT102U/
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R-MFL-[1-9]PIP, pVT102U/R-MFL-[1-10]mini-IGF-1,
pVT102U/R-MFL-[1-4]PIP, and pVT102U/R-MFL-[1-5]-
mini-IGF-1 were constructed with correct DNA sequences
(data not shown), transformed into yeast cells, and expressed
in a 16-L fermenter, and the expression products [1-9]PIP,
[1-10]mini-IGF-1, [1-4]PIP, and [1-5]mini-IGF-1 were
purified in four steps, as described under Materials and
Methods. Their molecular masses were measured by elec-
trospray mass spectrometry: the measured values for [1-9]-
PIP, [1-10]mini-IGF-1, [1-4]PIP, and [1-5]mini-IGF-1 are
5694, 6099, 5717, and 6075, which are virtually identical
with their theoretical values 5694, 6099, 5718, and 6075,
respectively. The purity of the peptides was analyzed by
native pH 8.3 PAGE and C8 reverse-phase HPLC (Figure
2). Our previous work has shown that when mini-IGF-1 and
PIP were analyzed by C8 reverse-phase HPLC, mini-IGF-1
has two peaks like IGF-1: the peak with shorter retention
time was named as isomer 1 (swap form with two nonnative
disulfides, 48-52 and 6-47, and one native disulfide, 18-
61) and the other peak was named as isomer 2 (native form
with three native disulfides, 47-52, 6-48, and 18-61);
while PIP has only one peak with disulfides A6-A11, A7-
B7, and A20-B19, which are identical with native disulfides
47-52, 6-48, and 18-61 of mini-IGF-1. Using the same
procedures, we analyzed the four peptide models, in which
only [1-9]PIP, like mini-IGF-1, has two peaks; these were
also named isomers 1 and 2 (Figure 2). Therefore, we suggest
that replacement of the N-terminal sequence 1-10 of PIP
with the N-terminal sequence 1-9 of mini-IGF-1 results in
the exchange of folding behavior between PIP and mini-
IGF-1. In other words, [1-9]PIP, like mini-IGF-1, folds into
two thermodynamically stable structures (Figure 1C), while
the other three peptides, [1-10]mini-IGF-1 (Figure 1D),
[1-4]PIP, and [1-5]mini-IGF-1, exhibit folding behavior
like PIP; that is, they fold into only one thermodynamically
stable structure.

Disulfide Rearrangement of the Disulfide Isomers of [1-9]-
PIP, [1-10]Mini-IGF-1, [1-4]PIP, and [1-5]Mini-IGF-
1. If both of the isomers of [1-9]PIP were thermodynami-
cally stable species, the two isomers should rearrange their
disulfides in the alkaline buffer containing thiol catalyst and
finally form an equilibrium. Here we incubate the purified

isomer 1 or 2 in an alkaline buffer containing 0.2 mM
2-mercaptoethanol, and this equilibrium process was moni-
tored by HPLC as shown in Figure 3. Both isomers will
reshuffle their disulfide bonds to form a mixture of isomers
1 and 2 during this process, and the final equilibration ratio
of isomer 1 to 2 is 1:7, no matter whether the reaction is
initiated from isomer 1 or isomer 2 of [1-9]PIP. As a
control, both isomers are stable in similar buffer without free
thiol catalyst (data not shown). This disulfide rearrangement
experiment further confirmed that these two isomers of [1-9]-
PIP are thermodynamically controlled folding products with
different disulfide linkages. If we compare the disulfide
reshuffling process of isomers 1 and 2 at different time
points, we can see that the conversion from isomer 1 into
isomer 2 is faster than the reverse direction (data not shown).
This implies that isomer 2 of [1-9]PIP is more kinetically
preferred than isomer 1 during the folding process. Disulfide
rearrangement of [1-10]mini-IGF-1, [1-4]PIP, and [1-5]-
mini-IGF-1 was also carried out under the same conditions
and the results show that they remained stable as a single
fraction and no other isomers can be observed during this
process, which indicated that their folding behavior is similar
to that of PIP (Figure 3).

From the results mentioned above we demonstrated that
the folding information, by which mini-IGF-1/IGF-1-folds
into two thermodynamically structures, is encoded/written
in its sequence 1-9. The folding behavior of [1-4]PIP and
[1-5]mini-IGF-1 is similar to that of PIP, which indicates
that sequence 1-4 of mini-IGF-1 cannot change the folding
behavior of PIP, but the substitution of 1-4 of mini-IGF-1
with 1-5 of PIP makes [1-5]mini-IGF-1 abolish the folding
behavior of mini-IGF-1, which suggests that sequence 1-4
of mini-IGF-1 is important for the folding behavior of mini-
IGF-1/IGF-1 but not sufficient to lead to a bifurcated folding.

Peptide Mapping of V8 Endoproteinase-Digested [1-9]-
PIP Isomers 1 and 2.V8 endoproteinase can cleave at the
carboxyl terminus of Glu: the potential V8 cleavage sites
in [1-9]PIP are indicated by arrows in Figure 1C. Previously,
we have identified V8 digestion fragments of PIP (Figure
1B) (23). Because the sequences of [1-9]PIP and PIP are
identical except for their N-terminal sequences, V8 digestion
of [1-9]PIP and PIP should result in some identical peptide

FIGURE 2: [1-9]PIP was expressed in yeast as two isomers while [1-10]mini-IGF-1, [1-4]PIP, and [1-5]mini-IGF-1 were expressed as
single components. The C8 reverse-phase HPLC analysis and PAGE patterns of [1-9]PIP, [1-10]mini-IGF-1, [1-4]PIP, and [1-5]mini-
IGF-1 were performed according to Materials and Methods. The four peptide models are homogeneous in PAGE. Among the four peptide
models, only [1-9]PIP has two isomers like mini-IGF-1. The [1-9]PIP isomer with shorter retention time was named isomer 1; the isomer
with longer retention time was named isomer 2. On native PAGE, isomer 1 move a little slower than isomer 2, which implies that the
conformation of isomer 1 is less compact than that of isomer 2.
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fragments. To understand the disulfide linkages of the
isomers of [1-9]PIP, we compare the HPLC profiles of V8-
digested [1-9]PIP isomers with that of V8-digested PIP. As
shown in Figure 4, peak B1 in [1-9]PIP isomer 1 and peak
C1 in [1-9]PIP isomer 2 have almost identical retention
times with peak A1 of PIP (it was identified to be the
fragment B14A-B21E + A18N-A21N, which contains
disulfide A20-B19) (23). Hence we deduce that both
isomers 1 and 2 of [1-9]PIP contain disulfide A20-B19.
The difference in disulfide pairing of isomers 1 and 2 must
result from the other two disulfides formed between B7Cys,
A6Cys, A7Cys, and A11Cys.

Circular Dichroic Analysis of [1-9]PIP Isomers and
[1-10]Mini-IGF-1. To obtain more structural information,
the CD spectra of [1-9]PIP two isomers compared with PIP
and [1-10]mini-IGF-1 compared with the two isomers of
mini-IGF-1 were analyzed as shown in Figure 5. The far-
UV CD spectrum of [1-9]PIP isomer 2 is very similar to
that of PIP, and their estimatedR-helix contents are very
close: 38.2% for PIP and 38.9% for [1-9]PIP isomer 2.
The estimatedR-helix content of [1-9]PIP isomer 1 is only
20%, which is close to that of the swap form of mini-IGF-1
(28.2%) The correct disulfide pairing is crucial for the
maintenance of the threeR-helical segments in insulin/PIP.
Thus we inferred that [1-9]PIP isomer 2 retains three
R-helical segments of insulin/PIP and adopts native disulfide
pairing of insulin (A20-B19, A7-B7, and A6-A11), while
[1-9]PIP isomer 1 adopts the swap form of mini-IGF-1 with
nonnative disulfides A6-B7 and A7-A11. The R-helix
content of [1-10]mini-IGF-1 (37.5%) is close to that of the
native form of mini-IGF-1 (38.8%), so we inferred that
[1-10]mini-IGF-1 should have native disulfide linkages
(corresponding to insulin disulfides A20-B19, A7-B7, and
A6-A11) and a nativelike structure. The near-UV spectra
also show that [1-9]PIP isomer 2 is similar to PIP, isomer
1 is similar to mini-IGF-1 swap form, and [1-10]mini-IGF-
1 is similar to mini-IGF-1 native form.

In Vitro Refolding of [1-9]PIP and [1-10]Mini-IGF-1.
To further demonstrate that the sequence of [1-9]PIP
encoded two thermodynamically stable folding products
while the sequence of [1-10]mini-IGF-1 encoded a unique
structure, in vitro refolding was carried out. After the samples
were incubated in the alkaline buffer containing DTT, an
aliquot was removed and treated with iodoacetic acid sodium
salt solution and then analyzed by pH 8.3 PAGE. The PAGE
pattern demonstrated that all of the disulfides of the incubated
samples were reduced (data not shown). The refolding
reaction was carried out at 10°C overnight by air oxidation,
which showed that the reduced [1-9]PIP can also refold into
two products, which had retention times identical to those
of the two isomers of [1-9]PIP (Figure 6). The refolding of
fully reduced [1-10]mini-IGF-1 produced only one product,
which had a retention time identical to that of the intact
[1-10]mini-IGF-1. These results further demonstrated that
the amino acid sequence of [1-9]PIP encoded two disulfide
isomers with similar thermodynamic stabilities, while the
sequence of [1-10]mini-IGF-1 encoded one unique ther-
modynamically stable structure.

Disulfide Stability of [1-9]PIP NatiVe Form and [1-10]-
Mini-IGF-1. Although PIP and native IGF-1 share highly
homologous sequences, their disulfide stability in redox
buffer is different: the disulfides of PIP are more stable than
those of mini-IGF-1 (24). In vivo, the redox state in the
secretary pathway exhibits as oxidative with a ratio of GSH/
GSSG between 1/1 and 1/3 (27). IGF-1 is unable to maintain
its native disulfides under such in vivo redox conditions (16).
Here we compared the disulfide stability of [1-9]PIP
native form, PIP, [1-10]mini-IGF-1, and native mini-IGF-1
in vitro under an in vivo-like redox state (where the ratio of
GSH/GSSG is 1/1). The results are shown in Figure 7: PIP
is very stable (Figure 7B), while native mini-IGF-1 is very
unstable (Figure 7D); of the peptide models, [1-9]PIP
native form, like native mini-IGF-1, is unstable (Figure 7A)
and [1-10]mini-IGF-1, like PIP, is much more stable

FIGURE 3: Disulfide rearrangement of the two isomers of [1-9]PIP, [1-10]mini-IGF-1, [1-4]PIP, and [1-5]mini-IGF-1. After 10 h of
incubation in an alkaline buffer containing 0.2 mM 2-mercaptoethanol, a 100µL (10 µg) sample was removed and acidified by TFA and
immediately loaded onto a C8 reverse-phase column and analyzed by HPLC according to Materials and Methods. The two isomers of
[1-9]PIP were interconvertible and can reach equilibrium.
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(Figure 7C) under such redox conditions. These results
demonstrated that by swapping the N-terminal 10 amino
acids between PIP and mini-IGF-1, the disulfide stability
was also exchanged accordingly. So we propose that the
N-terminal amino acids 1-10 of PIP/insulin are important
for its high disulfide stability and correct disulfide pairing,
while the N terminal amino acids 1-9 of IGF-1 are
responsible for its low disulfide stability and bifurcating
folding behavior.

DISCUSSION

What is the molecular basis by which insulin folds into
one ground-state structure while IGF-1 folds into two
thermodynamically stable structures? Our previous results
demonstrated that the different folding behavior of insulin
and IGF-1 is mainly controlled by their B-chain/domains (24,
26). Here we have extended this approach to investigate the
role of their N-terminal sequences in the different folding
behavior of insulin and IGF-1. By exchanging the N-terminal
1-9/1-10 sequences of B domain/chain in mini-IGF-1 and
PIP, we have exchanged the different folding behavior of
mini-IGF-1 and PIP: [1-10]mini-IGF-1 was secreted from
yeast as a single form as PIP was, while [1-9]PIP was
secreted from yeast as two isomers as mini-IGF-1 was. The
disulfide rearrangement experiment shown that the two
isomers of [1-9]PIP can rearrange their disulfides gradually
between the forms of native and swap and finally reach
equilibrium, while the disulfide rearrangement of [1-10]-
mini-IGF-1 was not detectable. In refolding analysis, fully
reduced [1-10]mini-IGF-1 refolded into one final product,
while fully reduced [1-9]PIP produced two disulfide
isomers. Thus we demonstrate that the N-terminal 1-10
sequence of insulin B-chain encodes the information for
correct disulfide pairing, while the corresponding N-terminal
1-9 sequence in IGF-1 determines a bifurcating disulfide
pairing. Studies on [1-5]mini-IGF-1 demonstrated that the
substitution of 1-4 of mini-IGF-1 with 1-5 of PIP makes
[1-5]mini-IGF-1 abolish the folding behavior of mini-IGF-
1, which suggests that sequence 1-4 of mini-IGF-1 is
important for the folding behavior of mini-IGF-1/IGF-1. The
importance of sequence 1-4 of mini-IGF-1 is consistent with
Milner’s finding that N-terminal extension increased the yield
of the native isomer, the analogue Long-[Arg3]IGF-1 with
maximal yield of native isomer (28). They proposed that the
N-terminal extension imparts a steric constraint at a crucial
point in folding, thus allowing native disulfide bonds to form
efficiently. As in the case of [1-5]mini-IGF-1, it is possible
that steric constraint was introduced into mini-IGF-1, because
amino acid sequence GPET was replaced by FDNQH. Yet
sequence 1-4 of mini-IGF-1 is not sufficient to lead to a
bifurcating folding behavior, because when it was introduced
into PIP, [1-4]PIP still folds into a unique product as PIP/
insulin does. Taking all these together, we propose that all
amino acids 1-9 in IGF-1 contributes to its bifurcating
folding behavior, while amino acids 1-10 of PIP/insulin play
an important role in determining the disulfide pairing of
thermodynamically stable forms.

Why does the different folding behavior of insulin and
IGF-1 depend on the N-terminal sequences of their B-chain/
domains? Insulin and IGF-1 have similar three-dimensional
structures and identical disulfide pairing, and their folding
pathways are also similar in the early stage. The formation
of the A20-B19 (in insulin)/18-61(in IGF-1) disulfide bond
is crucial to the initiation of folding (23, 29, 30). The B-chain
of insulin was proposed to provide a template to guide
folding of the A-chain (31). So different N-terminal se-
quences the B-chain/domain guide different folding of
A-chain/domain in the latter stage of folding in insulin/IGF-
1. Both insulin and IGF-1 contain threeR-helical segments
(1, 6, 7). The swap IGF-1 and kinetically trapped swap
insulin also adopt similar structures. In both swap form

FIGURE 4: HPLC profiles of V8 digests of PIP (A), [1-9]PIP
isomer 1 (B), and [1-9]PIP isomer 2 (C). After digestion, samples
were adjusted to pH 2.0 with TFA and analyzed by C8 reverse-
phase HPLC. The retention time of each peak is indicated. Peak
A1 of PIP was previously identified to contain disulfide A20-
B19. Because peaks B1 and C1 have the identical retention time
as peak A1, we deduced that both isomers of [1-9]PIP contain
disulfide A20-B19.

9230 Biochemistry, Vol. 43, No. 28, 2004 Chen et al.



structures, helix 2 no longer exists (15, 17). This is the most
striking three-dimensional structure difference between swap
form and native form. The stabilization of helix 2 needs the
correct disulfide pairing of A7-B7 (6-48 in IGF-1) and
A6-A11 (47-52 in IGF-1) disulfide. Breaking either

FIGURE 5: Circular dichroic analysis of [1-9]PIP isomers and [1-10]mini-IGF-1. The left column is the far-UV CD spectra; the right
column is the near-UV CD spectra. For clarity the spectra of [1-9]PIP (isomer 1 and 2) were compared with that of PIP; the spectra of
[1-10]mini-IGF-1 were compared with that of mini-IGF-1 isomer 1 (swap form) and isomer 2 (native form).

FIGURE 6: In vitro refolding of fully reduced [1-9]PIP and [1-10]-
mini-IGF-1. After the fully reduced sample was incubated in the
refolding buffer overnight, a 100µL sample was removed and
acidified by TFA and then analyzed by C8 reverse-phase HPLC.
The reduced [1-9]PIP refolded into two products that had retention
times identical to those of the two isomers of [1-9]PIP. The
refolding of fully reduced [1-10]mini-IGF-1 produced only one
product, which had a retention time identical to that of the intact
[1-10]mini-IGF-1.

FIGURE 7: Disulfide stability comparison of [1-9]PIP isomer 2
(A), PIP (B), [1-10]mini-IGF-1 (C), and mini-IGF-1 isomer 2 (D)
in redox buffer (5 mM GSH/5 mM GSSG). After the sample was
incubated in the redox buffer at 4°C for 16 h, 100µL of reaction
mixture was removed, acidified to pH 2.0 with TFA, and then
analyzed by C8 reverse-phase HPLC. PIP and [1-10]mini-IGF-1
were stable in the redox buffer used here, while [1-9]PIP isomer
2 (native form) and mini-IGF-1 isomer 2 (native form) were
unstable.
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disulfide results in unfolding of helix 2 in both insulin (31-
33) and IGF-1 (34). So, the disulfide stability of A7-B7
and A6-A11 determine the stability of helix 2. IGF-1 was
unable to form and maintain the native disulfides under in
vivo redox conditions (16). In such conditions, IGF-1 is apt
to undergo partial unfolding at helix 2 as well as disulfide
reshuffling to swap form. This makes swap form an energetic
state as favorable as native form. As the disulfide stability
experiment shows, the N-terminal 9 amino acids of IGF-1
decrease [1-9]PIP’s disulfide stability (when compared with
PIP). As a consequence, [1-9]PIP folded into two thermo-
dynamically stable isoforms. On the other hand, the N-
terminal 10 amino acids of PIP increase [1-10]mini-IGF-
1’s disulfide stability (when compared with mini-IGF-1), thus
making [1-10]mini-IGF-1 fold into one ground state both
in vivo and in vitro.

The native and swap forms of IGF-1 are different
structures. The swap form has nonnative disulfides 6-47
and 48-52 and does not haveR-helix 2. This indicates that
one sequence (IGF-1) folds into two thermodynamically
stable structures. Although prion protein (19), formin binding
protein WW domain (20), phosphoglycerate kinase (21), and
so on can adopt totally different folded conformations, they
depend on the environment such as pH, temperature, and
solvents. The coexistence of native and swap forms of IGF-1
is under the same environment. So the bifurcating folding
ability is an intrinsic property of the IGF-1 molecule.
Recently, we revealed that the bifurcating folding behavior
of IGF-1 was evolved from aILP (35), which has been
thought to be the common ancestor of insulin and IGF-1
(13, 14). Our current investigation further suggests that the
bifurcating folding behavior of IGF-1 has evolved from
mutations in the N-terminal residues 1-9 of B-domain.
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