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ABSTRACT: Although insulin and insulin-like growth factor 1 (IGF-1) share homologous sequence, similar
tertiary structure, weakly overlapped biological activity, and a common ancestor, the two highly homologous
sequences encode different folding behavior: insulin folds into one unique stable tertiary structure while
IGF-1 folds into two disulfide isomers with similar thermodynamic stability. To further elucidate the
molecular mechanism of their different folding behavior, we prepared two single-chain hybrids of insulin
and IGF-1, Ins(A)/IGF-1(B) and Ins(B)/IGF-1(A), as well as a mini-IGF-1 by means of protein engineering
and studied their structure as well as folding behavior. Both mini-IGF-1 and Ins(A)/IGF-1(B) fold into
two thermodynamically stable disulfide isomers in vivo and in vitro just like that of IGF-1, while Ins(B)/
IGF-1(A) folds into one unique thermodynamically stable tertiary structure in vivo and in vitro just like
that of insulin. So we deduce that the different folding behavior of insulin and IGF-1 is mainly controlled
by their B-chain/domain. By V8 endoproteinase digestion and circular dichroism analysis, as well as
insulin receptor binding assay, we deduce that Ins(B)/IGF-1(A), isomer 2 of mini-IGF-1, and isomer 2 of
Ins(A)/IGF-1(B) adopt native IGF-1/insulin-like three-dimensional structure with native disulfides, while
isomer 1 of mini-IGF-1 and isomer 1 of Ins(A)/IGF-1(B) adopt the swap IGF-1-like three-dimensional
structure with swap disulfides.

Insulin is a structurally and functionally well-characterized
small globular protein containing 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 studied by X-ray
crystallography (1, 2) and NMR (3-5) since the 1970s
(Figure 1A). Although the separate A- and B-chains of
insulin can be recombined successfully in vitro (6), a single-
chain polypeptide (pre-proinsulin) containing the signal
peptide at the N-terminus of the B-chain as well as the
C-peptide between the B- and A-chains was synthesized in
vivo. When B29Lys and A1Gly were linked together by a
peptide bond directly, the mini-proinsulin still retained the
three-dimensional structure identical to that of insulin but
lost biological activity completely (7, 8) (Figure 1B). In the
three-dimensional structure of insulin and mini-proinsulin,
there are three common segments ofR-helix (A2-A8, A13-
A19, and B9-B19) which compose the frame and core of
the insulin-like fold.

IGF-11 is a 70 residue single-chain globular protein
composed of B-, C-, A-, and D-domains from the N-terminus
to the C-terminus (9). 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 the insulins. IGF-1 adopts an insulin-
like structure (10) (Figure 1D) whose ordered structure also
mainly includes three segments ofR-helix (8-18, 42-49,
and 54-61) in the A- and B-domains corresponding to those
of insulin; the conformation of the C- and D-domains is
highly flexible. So, the insulin-like structure of IGF-1 is
mainly encoded by its A- and B-domains. When B28Pro and
A1Gly were directly connected by a peptide bond, the mini-
IGF-1 still retained the three helical segments presented in
the native IGF-1, but the relative orientation of the three
helixes had been changed (11) (Figure 1E) and its biological
activity has been lost completely.

Protein folding is still challenging in biological sciences.
Since Affinsen and co-workers first demonstrated that the
three-dimensional structure of a globular protein is uniquely
determined by its primary structure in 1960s (12), 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 (13-15). 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 (16-23). In vivo the protein folding is
assisted by molecular chaperones, especially for large
proteins (24-26); some chaperones even can provide the
missing steric information for protein folding (27).

Although insulin and IGF-1 share highly homologous
sequence, similar tertiary structure, and weakly overlapped
biological activity (9), the folding behavior of the two
homologous sequences is quite different: both insulin and
recombinant single-chain insulin (PIP) fold into one unique
thermodynamically stable tertiary structure with disulfides
(A20-B19, A7-B7, A6-A11) (28, 29), while IGF-1 folds
into two disulfide isomers (native and swap) with different
three-dimensional structure and different disulfide linkages
but similar thermodynamic stability (30-37). The native
IGF-1 adopts an insulin-like structure (10) with the disulfides
18-61, 6-48, and 47-52, corresponding to those of insulin;
the swap IGF-1 adopts a different folding pattern (38) with
disulfides 18-61, 6-47, and 48-52. The three-dimensional
structure of swap IGF-1 is similar with that of swap insulin
whose disulfide bridges are A20-B19, A6-B7, and A7-
A11 (28) (Figure 1C). TheR-helix II presented in the native

form is unfolded, and the other twoR-helical segments still
exist in swap insulin and swap IGF-1. The swap IGF-1 is a
thermodynamically controlled folding product with an energy
state similar to that of native IGF-1, while the swap insulin
is a kinetically controlled folding product that is thermody-
namically unstable and only obtained as a kinetic trap (28).
For most small globular proteins the final folding product is
a unique thermodynamically stable three-dimensional struc-
ture (39), just like that of BPTI, RNase A, and insulin/PIP.
Why can the folding of IGF-1 not produce a unique tertiary
structure? Why does the highly homologous sequence of
insulin and IGF-1 store different folding information? Which
part of the sequence is the determinant of their different
folding behavior? Although in previous work DiMarchi et
al. have demonstrated that it is the A- and B-domains that
lead to IGF-1 producing two disulfide isomers (40), further
detailed information is still unknown. To find out the
determinant sequence that controlled the different folding
behavior of insulin and IGF-1, we prepared a mini-IGF-1
(the C-terminus of the IGF-1 B-domain and the N-terminus
of the IGF-1 A-domain were linked together by a dipeptide,
Ala-Lys, and B30Thr was also replaced by Lys), single-chain
hybrid Ins(A)/IGF-1(B) (the C-terminus of the IGF-1 B-
domain and the N-terminus of the insulin A-chain were
linked together by a dipeptide, Ala-Lys, and B30Thr was
also replaced by Lys), and single-chain hybrid Ins(B)/IGF-
1(A) (the C-terminus of the insulin B-chain and N-terminus
of the IGF-1 A-domain were linked together by a dipeptide,
Ala-Lys). The amino acid sequence of these molecules is
shown in Figure 2B. In the three molecules, the residues are
numbered according to that of insulin, so the first residue of
mini-IGF-1 and Ins(A)/IGF-1(B) is numbered B2. Here we
report the preparation, structure analysis, and folding be-
havior study of mini-IGF-1 and the two single-chain hybrids
of insulin and IGF-1 compared with that of PIP.

MATERIALS AND METHODS

Materials. TheEscherichia 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, Canada). Plasmid
pVT102-U/RMFL-PIP was constructed in our laboratory for
secretary expression of PIP in yeast (41). PIP was a
recombinant single-chain insulin in which the C-terminus
of the porcine insulin B-chain and N-terminus of the porcine
insulin A-chain were linked together by a dipeptide, Ala-
Lys. The chemical reagents used in 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 all HPLC analysis
in the experiment, a gradient elution was used with the flow
rate of 0.8 mL/min. Solvent A was 0.15% aqueous TFA;
solvent B was 60% acetonitrile containing 0.125% TFA. The
elution gradient was as follows: 1 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.

DNA Manipulation. The expression vectors of mini-IGF-
1, Ins(A)/IGF-1(B), and Ins(B)/IGF-1(A) were respectively
constructed as shown in Figure 2A. To obtain the mini-IGF-1
gene, four partially complementary DNA fragments were

FIGURE 1: Strand models of (A) insulin [R state of crystal structure
(2)], (B) mini-proinsulin [solution structure (8)], (C) swap insulin
[solution structure (28)], (D) IGF-1 [solution structure (10)], and
(E) mini-IGF-1 [solution structure (11)]. The disulfides were pointed
in the molecules. For clarity the disulfides were all numbered as
that of insulin. The solution structure of swap IGF-1 was similar
to that of swap insulin (38), but we did not find its structure data
in the Protein Data Bank (3-D).
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designed and chemically synthesized. After annealing,
elongation, and ligation, as well as cleavage by restriction
enzymesXbaI and HindIII, the gene of mini-IGF-1 was

constructed from the four DNA fragments and then cloned
into the large fragment of the expression vector pVT102-U
which was obtained by cleavage of the expression vector of
PIP (41). The DNA sequence of mini-IGF-1 gene was con-
firmed by DNA sequencing, and the plasmid was designated
as pVT102-U/RMFL-mini-IGF-1. To obtain the genes of
Ins(A)/IGF-1(B) and Ins(B)/IGF-1(A), the mixture of the PIP
gene and the mini-IGF-1 gene (respectively cleaved away
from their expression vector byXbaI and HindIII, treated
with calf intestine alkaline phosphatase, and mixed as the
molar ratio of 1:1) was cleaved into two fragments by the
restriction enzymeTaq I, whose cleavage site was on the
common sequence encoding the N-terminal residues of the
A-chain/domain of PIP and mini-IGF-1. Subsequently, the
cleaved fragments of the PIP and the mini-IGF-1 gene were
cloned into the large fragment of the expression vector
pVT102-U (cleaved withXbaI and HindIII). The plasmids
of pVT102-U/RMFL-Ins(A)/IGF-1(B) and pVT102-U/RMFL-
Ins(B)/IGF-1(A) were selected from the mixture of the four
possible vectors by DNA sequencing.

Expression, Purification, and Identification of the Single-
Chain Mini-IGF-1, Ins(A)/IGF-1(B), and Ins(B)/IGF-1(A).
The plasmids pVT102-U/RMFL-mini-IGF-1, pVT102-U/
RMFL-Ins(A)/IGF-1(B), and pVT102-U/RMFL-Ins(B)/IGF-
1(A) were transformed intoS. cereVisiae cells of strain
XV700-6B (leu2, ura3, pep4), respectively. The transformed
yeast cells were cultured in a 16 L fermenter, and the secreted
target protein was purified from the medium in four steps
(41). 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 using a gradient elution described in
Materials and Methods 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.

Circular Dichroism Measurement of the Single-Chain
Mini-IGF-1 (Isomer 1 and 2), Ins(A)/IGF-1(B) (Isomer 1 and
2), and Ins(B)/IGF-1(A).The protein concentration of the
samples, isomers 1 and 2 of mini-IGF-1, isomers 1 and 2 of
Ins(A)/IGF-1(B), Ins(B)/IGF-1(A), and PIP, was determined
by Lowry method (42). The samples were dissolved in 5
mM HCl, and their final concentration was adjusted to 0.2
mg/mL, respectively. PIP was used as a single-chain standard
with insulin-like structure. The measurements were per-
formed on a Jasco-715 circular dichroism spectropolarimeter
at room temperature. The cell path length for near-UV spectra
(245-300 nm) and far-UV spectra (200-250 nm) measure-
ments was 1.0 and 0.1 cm, 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
far-UV circular dichroism (CD) spectra.

CleaVage of the Single-Chain Mini-IGF-1 (Isomer 1 and
2), Ins(A)/IGF-1(B) (Isomer 1 and 2), and Ins(B)/IGF-1(A)
with V8 Endoproteinase.The five molecules, isomers 1 and
2 of mini-IGF-1, isomers 1 and 2 of Ins(A)/IGF-1(B), and
Ins(B)/IGF-1(A), were respectively digested with V8 en-
doproteinase to elucidate their disulfide linkages. Ins(B)/IGF-

FIGURE 2: (A) The expression vector construction process of mini-
IGF-1, Ins(A)/IGF-1(B), and Ins(B)/IGF-1(A). The expression
vector of pVT102-U/RMFL-PIP was constructed in our laboratory
for secretory expression of PIP inS. cereVisiae previously (41).
There were cleavage sites of restriction enzymesXbaI andHindIII
at the two ends of PIP gene.RMFL was the leading sequence
(prepro) of yeastR-mating factor, which was linked to the
N-terminus of PIP to help PIP secrete from yeast cells. In the
endoplasmic reticulum and Golgi apparatus theRMFL was removed
gradually, and then the mature and correctly folded PIP was secreted
from yeast cells. H, T, and X on the expression vector represent
restriction enzymesHindIII, TaqI, andXbaI, respectively. (B) The
amino acid sequence of PIP, mini-IGF-1, Ins(A)/IGF-1(B), and
Ins(B)/IGF-1(A). A linker dipeptide, Ala-Lys, was used to join the
B-chain/domain and A-chain/domain together to form single-chain
molecules.
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1(A) and the two isomers of mini-IGF-1 were dissolved in
0.1 M phosphate buffer (pH 7.8), respectively; the two
isomers of Ins(A)/IGF-1(B) were dissolved in 0.1 M NH4-
HCO3 buffer (pH 7.8), respectively. The protein concentra-
tion of the samples was about 0.5 mg/mL, and the V8
endoproteinase was added to the solution at about a mass
ratio of 1:20. The reaction was carried out at 25°C overnight.
After digestion, the solution was adjusted with TFA to pH
2.0 and then separated by C8 reverse-phase HPLC eluted
with the gradient described in Materials and Methods and
detected at 230 nm. The fractions were collected manually
and lyophilized. Isomer 2 of Ins(A)/IGF-1(B) was also
digested with V8 endoproteinase in phosphate buffer (pH
7.8), and the digested fragments were separated by C4
reverse-phase HPLC and also eluted with the gradient
described in Materials and Methods and detected at 230 nm.
The molecular mass of the digested fragments was measured
by electrospray mass spectrometry.

Disulfide Thermodynamic Stability Measurement of the
Single-Chain Mini-IGF-1 (Isomer 1 and 2), Ins(A)/IGF-1(B)
(Isomer 1 and 2), Ins(B)/IGF-1(A), and PIP.The samples,
isomers 1 and 2 of mini-IGF-1, isomers 1 and 2 of Ins(A)/
IGF-1(B), Ins(B)/IGF-1(A), and PIP, were respectively
dissolved in a different redox buffer (0.1 M Tris-HCl, 1 mM
EDTA, pH 8.7) at a final concentration of 0.1 mg/mL. In
the redox buffer, the ratio (mM/mM) of the reduced
glutathione (GSH) and the oxidized glutathione (GSSG) was
1/10, 5/5, 10/1, 20/1, 30/1, and 50/1, respectively. At the
same time a negative control (the samples were dissolved
in the buffer not containing the redox potential) was carried
out. The reaction was carried out at 4°C overnight. After
incubation, one-fifth volume of freshly prepared 0.5 M
iodoacetic sodium solution was added to modify the free thiol
groups. The carboxymethylation reaction was carried out at
room temperature for 5 min. The modified mixture of the
sample containing the intermediates with one or more
disulfides was reduced, and free thiol groups were car-
boxymethylated and then analyzed by native pH 8.3 PAGE.

Disulfide Rearrangement of the Single-Chain Mini-IGF-1
(Isomer 1 and 2), Ins(A)/IGF-1(B) (Isomer 1 and 2), and
Ins(B)/IGF-1(A).The purified isomers 1 and 2 of mini-IGF-1
and isomers 1 and 2 of Ins(A)/IGF-1(B) were respectively
dissolved in 0.1 M Tris-HCl and 1 mM EDTA buffer (pH
8.7) containing 0.2 mM 2-mercaptoethanol at a final
concentration of 0.1 mg/mL. The purified Ins(B)/IGF-1(A)
was dissolved in 0.1 M Tris-HCl and 1 mM EDTA buffer
(pH 10.3) or 0.1 M Tris-HCl and 1 mM EDTA buffer (pH
8.7) containing 0.2 mM 2-mercaptoethanol at a final
concentration of 0.1 mg/mL. The disulfide rearrangement
reaction was carried out at 10 or 25°C, respectively. At
different reaction times a 100µL sample was removed and
immediately adjusted to pH 2.0 with TFA to terminate the
disulfide rearrangement and analyzed with analytical C8
reverse-phase HPLC. A gradient elution described in Materi-
als and Methods was used and detected at 230 nm.

In Vitro Refolding of the Single-Chain Mini-IGF-1 (Isomer
1 and 2), Ins(A)/IGF-1(B) (Isomer 1 and 2), and Ins(B)/IGF-
1(A).The purified isomers 1 and 2 of mini-IGF-1 and isomers
1 and 2 of Ins(A)/IGF-1(B) were respectively dissolved in
0.1 M Tris-HCl and 1 mM EDTA buffer (pH 8.7), while
the purified Ins(B)/IGF-1(A) was dissolved in 0.1 M Tris-
HCl and 1 mM EDTA buffer (pH 10.3) because of its lower

solubility in pH 8.7 buffer, especially after being reduced.
The final protein concentration was about 1 mg/mL. The
reduction was started by addition of DTT to the final
concentration of 50 mM. The reaction was carried out at 30
°C for 1 h. After reduction the aliquot was removed and
carboxymethylated by a one-fifth volume of freshly prepared
0.5 M iodoacetic acid sodium salt solution and then analyzed
by native pH 8.3 PAGE to determine whether the disulfides
of the samples were fully reduced. The reduced samples were
immediately exchanged to their refolding buffer (0.1 M Tris-
HCl and 1 mM EDTA, pH 10.3, for Ins(B)/IGF-1(A); 0.1
M Tris-HCl and 1 mM EDTA, pH 8.7, for the other four
molecules) by gel filtration using a Sephadex G-25 column
and adjusted a final protein concentration to 0.1 mg/mL. The
refolding reaction was carried out at 10°C overnight by air
oxidation. After incubation a 100µL refolding solution was
removed and acidified to pH 2.0 by TFA and then analyzed
by C8 reverse-phase HPLC eluted by a gradient listed in
Materials and Methods and detected at 230 nm.

Self-Association Measurement of the Single-Chain Mini-
IGF-1 (Isomer 1 and 2), Ins(A)/IGF-1(B) (Isomer 1 and 2),
Ins(B)/IGF-1(A), and PIP in Refolding Buffer.The self-
association property of mini-IGF-1 (isomer 1 and 2), Ins(A)/
IGF-1(B) (isomer 1 and 2), Ins(B)/IGF-1(A), and PIP in their
refolding buffer was determined by gel filtration using
FPLC: column, Superdex 75 (HR 10/30); flow rate, 0.4 mL/
min; detection, 280 nm; elution buffer, 0.1 M Tris-HCl and
1 mM EDTA (pH 8.7) for mini-IGF-1 (isomer 1 and 2),
Ins(A)/IGF-1(B) (isomer 1 and 2), PIP, and [B28Lys,
B19Pro]insulin, and 0.1 M Tris-HCl and 1 mM EDTA (pH
10.3) for Ins(B)/IGF-1(A). The samples were dissolved with
their corresponding elution buffer and adjusted to a final
concentration of 1.0 mg/mL, respectively. In analysis a 100
µL sample was loaded onto the column. [B28Lys, B29Pro]-
insulin was used as a non-self-association control.

ConVersion of the Single-Chain Mini-IGF-1 (Isomer 1 and
2), Ins(A)/IGF-1(B) (Isomer 1 and 2), and Ins(B)/IGF-1(A)
to Double-Chain Forms.The purified single-chain mini-
IGF-1 (isomer 1 and 2) and single-chain Ins(A)/IGF-1(B)
(isomer 1 and 2) were respectively dissolved in 0.1 M NH4-
HCO3 (pH 8.5) buffer at a final concentration of about 3
mg/mL; Ins(B)/IGF-1(A) was dissolved in 0.1 M NH4HCO3

(pH 8.5) containing 1 M urea at a final concentration of about
2 mg/mL because of its low solubility in pH 8.5 buffer not
containing urea. The endoproteinase Lys-C was added to the
solution at a mass ratio of 500:1. Digestion was carried out
at 25 °C overnight. After cleavage, the double-chain mol-
ecules were respectively purified by C8 reverse-phase HPLC
eluted by the gradient listed in Materials and Methods and
detected at 280 nm. The purity of the five double-chain
molecules was analyzed by analytical C8 reverse-phase
HPLC and native pH 8.3 PAGE.

Binding with Insulin Receptor of the Double-Chain Mini-
IGF-1 (Isomer 1 and 2), Ins(A)/IGF-1(B) (Isomer 1 and 2),
and Ins(B)/IGF-1(A).The protein concentration of the five
double-chain molecules was determined by the Lowry
method (42). The receptor binding assay was performed
using human placental membrane as previously described
(43), using native porcine insulin as a standard. The
membrane insulin receptor (total protein is about 250µg)
was incubated with125I-labeled insulin (approximately 105

cpm) plus a selected amount of native insulin or samples in
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a total volume of 0.4 mL containing 50 mM Tris-HCl and
1.0% BSA, pH 7.5, buffer, at 4°C overnight. After
incubation the unbound125I-labeled insulin was washed away
with ice-cold 50 mM Tris-HCl and 0.1% BSA, pH 7.5, buffer
three times by centrifugation, and the radioactivity of the
precipitate was counted. The receptor binding activity of the
samples was calculated from the dosages used for 50%
inhibition of 125I-labeled insulin bound to the insulin receptor.

RESULTS

DNA Manipulation. The construction process of the yeast
expression vectors of mini-IGF-1, Ins(A)/IGF-1(B), and
Ins(B)/IGF-1(A) was shown in Figure 2A. Their DNA
sequence was confirmed by DNA sequencing (data not
shown). The amino acid sequence of PIP, mini-IGF-1,
Ins(A)/IGF-1(B), and Ins(B)/IGF-1(A) was shown in Figure
2B. In the four molecules the C-terminus of the B-chain/
domain of insulin or IGF-1 and the N-terminus of the
A-chain/domain of insulin or IGF-1 were respectively joined
together by a dipeptide, Ala-Lys. The identical linker
sequence of the four molecules made it convenient to
compare their folding behaviors. The B30Thr of the B-
domain of IGF-1 was mutated into Lys in mini-IGF-1 and
Ins(A)/IGF-1(B) for conversion of the single-chain molecules
into double-chain forms by endoproteinase Lys-C cleavage.

Expression, Purification, and Identification of the Single-
Chain Mini-IGF-1, Ins(A)/IGF-1(B), and Ins(B)/IGF-1(A).
The expression vectors pVT102-U/RMFL-mini-IGF-1,
pVT102-U/RMFL-Ins(A)/IGF-1(B), and pVT102-U/RMFL-
Ins(B)/IGF-1(A) were respectively transformed intoS. cere-
Visiae cells. The transformants were cultured in a 16 L
fermenter, and the expression products were purified in four
steps as described in Materials and Methods, respectively.
When purified using C8 reverse-phase HPLC, we found that
both mini-IGF-1 and Ins(A)/IGF-1(B) contained two com-
ponents. The component with the shorter retention time was
named isomer 1; the component with the longer retention
time was named isomer 2. Ins(B)/IGF-1(A) had only one
component. The molecular mass of these molecules was
measured by electrospray mass spectrometry, and the data
are listed in Table 1. All of the measured values were
consistent with the theoretical values, which indicated that
the primary structure of these molecules was correct. The
two isomers of mini-IGF-1 or Ins(A)/IGF-1(B) had almost
identical molecular mass, which implied that the two
components probably were disulfide isomers just like that
of IGF-1.

The five single-chain molecules, isomers 1 and 2 of mini-
IGF-1, isomers 1 and 2 of Ins(A)/IGF-1(B), and Ins(B)/IGF-
1(A), were first analyzed by analytical C8 reverse-phase
HPLC as shown in Figure 3. The sharpness of the peak
reflected that the five molecules were homogeneous, respec-

tively. The different retention time of the two isomers of
mini-IGF-1 or Ins(A)/IGF-1(B) reflected that they had
different secondary and/or tertiary structure although their
amino acid sequence was identical.

We also analyzed the five single-chain molecules by native
pH 8.3 PAGE as shown in Figure 4. The two isomers of
mini-IGF-1 had a slightly different mobility rate: isomer 2
ran a little faster than isomer 1, while the mobility rate of
the two isomers of Ins(A)/IGF-1(B) was almost identical.

The secondary and tertiary structures of the five single-
chain molecules were analyzed by far-UV and near-UV CD,
respectively (Figure 5), using PIP as a single-chain standard
with native insulin-like structure. The far-UV and near-UV

Table 1: Molecular Mass Measured by Electrospray Mass
Spectrometry

samples measured values theoretical values

mini-IGF-1 (isomer 1) 5833.0 5833.8
mini-IGF-1 (isomer 2) 5833.0 5833.8
Ins(A)/IGF-1(B) (isomer 1) 5734.0 5734.6
Ins(A)/IGF-1(B) (isomer 2) 5733.0 5734.6
Ins(B)/IGF-1(A) 6058.0 6058.1

FIGURE 3: C8 reverse-phase HPLC analysis of the single-chain
molecules. In the analysis a 100µL sample (20µg) was loaded
onto a Pharmacia Biotech C8 column (Sephasil Peptide C8 5µm
ST 4.6/250) and eluted using the elution gradient listed in Materials
and Methods and detected at 280 nm.

FIGURE 4: Native pH 8.3 PAGE analysis of the single-chain
molecules. Lanes 1, 2, 3, 4, 5, and 6 were PIP, Ins(B)/IGF-1(A),
isomer 2 of mini-IGF-1, isomer 1 of mini-IGF-1, isomer 2 of Ins(A)/
IGF-1(B), and isomer 1 of Ins(A)/IGF-1(B), respectively. A Bio-
Rad mini-protean II electrophoresis apparatus was used in the
experiments. In each lane a 2-3 µg sample was loaded. The gel
was stained by Comassie brilliant blue R250.
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spectra of Ins(B)/IGF-1(A) were very similar to that of PIP,
especially the far-UV spectra. TheR-helix content of PIP
and Ins(B)/IGF-1(A) estimated from far-UV CD spectra was
both about 50%, which was consistent with theR-helix
content of insulin calculated from the crystal (R state) or
NMR structure (49%). So we deduced that Ins(B)/IGF-1(A)
adopted an insulin-like structure with native disulfide link-
ages. The far-UV CD spectra of the two isomers of mini-
IGF-1 or Ins(A)/IGF-1(B) had some differences. TheR-helix
content of isomer 2 was close to that of PIP [47% for isomer
2 of mini-IGF-1 and 34% for isomer 2 of Ins(A)/IGF-1(B)],
while theR-helix content of isomer 1 was lower than that
of PIP [28% for isomer 1 of mini-IGF-1 and 21% for isomer
1 of Ins(A)/IGF-1(B)]. TheR-helix content of isomer 2 of
mini-IGF-1 estimated from CD was similar to the value
calculated from the three helical segments of native IGF-1
(48%). The R-helix content of isomer 1 of mini-IGF-1
estimated from CD was similar to the value calculated from
the two helical segments of swap IGF-1 (34%). TheR-helix
content of isomer 2 and isomer 1 of Ins(A)/IGF-1(B)
estimated from CD was lower than the value calculated from
native and swap IGF-1, respectively. But isomer 2 still
contained moreR-helix content than isomer 1. The near-
UV spectra of the two isomers were also different, especially
in the disulfide absorption region. The spectra of isomer 2
of mini-IGF-1 or Ins(A)/IGF-1(B) were more similar to that
of PIP in the disulfide absorption region. So we deduced
that isomer 2 adopted a native insulin/IGF-1-like structure
with disulfide linkages identical to those of native insulin/

IGF-1; isomer 1 adopted a swap insulin/IGF-1-like structure
with disulfides identical to those of swap insulin/IGF-1.

CleaVage of the Single-Chain Mini-IGF-1, Ins(A)/IGF-
1(B), and Ins(B)/IGF-1(A) with V8 Endoproteinase. The C8
reverse-phase HPLC chromatography of the V8 digested
molecules is shown in Figure 6, and the measured molecular
masses of the digested fragments as well as their corre-
sponding sequences in the molecules are listed in Table 2.
In phosphate buffer, the cleaved products of the two isomers
of mini-IGF-1 both contained three peaks; peaks A1 and B1
had different retention times but identical molecular masses,
corresponding to the sequence of B5Thr-B10Glu+ A6Cys-
A12Asp linked together by two disulfides. Their different

FIGURE 5: Circular dichroism analysis of mini-IGF-1 (isomer 1
and 2), Ins(A)/IGF-1(B) (isomer 1 and 2), Ins(B)/IGF-1(A), and
PIP. The left column is the far-UV CD spectra; the right column is
the near-UV CD spectra. For clarity the spectra of mini-IGF-1
(isomer 1 and 2), Ins(A)/IGF-1(B) (isomer 1 and 2), and Ins(B)/
IGF-1(A) were compared with that of PIP, respectively.

FIGURE 6: HPLC profile of V8-digested mini-IGF-1, Ins(A)/IGF-
1(B), and Ins(B)/IGF-1(A). The V8-digested mixture was acidified
by TFA and then loaded onto a C8 reverse-phase column and eluted
by the gradient described in Materials and Methods and detected
at 230 nm.
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retention times must be caused by their different disulfide
linkages. In NH4HCO3 buffer, the cleavage sites of V8
endoproteinase were not highly specific to Glu residue, so
some sites of Asp were also cleaved. When separated by
C8 reverse-phase HPLC, the fragment of isomer 2 of Ins(A)/
IGF-1(B) corresponding to peak D3 of isomer 1 was not
found. So we also digested isomer 2 of Ins(A)/IGF-1(B) in
phosphate buffer and separated the fragments with C4
reverse-phase HPLC where a fragment with a molecular mass
of 2078.0, corresponding to D3 of isomer 1, was found (data
not shown). The peptide mapping demonstrated that the two
isomers of mini-IGF-1 or Ins(A)/IGF-1(B) both contained
the common disulfides A20-B19, so their different disulfide
linkages must be among A6Cys, A7Cys, A11Cys, and
B7Cys. Together with the results of the above circular
dichroism analysis and their biological activity measured after
conversion to double-chain forms, we deduced that isomer
1 was the swap form with disulfides identical to those of
swap IGF-1 and isomer 2 was the native form with disulfides
identical to those of insulin/native IGF-1. Digestion of Ins(B)/
IGF-1(A) produced two major peaks, one corresponding to
the sequence containing A20-B19 disulfide. The fragment
containing the other two disulfides was not detected.
However, its circular dichroism spectra and biological
activity indicated that its disulfides were native form.

Disulfide Thermodynamic Stability of Single-Chain Mini-
IGF-1, Ins(A)/IGF-1(B), and Ins(B)/IGF-1(A) in Redox
Buffer. Although PIP and native IGF-1 shared highly
homologous sequence, their disulfide stability in redox buffer
was different: the disulfides of PIP were more stable than
those of IGF-1. In redox buffer which favors disulfide
formation for most proteins, some disulfides of IGF-1 can
be reduced, mainly disulfides 47-52 and 6-48 (30, 31).

Here we measured the disulfide thermodynamic stability of
the single-chain mini-IGF-1, Ins(A)/IGF-1(B), and Ins(B)/
IGF-1(A) in redox buffer compared with that of PIP as shown
in Figure 7. Since the two chains of insulin will separate in
redox buffer, the disulfide stability comparison between
insulin and the single-chain molecules is not suitable. The
disulfide stability of the two isomers of mini-IGF-1 or Ins(A)/
IGF-1(B) was similar, so only the PAGE pattern of isomer
2 was shown in this figure. When the disulfides were reduced
in the redox buffer and then the free thiol groups were
carboxymethylated, the molecules carried more negative
charges and ran faster than those intact molecules on pH
8.3 PAGE. Generally, the more disulfides were reduced in
the redox buffer, the more negative charges it carried, and
the faster the molecules ran on the pH 8.3 PAGE, but the
conformation of the intermediates also had influence on their
mobility rate. The more stable the disulfides of the molecules
were, the higher the reducing potential (the ratio of GSH/
GSSG) needed to reduce the disulfides. From the PAGE
pattern we can see that the disulfides of PIP were the most
stable in redox buffer. The disulfides of mini-IGF-1 and
Ins(A)/IGF-1(B) were the most unstable; the disulfide
stability of Ins(B)/IGF-1(A) was between that of PIP and
mini-IGF-1. So we deduced that the B-chain/domain was
more important than the A-chain/domain in controlling the
different disulfide stability of PIP and IGF-1.

Disulfide Rearrangement of Single-Chain Mini-IGF-1,
Ins(A)/IGF-1(B), and Ins(B)/IGF-1(A).If both of the two
isomers of mini-IGF-1 or Ins(A)IGF-1(B) were thermody-
namically stable species, the two isomers should rearrange
their disulfides in the alkaline buffer containing thiol catalyst
and finally form an equilibrium. Here we measured the
disulfide rearrangement of the two isomers of mini-IGF-1

Table 2: Molecular Mass of V8 Digested Fragments of Mini-IGF-1
(Isomer 1 and 2), Ins(A)/IGF-1(B) (Isomer 1 and 2), and
Ins(B)/IGF-1(A)

samples

HPLC
peaks in
Figure 6

retention
time on
HPLC
(min)

measured
molecular

mass

corresponding
sequence in
molecule

mini-IGF-1 A1 13.61 1421.0 B5Thr-B10Glu+
isomer 2 A6Cys-A12Asp

A2 15.24 1869.0 B22Arg-A5Glu
A3 17.63 1336.0 B14Ala-B21Asp+

A18Met-A21Ala
mini-IGF-1 B1 12.77 1421.0 B5Thr-B10Glu+

isomer 1 A6Cys-A12Asp
B2 15.19 1869.0 B22Arg-A5Glu
B3 17.60 1336.0 B14Ala-B21Asp+

A18Met-A21Ala
Ins(A)IGF-1(B) C1 14.57 1362.0 B14Ala-B21Asp+

isomer 2 A18Asp-A21Asn
C2 15.32 1754.0 B22Arg-A4Glu
C3 20.27 1689.0 B11Leu-B21Asp+

A18Asp-A21Asn
Ins(A)/IGF-1(B) D1 14.57 1362.0 B14Ala-B21Asp+

isomer 1 A18Asp-A21Asn
D2 15.32 1754.0 B22Arg-A4Glu
D3 19.50 2078.0 B5Thr-B10Glu+

A5Gln-A17Glu
D4 20.25 1689.0 B11Leu-B21Asp+

A18Asp-A21Asn
Ins(B)/IGF-1(A) E1 16.96 1799.0 B22Arg-A5Glu

E2 19.48 1351.0 B14Ala-B21Glu+
A18Met-A21Ala

FIGURE 7: Disulfide thermodynamic stability in redox buffer. Lanes
1, 2, 3, 4, 5, and 6 represent that in redox buffer, and the ratio of
GSH/GSSG (mM/mM) was 0/0, 1/10, 5/5, 10/1, 20/1, 30/1, and
50/1, respectively. When the disulfides were reduced in the redox
buffer and then the free thiol groups were carboxymethylated, the
molecule carried more negative charges and ran faster on the PAGE,
but the conformation also had an effect on their mobility rate. The
gel was stained by Comassie brilliant blue R250.
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or Ins(A)/IGF-1(B) as shown in Figure 8. Without thiol
catalyst the two isomers of mini-IGF-1 or Ins(A)/IGF-1(B)
were stable in alkaline or acidic buffer; when 0.2 mM
2-mercaptoethanol was added into the alkaline buffer, the
two isomers of mini-IGF-1 or Ins(A)/IGF-1(B) rearranged
their disulfides gradually and finally formed an equilibrium
mixture of the two isomers. The ratios of isomer 1 to isomer
2 (calculated from the peak area of HPLC) of mini-IGF-1
and Ins(A)/IGF-1(B) in equilibrium at 25°C were both about
23:77. At 10°C the ratios were both about 35:65. The folding

free energy difference (∆∆G) of isomer 2 to isomer 1 of
mini-IGF-1 and Ins(A)/IGF-1(B) calculated from their equi-
librium constant was both about-3.0 kJ/mol at 25°C and
-1.5 kJ/mol at 10°C. The folding reaction was temperature
dependent: at elevated temperatures, isomer 2 was the more
favored folding product. These folding properties of mini-
IGF-1 and Ins(A)/IGF-1(B) were similar with that of IGF-
1. Here we demonstrated that the two isomers of mini-IGF-1
or Ins(A)/IGF-1(B) were thermodynamically controlled fold-
ing products with similar thermodynamic stability. The
disulfide rearrangement of Ins(B)/IGF-1(A) was not detect-
able. So we deduced that it was the B-domain that mainly
controlled IGF-1, forming two disulfide isomers with similar
thermodynamic stability.

In Vitro Refolding of the Single-Chain Mini-IGF-1, Ins(A)/
IGF-1(B), and Ins(B)/IGF-1(A).To further demonstrate that
the sequence of mini-IGF-1 and Ins(A)/IGF-1(B) encoded
two thermodynamically stable folding products while the
sequence of Ins(B)/IGF-1(A) encoded a unique tertiary
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 with 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, and then the folding products were analyzed by
C8 reverse-phase HPLC as shown in Figure 9. The HPLC
profile of the refolding products of fully reduced isomer 1
and isomer 2 of mini-IGF-1 or Ins(A)/IGF-1(B) was similar,
so only the refolding results of isomer 2 were shown here.
Both mini-IGF-1 and Ins(A)/IGF-1(B) refolded into two
products which had retention times identical to those of the
two isomers of mini-IGF-1 or Ins(A)/IGF-1(B), respectively.
The refolding of fully reduced Ins(B)/IGF-1(A) produced
only one product which had a retention time identical to that
of the intact Ins(A)/IGF-1(B). These results further demon-
strated that the amino acid sequence of mini-IGF-1 and
Ins(A)/IGF-1(B) encoded two disulfide isomers with similar
thermodynamic stability, while the sequence of Ins(B)/IGF-
1(A) encoded a unique thermodynamically stable three-
dimensional structure.

Self-Association Analysis of the Single-Chain Mini-IGF-
1, Ins(A)/IGF-1(B), Ins(B)/IGF-1(A), and PIP in Refolding

FIGURE 8: Disulfide rearrangement of the two isomers of mini-
IGF-1 and Ins(A)/IGF-1(B). At different reaction times a 100µL
(10µg) sample was removed and acidified by TFA and immediately
loaded onto a C8 reverse-phase column. The elution gradient
described in Materials and Methods was used and detected at
230 nm.

FIGURE 9: In vitro refolding of fully reduced mini-IGF-1, Ins(A)/
IGF-1(B), and Ins(B)/IGF-1(A). 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 elution gradient described in Materials and
Methods was used and detected at 230 nm.
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Buffer. We analyzed the self-association property of these
single-chain molecules in their refolding buffer by gel
filtration (the chromatography results were not shown). The
non-self-association control, [B28Lys, B29Pro]insulin, had
a symmetric and sharp peak on the chromatograph. The PIP,
isomer 1 of mini-IGF-1, and Ins(A)/IGF-1(B) (isomer 1 and
2) all appeared as symmetric peaks with retention times
similar to that of [B28Lys, B29Pro]insulin on the chromato-
graph in their refolding buffer, which indicated that these
samples did not self-associate even at a concentration of 1.0
mg/mL. So, in the refolding reaction with a final concentra-
tion of 0.1 mg/mL, these samples must not self-associate.
The peaks of Ins(B)/IGF-1(A) and isomer 2 of mini-IGF-1
were not very symmetric at their refolding buffer, which
indicated that they had somewhat self-associated at a
concentration of 1.0 mg/mL in their refolding buffer. When
PIP was analyzed in 0.1 M Tris-HCl and 1 mM EDTA (pH
7.4), its elution peak was very asymmetrical. So PIP self-
associated at this condition but did not self-associate in the
refolding buffer.

ConVersion of the Single-Chain Mini-IGF-1, Ins(A)/IGF-
1(B), and Ins(B)/IGF-1(A) to Double-Chain Forms.When
insulin bound with its receptor, the conformation of its
C-terminus of the B-chain was changed to expose the
conservative residues on the N-terminus of the A-chain (44).
So mini-proinsulin lost biological activity completely al-
though it still retained the three-dimensional structure identi-
cal to that of insulin (7, 8). PIP retained only about 0.1%
receptor binding activity (our unpublished data) although it
contained the two linker residues as well as B30Ala. We
deduced that the insulin receptor binding activities of the
single-chain mini-IGF-1, Ins(A)/IGF-1(B), and Ins(B)/IGF-
1(A) were also too low to be accurately quantified. So, the
five single-chain molecules were treated with endoproteinase
Lys-C to convert them into double-chain forms, respectively.
These double-chain molecules were respectively purified
from the digestion mixture by C8 reverse-phase HPLC. All
of them were homogeneous as analyzed by C8 analytical
reverse-phase HPLC and pH 8.3 PAGE (data not shown).

Binding with Insulin Receptor of the Double-Chain Mini-
IGF-1, Ins(A)/IGF-1(B), and Ins(B)/IGF-1(A).The insulin
receptor binding activities of the five double-chain molecules,
mini-IGF-1 (isomer 1 and 2), Ins(A)/IGF-1(B) (isomer 1 and
2), and Ins(B)/IGF-1(A), were measured as shown in Figure
10. Their relative insulin receptor binding activities calculated
from the dosages used for 50% inhibition of125I-labeled
insulin bound with insulin receptor are listed in Table 3. The
insulin receptor binding activity of isomer 2 of mini-IGF-1
or Ins(A)/IGF-1(B) was about 10-fold higher than that of
the corresponding isomer 1, which indicated that isomer 2
had native disulfides while isomer 1 had swap disulfides.
The insulin receptor binding activity of Ins(B)/IGF-1(A) was
higher than that of native insulin (176% of insulin), which
indicated that its disulfides were also the native form.

DISCUSSION

The insulin superfamily includes insulin, IGF-1, IGF-2,
relaxin, bombyxin, and some other structural-related species.
All of these members (native form) share a common insulin-
like structure containing three motif-specific disulfides and
three common helical segments (45-47). The three helical

segments compose the frame and core of the insulin-like
structure. The role of the three disulfides is to stabilize the
three helical segments (48-50). All of these critical folding
elements are located in the A- and B-chain/domain, so we
deduced that the A- and B-chain/domain contained most of
the folding information of the insulin-like structure. In this
experiment we constructed two single-chain hybrids of
insulin and IGF-1, Ins(A)/IGF-1(B), and Ins(B)/IGF-1(A),
as well as a single-chain mini-IGF-1 containing only the A-
and B-domains of IGF-1. Together with our previously
prepared PIP, we got a set of single-chain molecules
containing the A- and B-chain/domain of insulin or IGF-1
with two linker residues. The four molecules are suitable
for investigating the different folding behavior of insulin and
IGF-1.

In CD analysis, theR-helix content of PIP, Ins(B)/IGF-
1(A), and mini-IGF-1 (isomer 1 and 2) estimated from far-
UV spectra is well consistent with the values calculated from
the three (native) or two (swap) helical segments of the
crystal or NMR structure of insulin or IGF-1. TheR-helix
content of Ins(A)/IGF-1(B) (isomer 1 and 2) estimated from
CD spectra is somewhat lower than that calculated from
NMR spectra of native and swap IGF-1, but isomer 2 still
has higherR-helix content than isomer 1. Since theR-helix
content estimated from CD is not very accurate, this result
is also acceptable. This indicates that PIP, Ins(B)/IGF-1(A),
isomer 2 of mini-IGF-1, and isomer 2 of Ins(A)/IGF-1(B)
all contain three helical segments just like that of native
insulin or native IGF-1, while isomer 1 contains two helical
segments just like that of swap insulin or swap IGF-1. The

FIGURE 10: Insulin receptor binding activities of the double-chain
mini-IGF-1 (isomer 1 and 2), Ins(A)/IGF-1(B) (isomer 1 and 2),
and Ins(B)/IGF-1(A).

Table 3: Relative Insulin Receptor Binding Activity of the
Double-Chain Mini-IGF-1 (Isomer 1 and 2), Ins(A)/IGF-1(B)
(Isomer 1 and 2), and Ins(B)/IGF-1(A) (% of Native Porcine
Insulin)

samples

mini-IGF-1 Ins(A)/IGF-1(B)

isomer 1 isomer 2 isomer 1 isomer 2
Ins(B)/

IGF-1(A)

insulin
receptor
binding
activity

0.9 10 0.2 3.8 176
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near-UV spectra indicate that Ins(B)/IGF-1(A), isomer 2 of
mini-IGF-1, and isomer 2 of Ins(A)/IGF-1(B) adopt a native
insulin-like three-dimensional structure, while isomer 1
adopts a swap IGF-1-like structure. When the sample
concentration was diluted from 1.2 to 0.12 mg/mL, the CD
spectra had little change, which implied that the concentration
of these samples had little influence on the CD spectra in
the 5 mM HCl buffer. By V8 endoproteinase cleavage, we
demonstrated that mini-IGF-1 (isomer 1 and 2), Ins(A)/IGF-
1(B) (isomer 1 and 2), and Ins(B)/IGF-1(A) all contained
the common A20-B19 disulfide. After being converted to
double-chain forms, the insulin receptor binding activities
of isomer 2 of mini-IGF-1 or Ins(A)/IGF-1(B) were 10-fold
higher than that of the corresponding isomer 1; the Ins(B)/
IGF-1(A) was more potent that native insulin. These results
all indicated that Ins(B)/IGF-1(A), isomer 2 of mini-IGF-1,
and isomer 2 of Ins(A)/IGF-1(B) were native form while
isomer 1 was swap form.

Mini-proinsulin (B29Lys and A1Gly were connected
directly) adopts a three-dimensional structure identical to that
of insulin (7, 8). We thought that the three-dimensional
structure of PIP was also identical to that of insulin. The
previous reported mini-IGF-1 (B28Pro and A1Gly were
connected directly and contained the D-domain) adopts a
three-dimensional structure different from that of native IGF-
1: although the three helical segments still existed, their
relative orientation had changed slightly (11). However, the
present mini-IGF-1 contained a dipeptide linker between the
A- and B-domains as well as a B29Thr residue and lacked
the D-domain. The structural change of the previously
reported mini-IGF-1 perhaps was caused by the direct
connection of A- and B-domains (1-28 residue). Containing
the dipeptide linker and B29Thr residue, we thought the
present mini-IGF-1 (native form) perhaps adopts a confor-
mation identical to that of native IGF-1. The growth-
promoting activity of the present single-chain mini-IGF-1
(native) was a little higher than that of its double-chain form
(our unpublished data), while the previous mini-IGF-1 lost
biological activity completely.

The major differences of the folding behavior of PIP, mini-
IGF-1, Ins(A)/IGF-1(B), and Ins(B)/IGF-1(A) are as fol-
lows: PIP and Ins(B)/IGF-1(A) secreted from yeast as a
single form, while mini-IGF-1 and Ins(A)/IGF-1(B) secreted
from yeast as two isomers. In disulfide rearrangement
analysis, the two isomers of mini-IGF-1 or Ins(A)/IGF-1(B)
can rearrange their disulfides gradually and form an equi-
librium finally, while the disulfide rearrangement of Ins(B)/
IGF-1(A) and PIP was not detectable. In refolding analysis,
fully reduced PIP and Ins(B)/IGF-1(A) produced one final
product, while fully reduced mini-IGF-1 and Ins(A)/IGF-
1(B) produced two disulfide isomers. In disulfide thermo-
dynamic stability analysis, the disulfide stability of the
molecule containing the B-chain of insulin was higher than
that of the molecule containing the B-domain of IGF-1. These
results all demonstrated that the B-domain played a critical
role in controlling the different folding behavior of insulin
and IGF-1.

We analyzed the self-association property of these single-
chain molecules in their refolding buffer at a concentration
of 1.0 mg/mL. PIP, isomer 1 of mini-IGF-1, and Ins(A)/
IGF-1(B) (isomer 1 and 2) do not self-associate on the
chromatograph, so they must not self-associate in the

refolding condition with 10-fold lower concentration. Isomer
2 of mini-IGF-1 and Ins(B)/IGF-1(A) somewhat self-
associate on the chromatograph, but whether they self-
associate in the refolding condition (0.1 mg/mL) is not clear.
According to the present and some other results we deduced
that the folding behavior had no evident relationship with
the self-association property. PIP did not self-associate in
the refolding condition, but it folded into one product. When
B12Val was replaced by Ser or Ala, PIP lost the self-
association ability even at neutral pH, but they still refolded
into one product (our unpublished data). The self-association
of native mini-IGF-1 was somewhat unusual considering that
IGF-1 was a monomer; we thought the present result of
native mini-IGF-1 needed other methods to confirm. Any-
way, the recent results demonstrated that the folding behavior
and self-association property had no evident relationship.

IGF-1 and PIP not only had different folding thermody-
namics but also had different folding kinetics (29). In the in
vitro refolding of PIP, there are two folding pathways: in
one pathway the disulfide A6-A11 forms first; in the other
pathway the disulfide A20-B19 forms first. But its final
folding product is only the native PIP. In the in vitro refolding
of IGF-1, the first formed disulfide is 18-61 (corresponding
to disulfide A20-B19 in PIP), and the intra-A-domain
disulfide forms slowly. Its final folding product is two
thermodynamically stable isomers. The fast formation of the
A20-B19 disulfide in PIP and 18-61 disulfide in IGF-1 is
the result that the ordered structure formed in refolding takes
the two Cys residues into proximity in space. The disulfide
deletion analysis has proved that this disulfide is the most
important for maintaining the order structure of insulin and
IGF-1 (36, 50). The fast formation of the A6-A11 disulfide
in PIP is due to this disulfide having the lowest free energy
(51) as well as the two Cys residues near in sequence; since
disulfide 47-52 in IGF-1 is a strained bond with high energy,
it forms slowly in refolding although the two Cys residues
are near in sequence. From the above analysis, we see that
the different folding kinetics of PIP and IGF-1 are influenced
by the different energy state of the disulfides. Here we deduce
that the B-chain/domain is more important than the A-chain/
domain in controlling the different in vitro refolding kinetics
of PIP and IGF-1.

The free energy difference of the two isomers of IGF-1,
mini-IGF-1, and Ins(A)/IGF-1(B) is too small to preclude
the swap isomer in the folding controlled by thermodynamics.
This phenomenon is somewhat similar to the energy land-
scape of the funnel model (52). The swap form is analogous
to the folding intermediate as well as the globule state, but
the energy state of this intermediate/globule state is similar
to that of the native from. The structure of swap IGF-1 is
analogous to the folding intermediate/globule state because
the R-helix II present in the native form is unfolded in the
swap form. In the structure of folding intermediates (or
intermediate models) of insulin and IGF-1 with the deletion
of the intra-A-chain/domain disulfide theR-helix II is also
unfolded (49, 53, 54). The unfolding of theR-helix II must
elevate the energy state of the molecule, which resulted in
an unstable structure. In swap IGF-1 the free energy elevation
is somewhat counteracted by the swap disulfide linkages
because 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
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disulfide A6-A11 is still a stable bond. So insulin/PIP folds
into one ground state while IGF-1 folds into two ground
states. The energy state of the intra-A-chain/domain disulfide
probably directly resulted in the different folding behavior
of insulin/PIP and IGF-1. We found that the intra-A-domain
disulfide of Ins(A)/IGF-1(B) was also a high-energy bond
like that of IGF-1, while the intra-A-domain disulfide of
Ins(B)/IGF-1(A) was stable (our unpublished data). So the
B-domain probably plays a critical role in controlling the
energy state of the intra-A-chain/domain disulfide. But how
B-domain affects the energy state of the intra-A-chain/
domain disulfide is still not clear. A detailed dissection of
the B-chain/domain must cast more information on this issue.

In the insulin superfamily, insulin and IGF-1 share high
sequence homology, similar tertiary structure, weakly over-
lapped biological activity, and a common ancestor (55), but
the reason they evolved different folding behavior is still
unknown. In vivo IGF-1 is bound with IGF binding proteins
which do not bind to insulins. The pioneering work of the
Nilsson laboratory demonstrated that the folding of IGF-1
was thermodynamically controlled by its binding proteins
(37). Considering the fact that the B-domain of IGF-1 is
critical for interaction with IGF binding proteins (56-58),
we deduce that the unusual folding property of IGF-1 is
coevolved with its binding proteins. The residues critical for
binding with IGF binding proteins on the B-domain of IGF-1
probably are important to the unusual folding behavior of
IGF-1. Three residues, 48Phe, 49Arg, and 50Ser, in the
A-domain of IGF-1, are also important for interaction with
IGF binding proteins, but when the corresponding residues
of PIP were replaced by the three residues of IGF-1, the
folding property of PIP had little change (our unpublished
data). So the three residues in the A-domain were not
responsible for the different folding behavior of insulin and
IGF-1.
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