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ABSTRACT: Insulin and insulin-like growth factor 1 (IGF-1) share homologous sequence, similar three-
dimensional structure, and weakly overlapping biological activity, but different folding information is
stored in their homologous sequences: the sequence of insulin encodes one unique thermodynamically
stable three-dimensional structure while that of IGF-1 encodes two disulfide isomers with different three-
dimensional structure but similar thermodynamic stability. Their different folding behavior probably resulted
from the different energetic state of the intra A-chain/domain disulfide: the intra A-chain disulfide of
insulin is a stable bond while that of IGF-1 is a strained bond with high energy. To find out the sequence
determinant of the different energetic state of their intra A-chain/domain disulfide, the following experiments
were carried out. First, a local chimeric single-chain insulin (PIP) with the A8-A10 residues replaced by
the corresponding residues of IGF-1 was prepared. Second, the disulfide stability of two global hybrids
of insulin and IGF-1, Ins(A)/IGF-1(B) and Ins(B)/IGF-1(A), was investigated. The local segment swap
had no effect on the fidelity of disulfide pairing and the disulfide stability of PIP molecule although the
swapped segment is close to the intra A-chain/domain disulfide. In redox buffer which favors the disulfide
formation for most proteins, Ins(A)/IGF-1(B) cannot form and maintain its native disulfides just like that
of IGF-1, while the disulfides of Ins(B)/IGF-1(A) are stable in the same condition. One major equilibrium
intermediate with two disulfides of Ins(A)/IGF-1(B) was purified and characterized. V8 endoproteinase
cleavage and circular dichroism analysis suggested that the intra A-chain/domain disulfide was reduced
in the intermediate. Our present results suggested that the energetic state of the intra A-chain/domain
disulfide of insulin and IGF-1 was not controlled by the A-chain/domain sequence close to this disulfide
but was mainly controlled by the sequence of the B-chain/domain.

Insulin is an extensively studied small globular protein
with A- and B-chains linked by three disulfides (one
intrachain bond, A6-A11; two interchain bonds, A7-B7
and A20-B19). Its three-dimensional structure has been
well-defined by X-ray crystallography (1, 2) and NMR (3-
5) since the 1970s. IGF-11 is an insulin-like 70-residue single-
chain protein composed of B-, C-, A-, and D-domains (6).
The B- and A-domains of IGF-1 are homologous to the B-
and A-chains of insulin, respectively; the C-domain is
analogous to the C-peptide of proinsulin, but they share no
sequence homology; the D-domain has no counterparts in

insulins. The three-dimensional structure of IGF-1 is very
similar with that of insulin (7). The architecture of insulin
and IGF-1 mainly consists 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-chain/domains (Figure
1A,B). The threeR-helical segments are stabilized by the
three disulfides (A6-A11, A7-B7, A20-B19 in insulin;
47-52, 6-48, 18-61 in IGF-1) (8-10). The conformation
of the C- and D-domains of IGF-1 is highly flexible. When
the B-chain/domain (1-29 residue for insulin and 1-28
residue for IGF-1) and the A-chain/domain were connected
by a peptide bond directly, the mini-proinsulin still retained
the insulin-like three-dimensional structure (11, 12) while
the conformation of the mini-IGF-1 changed slightly: al-
though the threeR-helical segments were still retained, their
relative orientation had changed slightly (13).

Protein folding is still challenging in biological sciences.
Since Anfinsen and co-workers first demonstrated that the
three-dimensional structure of a globular protein is uniquely
determined by its amino acid sequence (14), significant
advances have been made in the understanding of protein
folding through experimental and theoretical approaches. For
small proteins with two-state folding, topology is a major
determinant of the folding rate and greatly influences the
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structure of the transition-state ensemble (15-17). Studies
on the disulfide-coupled folding of some small globular
proteins, such as BPTI, RNase A, and EGF, have revealed
a sequence of preferred kinetic intermediates, which define
a folding pathway (18-25). In vivo the protein folding is
assisted by the molecular chaperons, especially for large
proteins (26-28), some chaperons even can provide the
missing steric information for protein folding (29).

Although insulin and IGF-1 share homologous sequence,
similar three-dimensional structure, weakly overlapping
biological activity (6), and a common ancestor (30), the
folding information stored in their sequences is different:
insulin and its recombinant single-chain precursor (PIP) fold
into one unique thermodynamically stable tertiary structure
(31, 32), while IGF-1 folds into two disulfide isomers (native
and swap) with different disulfide linkages and different
three-dimensional structure but similar thermodynamic sta-
bility. The native IGF-1 with three disulfides identical to
those of insulin adopts an insulin-like structure; the swap
IGF-1 and swap insulin with identical disulfides (18-61,
48-52, 6-47 for swap IGF-1; A20-B19, A7-A11, A6-
B7 for swap insulin) also adopt similar three-dimensional
structure (31, 41). The R-helix in the N-terminus of the
A-chain/domain presented in the native form is unfolded,
and the other twoR-helical segments still exist in swap
insulin and swap IGF-1 (Figure 1C,D). Although swap IGF-1
and swap insulin adopt similar three-dimensional structure
with identical disulfides, they have a different energetic
state: the swap IGF-1 is a thermodynamically controlled
folding product with an energetic state similar to that of
native IGF-1, while the swap insulin is a kinetic trap and is
thermodynamically unstable (31). For most small globular
proteins the final folding product is a unique thermodynami-
cally stable three-dimensional structure (42), just like that
of BPTI, RNase A, and insulin/PIP. Our previous work
suggested that the different folding behavior of insulin/PIP
and IGF-1 was mainly controlled by their B-chain/domain

(43), but the detailed mechanism of B-chain/domain exerting
its role is still unknown. In IGF-1 the intra A-domain
disulfide, 47-52 (corresponding to the disulfide A6-A11
in insulin), is a “strained” bond with high energetic state
(33). In the redox buffer that favors the disulfide formation
for most proteins this disulfide can be reduced. However,
the intra A-chain disulfide, A6-A11, of insulin was a stable
bond (44). The different energetic state of the intra A-chain/
domain disulfide probably led to the different folding
behavior of insulin and IGF-1. However, the sequence
determinant of the different energetic state of the intra
A-chain/domain disulfide is still unknown. To answer this
question, the following experiments were carried out. First,
we constructed a local hybrid PIP molecule with A8Thr-
A9Ser-A10Ile of insulin replaced by the corresponding
residues, 49Phe-50Arg-51Ser, of IGF-1 (the local hybrid was
designated as [FRS]PIP), since the three residues are close
to the intra A-chain/domain disulfide. The three residues,
A8Thr-A9Ser-A10Ile, were not conservative in insulins
coming from different species, but in natural insulins they
had never been replaced by the corresponding residues,
49Phe-50Arg-51Ser, of IGF-1. Second, we investigated the
intra A-chain/domain disulfide stability of two single-chain
global hybrids of insulin and IGF-1, Ins(A)/IGF-1(B) and
Ins(B)/IGF-1(A). Here we report the effect of the local and
global sequence swap on the stability of the intra A-chain/
domain disulfide.

MATERIALS AND METHODS

Materials. TheEscherichia colistrains used were DH12S
and RZ1032 (dut-, ung-). Saccharomyces cereVisiaeXV700-
6B (Leu2, ura3, pep4) and helper phage R408 were kindly
provided by Michael Smith (University of British Columbia,
Vancouver, Canada). Plasmid pVT102-U/RMFL-PIP was
constructed in our laboratory for secretory expression of PIP
in yeast (45). The mutagenesis oligonucleotide primer for
constructing the local hybrid was chemically synthesized.
The two single-chain global hybrids, Ins(A)/IGF-1(B) (the
C-terminus of human IGF-1 B-domain and the N-terminus
of human insulin A-chain were linked together by a dipep-
tide, Ala-Lys, and its B29Thr was replaced by Lys) and
Ins(B)/IGF-1(A) (the C-terminus of porcine insulin B-chain
and N-terminus of human IGF-1 A-domain were linked
together by a dipeptide, Ala-Lys), were prepared in our
laboratory (43). The sequence of human insulin and porcine
insulin was identical except for the B30 residue; in porcine
insulin it is Ala and in human insulin it is Thr. The chemical
reagents used in the experiments were of analytical grade.
The Pharmacia Biotech reverse-phase columns (Sephasil
Peptide C8 5µm ST 4.6/250 and Sephasil Peptide C4 5µm
ST 4.6/250), Gilson 306 HPLC system, and Gilson 115 UV
detector were used. In HPLC analysis a gradient elution was
used and the detection was at 230 nm. Solvent A was 0.15%
aqueous TFA; 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, 40% solvent B;
35 min, 80% solvent B; 36 min, 100% solvent B; 38 min,
100% solvent B; 40 min, 0% solvent B; 45 min, 0% solvent
B.

Construction of the Local Hybrid.The local hybrid, [FRS]-
PIP, was constructed by site-directed mutagenesis on the
basis of pVT102-U/RMFL-PIP using a gapped duplex

FIGURE 1: Strand models of (A) insulin [R state of crystal structure
(2)], (B) IGF-1 [solution structure (7)], (C) swap insulin [solution
structure (31)], and (D) swap IGF-1 [solution structure (41)]. For
clarity the disulfides were all numbered as those of insulin.
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approach (46). The presence of the expected mutation was
confirmed by DNA sequencing. The expression plasmid of
the local hybrid was designated as pVT102-U/RMFL-[RFS]-
PIP.

Expression and Purification of the Local Hybrid.The
plasmid pVT102-U/RMFL-[FRS]PIP was transformed into
S. cereVisiaeXV700-6B (Leu2, ura3, pep4). The transformed
yeast cells were cultured in a 16 L fermenter, and the [FRS]-
PIP was purified from the media supernatant in four steps
(45). First, the [FRS]PIP was precipitated from the media
supernatant by trichloroacetic acid. Second, the precipitate
was dissolved with 1 M acetic acid and applied to a Sephadex
G-50 column. Third, the [FRS]PIP was purified by chroma-
tography on a DEAE-Sepharose CL-6B column. Fourth, the
[FRS]PIP was further purified by C8 reverse-phase HPLC.
The purity of the [FRS]PIP was analyzed by native pH 8.3
polyacrylamide gel electrophoresis (pH 8.3 PAGE) and
analytical C8 reverse-phase HPLC. Its molecular mass was
determined by electrospray mass spectrometry.

In Vitro Refolding of the Local Hybrid. The purified [FRS]-
PIP was dissolved in 0.1 M Tris-HCl and 1 mM EDTA, pH
9.7, buffer containing 4 M urea (the final concentration of
[FRS]PIP is about 0.5 mg/mL); then DTT was added to the
final concentration of 0.1 M. The reduction was carried out
at room temperature for 1 h. After incubation an aliquot was
removed, carboxymethylated, and then analyzed by native
pH 8.3 PAGE to detect if the disulfides were fully reduced
or not. The fully reduced [FRS]PIP was exchanged into the
refolding buffer (0.1 M Tris-HCl, 1 mM EDTA, pH 9.7) by
gel filtration using a Sephadex G-25 column. The refolding
reaction was carried out in redox buffer containing 5 mM
GSH and 5 mM GSSG or by air oxidation. The refolding
solution was incubated at 4°C overnight. After incubation
100 µL of refolding product was removed, acidified to pH
2.0 with TFA, and then analyzed by C4 reverse-phase HPLC
eluted with the gradient described in Materials and Methods
with the flow rate of 0.5 mL/min.

Disulfide Stability of the Local and the Global Hybrids in
Redox Buffer. The single-chain local hybrid, [FRS]PIP, and
the single-chain global hybrids, Ins(A)/IGF-1(B) (native
form) and Ins(B)/IGF-1(A), were respectively dissolved in
the redox buffer [0.1 M Tris-HCl and 1 mM EDTA, pH 8.7,
buffer for Ins(A)/IGF-1(B); 0.1 M Tris-HCl and 1 mM
EDTA, pH 9.7, buffer for [FRS]PIP and Ins(B)/IGF-1(A)
because of their low solubility in pH 8.7 buffer]. The final
protein concentration was adjusted to 0.1 mg/mL, respec-
tively. In the redox buffer the ratio (mM/mM) of GSH to
GSSG was 1:10 and 5:5, respectively. At the same time a
negative control in which the samples were incubated in the
buffer not containing redox potential was carried out. The
reaction was carried out at 4°C overnight. After incubation,
a 100µL sample was removed, acidified to pH 2.0 with TFA,
and then analyzed by C8 or C4 reverse-phase HPLC eluted
with the gradient listed in Materials and Methods.

Separation of the Major Equilibrium Intermediate of
Ins(A)/IGF-1(B). For separation of the major equilibrium
intermediate, native Ins(A)/IGF-1(B) was dissolved in the
redox buffer (0.1 M Tris-HCl and 1 mM EDTA, pH 8.7,
containing 1 mM GSH and 10 mM GSSG) at the final
concentration of 0.3 mg/mL. The reaction was carried out
at 4°C overnight. After incubation the reaction mixture was
adjusted to pH 2.0 with TFA and then separated by C8

reverse-phase HPLC eluted with the gradient described in
Materials and Methods with the flow rate of 0.8 mL/min.
The elution fractions were collected manually and lyophi-
lized. The molecular mass was measured by electrospray
mass spectrometry.

Circular Dichroism Analysis. The samples, PIP, [FRS]-
PIP, native Ins(A)/IGF-1(B), swap Ins(A)/IGF-1(B), and the
major equilibrium intermediate of Ins(A)/IGF-1(B), were
dissolved in 5 mM HCl, respectively. The protein concentra-
tion was determined by UV absorbance at 276 nm. CD
measurements were performed on a Jasco-715 circular
dichroism spectropolarimeter at room temperature. The
spectra were scanned from 250 to 190 nm in the far-UV
region and from 320 to 245 nm in the near-UV region. Cell
path length was 0.1 and 1.0 cm for far-UV and near-UV
spectra, respectively. The protein concentration for the local
and global hybrids was 0.2 and 0.12 mg/mL, respectively.
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 CD spectra.

Peptide Mapping of the Major Equilibrium Intermediate
of Ins(A)/IGF-1(B). The major equilibrium intermediate was
dissolved in 0.1 M phosphate buffer (pH 7.8), and V8
endoproteinase was added to the solution at about a mass
ratio of 1:20 to the sample. The reaction was carried out at
25 °C overnight. After digestion, the solution was adjusted
with TFA to pH 2.0 and separated by C4 reverse-phase
HPLC eluted with the gradient listed in Materials and
Methods with the flow rate of 0.5 mL/min. The fractions
were collected manually and lyophilized. Their molecular
mass was measured by electrospray mass spectrometry.

Refolding of the Major Equilibrium Intermediate of Ins(A)/
IGF-1(B). The major equilibrium intermediate of Ins(A)/IGF-
1(B) was dissolved in the refolding buffer (0.1 M Tris-HCl
and 1 mM EDTA, pH 8.7) at the final concentration of 0.1
mg/mL. 2-Mercaptoethenol was added to the final concentra-
tion of 0.2 mM to initiate the refolding. The refolding
reaction was carried out at 10°C. At different time points
100 µL of the reaction mixture was removed, acidified to
pH 2.0 with TFA, and then immediately analyzed by C8
reverse-phase HPLC eluted with the gradient listed in
Materials and Methods with the flow rate of 0.8 mL/min.

RESULTS

Construction, Expression, and Purification of the Local
Hybrid. The presence of the expected mutation on the PIP
gene was confirmed by DNA sequencing (data not shown).
The [FRS]PIP was purified from the fermentation media in
four steps (45). Its molecular mass determined by electro-
spray mass spectrometry is 6047.0, which is consistent with
the theoretical value of 6048.0. The purified [FRS]PIP is
homogeneous as judged by the native pH 8.3 PAGE and C8
reverse-phase HPLC (data not shown). During purification
we found that [FRS]PIP had only one component, which
suggested that the local hybrid probably folds into a unique
tertiary structure.

Circular Dichroism Analysis of the Local Hybrid. Did the
local swap affect the structure of the local hybrid compared
with that of its parent molecule? To answer this question,
the far-UV and near-UV CD spectra of [FRS]PIP were
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analyzed as shown in Figure 2. The far-UV spectra of [FRS]-
PIP and the wild-type PIP were very similar, which suggested
that they share similar or identical secondary structure. The
R-helix content estimated from CD spectra of [FRS]PIP and
the wild-type PIP both was 49%, which was consistent with
the value calculated from the insulin crystal structure
according to the threeR-helical segments. The local hybrid
and the wild-type PIP also share similar near-UV spectra,
which indicated that the microenvironment of the aromatic
residues as well as the disulfide bonds was similar in the
local hybrid and its parent molecule. The similarity of the
CD spectra between the local hybrid and its parent molecule
suggested that the local hybrid adopts a fold similar/identical
to that of the wild-type PIP; that is, the local segment swap
had little effect on the conformation of the PIP molecule.

In Vitro Refolding of the Local Hybrid.To further
determine if the local hybrid refolded into a unique tertiary
structure or not, its in vitro refolding was carried out. As
shown in Figure 3, the final folding product had only one
peak with the retention time identical to that of the standard

[FRS]PIP when analyzed by C4 reverse-phase HPLC no
matter whether the refolding was carried out in redox buffer
or by air oxidation. This result suggested that the local hybrid
refolded into a unique tertiary structure in vitro. Together
with the fact that the local hybrid secreted from the yeast
cells as a single form with the CD spectra very similar to
that of the wild-type PIP, we deduced that the local swap
had no effect on the fidelity of disulfide pairing of PIP; that
is, the local hybrid folded into one unique thermodynamically
stable three-dimensional structure with the disulfide linkages
identical to those of insulin.

Disulfide Stability of the Local Hybrid in Redox Buffer.
The local swap had no effect on the fidelity of disulfide
pairing; did it have an effect on the disulfide stability of PIP?
Here we analyzed the disulfide stability of the local hybrid
in redox buffer compared with that of its parent molecule
(data not shown). As analyzed by C4 reverse-phase HPLC,
the local hybrid incubated in the redox buffer (the ratio of
GSH to GSSG is 1:10 and 5:5, respectively) appeared as a
single peak on the HPLC profile with the retention time
identical to that of the control. This result is identical to that
of the wild-type PIP but different from that of IGF-1
significantly since IGF-1 cannot maintain its intact disulfides
in the above redox buffer (34). The present result suggested
that the local swap had little effect on the disulfide stability
of PIP.

Disulfide Stability of the Global Hybrids, Ins(A)/IGF-1(B)
and Ins(B)/IGF-1(A), in Redox Buffer.The local swap had

FIGURE 2: Circular dichroism analysis of the local hybrid. The
spectrum of [FRS]PIP was compared with that of the wild-type
PIP. The above is the far-UV spectra while the below is the near-
UV spectra. The open circle represents the spectra of the local
hybrid, [FRS]PIP; the filled circle represents the spectra of the wild-
type PIP.

FIGURE 3: In vitro refolding of the local hybrid by air oxidation or
in redox buffer. The redox potential of the redox buffer was 5 mM
GSH and 5 mM GSSG. After incubation 100µL of refolding
solution was removed, acidified to pH 2.0 with TFA, and then
analyzed by C4 reverse-phase HPLC eluted with a gradient
described in Materials and Methods with the flow rate of 0.5 mL/
min. The control is the purified [FRS]PIP.
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no effect on the fidelity of disulfide pairing as well as
disulfide stability of the PIP molecule. Which is the
determinant of the different energetic state of the intra
A-chain/domain disulfide of insulin and IGF-1? Here the
disulfide stability of two global hybrids, Ins(A)/IGF-1(B) and
Ins(B)/IGF-1(A), was analyzed. As shown in Figure 4, native
Ins(A)/IGF-1(B) cannot form and maintain its native disul-
fides in redox buffer which favors the disulfide formation
for most proteins, just like that of IGF-1 [swap Ins(A)/IGF-
1(B) gave an identical result after incubation in redox buffer].
In alkaline buffer not containing thiol reagent the native
Ins(A)/IGF-1(B) was stable as shown by the control. In
alkaline buffer containing 1 mM GSH and 10 mM GSSG,
three peaks appeared on the chromatograph. Peak D is the
native form whose disulfides are identical to those of insulin/
IGF-1. The retention time of peak C is identical to that of
the swap Ins(A)IGF-1(B) (the control of the swap form was
not shown here); together with other analysis (such as the
native PAGE) and previous study (43), we deduce that peak
C is the swap form of Ins(A)/IGF-1(B). The swap and the

native Ins(A)/IGF-1(B) have identical sequence but different
disulfide linkages and different three-dimensional structure
(43). The disulfides of the swap Ins(A)/IGF-1(B) were
identical to those of swap insulin/swap IGF-1. Peak A is a
new peak with the molecular mass of 6346.0, and we named
it the major equilibrium intermediate. In contrast to the
5734.6 mass of the intact Ins(A)/IGF-1(B), peak A has a
mass increase of 611.4, which is equal to the mass of two
GSH groups, so we deduced that peak A was an equilibrium
intermediate with one disulfide reduced and the two free thiol
groups respectively modified with a GSH group; that is, the
thiol group of GSH forms a disulfide bond with the free thiol
group of the protein. In buffer containing 5 mM GSH and 5
mM GSSG, a small peak B appeared, and we named it the
minor equilibrium intermediate, but we did not characterized
this peak because of its low content. In the buffer with the
same redox potential as above, the chromatography of Ins(B)/
IGF-1(A) appeared as only one peak with identical retention
time and peak area as the control (data not shown), so the
disulfides of Ins(B)/IGF-1(A) were stable in such condition.

The four peaks in Figure 4 were analyzed by native pH
8.3 PAGE as shown in Figure 5. Peaks C and D had a
mobility rate identical to those of the swap and native Ins(A)/
IGF-1(B), respectively. Together with previous study (43)
we deduce that peaks C and D were swap and native Ins(A)-
IGF-1(B), respectively. The high mobility rate of peak A
indicated that it carried more negative charges than the intact
molecule, which was consistent with the modification by
GSH groups. The mobility rate of peak B was between that
of the intact molecule and peak A. Peak B was not
homogeneous as judged by native PAGE.

Circular Dichroism Analysis of the Major Equilibrium
Intermediate of Ins(A)/IGF-1(B). The secondary structure of
the major equilibrium intermediate of Ins(A)/IGF-1(B) was
analyzed by far-UV circular dichroism compared with that
of the native and swap Ins(A)/IGF-1(B) as shown in Figure
6. The relativeR-helix content estimated from CD spectra
of the native Ins(A)/IGF-1(B), swap Ins(A)/IGF-1(B), and
the major equilibrium intermediate was 30%, 21%, and 21%,
respectively. TheR-helix content decrease of the swap form
and the major equilibrium intermediate was both about 30%
compared with that of the native form. In the solution
structure of swap insulin (31) and swap IGF-1 (41) the
R-helix in the N-terminus of the A-chain/domain was

FIGURE 4: Disulfide stability of Ins(A)/IGF-1(B) in redox buffer.
After the sample was incubated in the redox buffer overnight, 100
µL of reaction mixture was removed, acidified to pH 2.0 with TFA,
and then analyzed by C8 reverse-phase HPLC eluted with the
gradient described in Materials and Methods using the flow rate of
0.8 mL/min. 1/10 and 5/5 represented the ratio of GSH to GSSG
(mM/mM) in the redox buffer was 1/10 and 5/5, respectively. In
the control the sample was incubated in the buffer not containing
redox potential.

FIGURE 5: Native pH 8.3 PAGE analysis of the four peaks of Figure
4. In each lane about 2µg of sample was loaded onto the native
gel where the proteins were separated according to their net charges,
molecular mass, and the conformation. A Bio-Rad mini-protean II
electrophoresis apparatus was used in the experiments. The gel was
stained with Comassie brilliant blue R250. Lanes 1 and 2 were
native and swap Ins(A)/IGF-1(B), respectively; lanes 3-6 repre-
sented peaks A, B, C, and D in Figure 4, respectively.
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unfolded while the other twoR-helical segments were still
retained. In insulin and IGF-1 with the intra A-chain/domain
disulfide deleted/reduced (47-49) the R-helix in the N-
terminus of the A-chain/domain was also unfolded while the
other two R-helixes were retained. TheR-helix in the
N-terminus of the A-chain/domain takes up about 30% of
the totalR-helix content of insulin and IGF-1. So we deduced
that theR-helix in the N-terminus of the A-chain/domain of
the swap Ins(A)/IGF-1(B) and the major equilibrium inter-
mediate was unfolded; the reduced disulfide of the major
equilibrium intermediate was most likely the intra A-chain
one.

CleaVage of the Major Equilibrium Intermediate of Ins(A)/
IGF-1(B) by V8 Endoproteinase.We analyzed the disulfide
linkages of the major equilibrium intermediate of Ins(A)/
IGF-1(B) by V8 endoproteinase digestion as shown in Figure
7. After cleavage three major peaks appeared on C4 reverse-
phase HPLC chromatography, and their molecular masses
as well as their corresponding sequences were listed in Table
1. Peak C was the fragment between the A- and B-chain/
domain. Peak A was the fragment containing the disulfide
A20-B19, and this disulfide was intact in the intermediate.
Peak B was the fragment containing B7Cys, A6Cys, A7Cys,
and A11Cys. Among the four Cys residues, only one
disulfide bond formed and it must be between A- and
B-chain/domains, and the other two Cys residues were
modified by the GSH group, respectively. Together with
circular dichroism measurement we deduced that the reduced
disulfide was A6-A11 in the intermediate, so the intra
A-chain/domain disulfide of Ins(A)/IGF-1(B) was the most
unstable disulfide bond just like that of IGF-1.

Refolding of the Major Equilibrium Intermediate of Ins(A)/
IGF-1(B). If the deduced structure was correct, the major
equilibrium intermediate of Ins(A)/IGF-1(B) can refold into
the intact forms, the native and the swap Ins(A)/IGF-1(B).
When the major equilibrium intermediate was dissolved in
the alkaline buffer containing 0.2 mM 2-mercaptoethanol,
it indeed refolded into two forms with the retention time

identical to that of the native and swap Ins(A)/IGF-1(B),
respectively (Figure 8). This result further demonstrated that
the sequence of Ins(A)/IGF-1(B) encodes two three-
dimensional structures with similar thermodynamic stability.

DISCUSSION

Considering the high sequence homology of insulin and
IGF-1, their different folding behavior is puzzling. Our
previous work suggested that the B-chain/domain mainly
manipulated the different folding behavior of insulin and
IGF-1 (43). But the detailed mechanism of the B-chain/
domain exerting its effect is still unknown. The intra
A-domain disulfide of IGF-1 is a strained bond with high
energetic state (33) while the intra A-chain disulfide of
insulin is a stable bond (44). The different energetic state of
the intra A-chain/domain disulfide is probably relevant to
their different folding property: insulin/PIP folds into one
unique structure while IGF-1 folds into two disulfide isomers.
In swap IGF-1 and swap insulin theR-helix in the N-terminus
of the A-chain/domain presented the native form as unfolded.
The unfolding of theR-helix must elevate the energetic state
of the molecule, which led to one unstable structure. In swap
IGF-1 the free energy increase is somewhat counteracted by
the swap disulfide linkages because the disulfide 47-52 in
native IGF-1 is a high-energy bond (30). In swap insulin/
PIP, the free energy elevation cannot be counteracted by the
swap disulfide linkages since the disulfide A6-A11 is still
a stable bond. But which part of the sequence is the
determinant of the different energetic state of the intra
A-chain/domain disulfide of insulin and IGF-1? Our present

FIGURE 6: The far-UV circular dichroism spectra of the native
Ins(A)/IGF-1(B), swap Ins(A)/IGF-1(B), and the major equilibrium
intermediate of Ins(A)/IGF-1(B).

FIGURE 7: C4 reverse-phase HPLC profile of the V8 endoproteinase
digestion mixture of the major equilibrium intermediate of Ins(A)/
IGF-1(B). 100µL of the digested mixture was removed, acidified
to pH 2.0 with TFA, and then analyzed by C4 reverse-phase HPLC
eluted with the gradient described in Materials and Methods using
the flow rate of 0.5 mL/min.

Table 1: Molecular Mass of V8 Digested Fragments of the Major
Equilibrium Intermediate of Ins(A)/IGF-1(B)

peak no. in
Figure 4

retention
time (min)

measured
value

expected
value

corresponding
sequence

A 23.17 1362.0 1362.5 B13Ala-B20Asp+
A18Asn-A21Asn

B 24.63 2691.0 2692.0 B4Thr-B9Glu+
A5Gln-A17Glu

C 26.71 1754.0 1754.1 B21Arg-A4Glu
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results suggested that it is not the A-chain/domain sequence
close to the intra A-chain/domain disulfide but the sequence
of the B-chain/domain that mainly controlled the different
energetic state of the intra A-chain/domain disulfide.

Why did insulin and IGF-1 evolve the different folding
property from a common ancestor, amphioxus insulin-like
peptide (ILP)? Our previous results showed that a recom-
binant single-chain ILP (50) containing the deduced B- and
A-domains folds into a unique three-dimensional structure
in vivo and in vitro (our unpublished data). So the appearance
of the unusual folding property of IGF-1 probably coupled
with some other properties. In vivo IGF-1 was bound with
IGF binding proteins which did not bind with insulin. The
existence of IGF binding protein just overcame the folding
problem of IGF-1 (40), so we deduced that the unusual
folding property of IGF-1 was coevolved with the IGF
binding proteins. Our deduction was consistent with the fact
that the B-domain of IGF-1 was critical for interaction with
IGF binding proteins (51-53).
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