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ABSTRACT: Although insulin and insulin-like growth factor-1 (IGF-1) belong to the insulin superfamily
and share highly homologous sequences, similar tertiary structure, and a common ancestor molecule,
amphioxus insulin-like peptide, they have different folding behaviors: IGF-1 folds into two thermodynami-
cally stable tertiary structures (native and swap forms), while insulin folds into one unique stable structure.
To further understand which part of the sequence determines their different folding behavior, based on
previous reports from the laboratory, two peptide models, [B9A][1-4]porcine insulin precursor (PIP)
and [B10E][1-4]PIP, were constructed. The plasmids encoding the peptides were transformed into yeast
cells for expression of the peptides; the results showed that the former peptide was expressed as single
component, while the latter was expressed as a mixture of two components (isomer 1 and isomer 2). The
expression results together with studies of circular dichoism, disulfide rearrangement, and refolding lead
us to deduce that isomer 1 corresponds to the swap form and the isomer 2 corresponds to the native form.
We further demonstrate that the sequence 1-4 plus B9 of IGF-1 B-domain can make PIP fold into two
structures, while sequence 1-5 of insulin B-chain can make IGF-1 fold into one unique structure. In
other words, it is the IGF-1 B-domain sequence that 1-4 allows IGF-1 folding into two thermodynamically
stable tertiary structures; this sequence plus its residue B9E can change PIP folding behavior from folding
into one unique structure to two thermodynamically stable structures, like that of IGF-1.

One of the most interesting but puzzling phenomena in
protein folding is that insulin-like growth factor-1 (IGF-1)1

can fold into two thermodynamically stable structures both
in vivo and in vitro (1-3); that is to say, one protein sequence
encodes two sets of folding information.

IGF-1 is a 70-residue single-chain globular protein com-
posed of B-, C-, A-, and D-domains from the N-terminus to
the C-terminus (4). Although the mature insulin consists of
two chains, A-chain (21 residues) and B-chain (30 residues)
linked by two interchain disulfides, it is synthesized as a
single-chain polypeptide (named proinsulin) in vivo and
folded well before processing into the mature insulin (5).
The B- and A-domains of IGF-1 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 eight residue D-domain has no
counterpart in insulin. IGF-1 adopts an insulin-like structure
(6) whose ordered structure also mainly includes three
segments ofR-helix (8-18, R-helix I; 42-49, R-helix II;
and 54-61, R-helix III) in the A- and B-domains corre-
sponding 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.

Insulin and IGF-1 belong to the insulin superfamily and
share highly homologous sequences, similar tertiary structure,
and a common ancestor molecule, amphioxus insulin-like
peptide. However, insulin folds into one unique thermody-
namically stable structure with disulfides (A20-B19, A7-
B7, A6-A11) (7, 8) (Figure 1B), while IGF-1 folds into
two disulfide isomers (native and swap) with different three-
dimensional (3D) structures and different disulfide linkages
but similar thermodynamic stability (2, 3, 9). The native form
adopts an insulin-like structure (6) with the disulfides 18-
61, 6-48, and 47-52 (Figure 1A), corresponding to those
of insulin; the swap form adopts a different folding pattern
(10) with disulfides 18-61, 6-47, and 48-52 (correspond-
ing A20-B19, A6-B7, A7-A11 in insulin, respectively).
Disulfide A20-B19/18-61 exists in both native and swap
forms of insulin/IGF-1 for its crucial role in their structure
and folding (11, 12). The 3D structure of swap IGF-1 is
similar to that of swap insulin whose disulfide bridges are
A20-B19, A6-B7, and A7-A11 (7). TheR-helix II present
in the native form is unfolded, and the other twoR-helical
segments still exist in the swap insulin and swap IGF-1 forms
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(10). On the basis of the flexibility of the C-peptide/domain
of insulin/IGF-1, PIP and mini-IGF-I were designed. Porcine
insulin precursor (PIP) is a recombinant porcine insulin
precursor, in which the C-peptide was replaced by a
dipeptide, Ala-Lys (13, 14). The folding of PIP is completely
correct since the human insulin converted from PIP has been
successfully used in the clinic. Further when B29Lys and
A1Gly were directly linked together by peptide bond, the
mini-proinsulin still retained the 3D structure identical to
that of insulin but lost its biological activity completely (15,
16). In mini-IGF-1, the C-domain is replaced by the same
dipeptide, Ala-Lys, and the D-domain is deleted, which also
folded into two thermodynamically stable structures (17).
Other mini-IGF-1, like mini-proinsulin, in which B28Pro and
A1Gly were directly connected by a peptide bond, still
retained the three helical segments presented in the native
IGF-1, although the orientation of these three helixes has
been changed and its biological activity has been lost
completely (18).

To understand why one sequence (IGF-1) folded into two
structures and which part of the sequence controlled the
different folding behaviors of insulin and IGF-1, DiMarchi
et al. (19) had reported that it was the A- and B-domains
that cause IGF-1 to have two different disulfide isomers,

which indicated that the C- and D-domains did not influence
the folding. Guo et al. (17, 20) demonstrated that the different
folding behaviors and the different energetic states of the
intra A-chain/-domain disulfide of insulin and IGF-1 were
mainly controlled by their B-chain/B-domain, which hinted
that the A-chain/-domain did not influence the folding. Chen
et al. (21) have further prepared four model peptides: [1-10]-
mini-IGF-1 and [1-5]mini-IGF-1, in which the B-domain
sequence 1-9 or 1-4 was replaced by the PIP B-chain
sequence 1-10 or 1-5, respectively, [1-9]PIP and [1-4]-
PIP, in which the B-chain sequence 1-10 or 1-5 was
replaced by the IGF-1 B-domain sequence 1-9 or 1-4.
Among the four peptides, the [1-10]mini-IGF-1 folded into
one thermodynamically stable structure, while [1-9]PIP
folded into two thermodynamically stable structures, which
indicated that the sequence of B-chain/domain 1-10/1-9
of insulin and IGF-1 determined their different folding
behaviors. They also observed that [1-5]mini-IGF-1 and
[1-4]PIP both folded into one thermodynamically stable
structure, which demonstrated that insulin B-chain sequence
1-5 has abolished the generation of swap IGF-1, while
IGF-1 B-domain sequence 1-4 could not make PIP generate
swap PIP. To further understand the sequence determinant
determining the different folding behavior of insulin and IGF-

FIGURE 1: Primary structure and disulfide pairing of isomers of mini-IGF-1, PIP, and their mutants. Mini-IGF-1 and PIP are constructed
by linking their B-domain/-chain (represent with long straight line) and A-domain/-chain (represented with a short straight line) with a
dipeptide, AK. Despite their similarity in primary and tertiary structure, mini-IGF-1 and PIP exhibit different folding behaviors: mini-
IGF-1 can fold into two thermodynamically stable structures (A), while PIP folds into only one (B). The two isomers of mini-IGF-1 are
different in their disulfide pairings: in native form, the disulfide pattern is A6-A11, A7-B7 (solid circles) and A20-B19, while in swap
form, the pattern is A6-B7, A7-A11 (hollow circles) and A20-B19. When the sequence 1-4 of mini-IGF-1 is replaced by its counterpart
in PIP, FVNQH (highlighted in red), the consequent peptide ([1-5]mini-IGF-1, C) abolishes the bifurcate folding behavior and adopts a
PIP-like one. When the sequence 1-5 plus 10 of PIP is replaced by its counterpart in mini-IGF-1, GEPT and E (highlighted in red), the
consequent peptide ([1-4][B10E]PIP, D) adopts a bifurcate folding behavior, like mini-IGF-1.
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1, two PIP mutants, [B9A][1-4]PIP and [B10E][1-4]PIP,
were prepared by means of protein engineering and analyzed.
Here we report the preparation, structure analysis, and folding
behavior studies of the mutants compared with that of PIP
and mini-IGF-1.

EXPERIMENTAL PROCEDURES

Materials. TheEscherichia colistrain used was DH12S.
Saccharomyces cereVisiaeXV700-6B (Leu2, ura3, pep4) was
kindly provided by Michael Smith (University of British
Columbia, Vancouver, Canada). Plasmid pVT102-U/R-MFL-
[1-4]PIP was constructed in our laboratory. The mutagenesis
oligonucleotide primers were chemically synthesized. The
chemical reagents used in the experiments were of analytical
grade. The DIKMA (GL Science Inc.) reverse-phase columns
(Inertsil, C8-3 5 µm 4.6 × 250 mm 100 Å), Gilson 306
HPLC system, and Gilson 115 UV detector were used. In
HPLC analysis, a gradient elution was used. Solvent A was
10% acetonitrile containing 1.5% TFA; solvent B was 60%
acetonitrile containing 0.125% TFA. The elution gradient
was 25-75% B solvent in 30 min. During analysis, the flow
rate is 1.0 mL/min, and the detection wavelength was set at
230 nm.

DNA Manipulation.The plasmids encoding the peptides
were constructed following the product manual of Strat-
agene’s Quick Change II Site-Directed Mutagenesis kit. The
expected mutations were confirmed by DNA sequencing. The
plasmids were designated as pVT102-U/R-MFL-[1-4][B9A]-
PIP and pVT102-U/R-MFL-[1-4][B10E]PIP, respectively.

Expression and Purification of the [1-4][B9A]PIP and
[1-4][B10E]PIP (Isomers 1 and 2).The plasmids pVT102-
U/R-MFL-[1-4][B9A]PIP and pVT102-U/R-MFL-[1-4]-
[B10E]PIP were transformed intoS. cereVisiae XV700-6B
(Leu2, ura3, pep4) cells, respectively. The transformed yeast
cells were cultured in a 16-L fermenter, and the secreted
peptides were purified from the media supernatant according
to the procedure of Guo et al. (14, 17). Briefly, first, the
peptide was precipitated from the media supernatant by
trichloroacetic acid. Second, the precipitate was dissolved
with 1 M acetic acid and applied to a Sephadex-G50 column.
Third, the product was purified by ion-exchange chroma-
tography on a DEAE-Sepharose F.F. column. Fourth, the
eluted peptide was further purified by C8 reverse-phase
HPLC with gradient elution described in Materials. The
purity of the peptide was analyzed by native pH 8.3 PAGE
and analytical C8 reverse-phase HPLC. Their molecular mass
was measured by electrospray mass spectrometry.

Circular Dichroism Studies of the [1-4][B9A]PIP and
[1-4][B10E]PIP (Isomers 1 and 2).The peptides were
dissolved in 1 mM HCl. The protein concentration was
determined by UV absorbance at 276 nm, and the final
concentration was adjusted to 0.2 mg/mL. Circular dichroism
(CD) measurements were performed on a Jasco-715 spec-
tropolarimeter at room temperature. The far-UV spectrum
from 250 to 190 nm was scanned 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 CD spectra.

Disulfide Rearrangements of the [1-4][B9A]PIP and
[1-4][B10E]PIP (Isomers 1 and 2).The purified peptides

were dissolved in 0.1 M Tris-HCl buffer (pH 8.7) containing
1 mM EDTA and 0.2 mM 2-mercaptoethanol at final
concentration of 0.1 mg/mL. The disulfide rearrangement
reaction was carried out at 10°C. After 10 h of incubation,
a 100µL of sample was removed, immediately adjusted to
pH 2.0 with 50% TFA to terminate the disulfide rearrange-
ment reaction, and analyzed with analytical C8 reverse-phase
HPLC. Gradient elution as described under Materials was
used with detection at 230 nm.

In Vitro Refolding of [1-4][B9A]PIP and the Isomer 2
of [1-4][B10E]PIP. To prepare the fully reduced unfolding
peptides, the peptides were dissolved, respectively, in the
unfolding buffer (0.1 M Tris-HCl, 1 mM EDTA, pH 8.7) at
the final protein concentration of 1 mg/mL. The reduction
reaction was started by addition of DTT to a concentration
of 10 mM. The reduction reaction was carried out at 30°C
for 30 min. After reduction, an aliquot was removed and
carboxymethylated by a one-fifth volume of fresh prepared
0.5 M iodoacetic acid sodium salt solution and then analyzed
by native pH 8.3 PAGE to determine whether the peptides
were fully reduced. The fully reduced peptides were im-
mediately stored at-80 °C for later use.

In the refolding reaction, the fully reduced peptide was
diluted in refolding buffer (0.1 M Tris-HCl, 1 mM EDTA,
pH 9.2) at final concentration of 0.1 mg/mL. The oxidative
refolding reaction was initiated by adding oxidized glu-
tathione to the refolding buffer making the final concentration
of oxidized glutathione at 1 mM. The refolding reaction was
carried out at 16°C for 12 h. Then the refolding mixture
was acidified to pH 2.0 with 50% TFA and immediately
analyzed by C8 reverse-phase HPLC.

RESULTS

Expression and Purification of [B9A][1-4]PIP and
[B10E][1-4]PIP. The plasmids of pVT102U/R-MFL-[B9A]-
[1-4]PIP and pVT102U/R-MFL-[B10E][1-4]PIP were con-
firmed to be correct by DNA sequencing and were trans-
formed into yeast cells for expression in a 16-L fermenter.
A four-step procedure described in Experimental Procedures
was applied to separate and purify the peptides. Two isomers
of [B10E][1-4]PIP were separated from the media super-
natant (Figure 2B), while only a single component for [B9A]-
[1-4]PIP (Figure 2A). The isomers of [B10E][1-4]PIP were
further separated and purified (Figure 2C for isomer 1 and
Figure 2D for isomer 2). All of the purified peptides were
analyzed by native pH 8.3 PAGE for checking of the purity
(Figure 2E). The two isomers of [B10E][1-4]PIP showed
different mobility rates despite their identity in amino
acids: isomer 2 ran a little faster than isomer 1, indicating
that isomer 2 has a tighter secondary and/or tertiary structure.
The relative molecular mass of [B9A][1-4]PIP, isomer 1
and isomer 2 of [B10E][1-4]PIP was 5702, 5710, 5710,
which was identical to the theoretical value of 5702, 5710,
5710, respectively. From the data, we assume that the two
components of [B10E][1-4]PIP were the two disulfide
isomers just like those of IGF-1.

Circular Dichroism Analysis of [B9A][1-4]PIP, [B10E]-
[1-4]PIP (Isomers 1 and 2) and PIP.The secondary
structures of the four peptides were analyzed by far-UV
circular dichroism spectra, using PIP as a standard. Isomer
2 of [B10E][1-4]PIP and [B9A][1-4]PIP showed a profile
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similar to PIP, while the isomer 1 of [B10E][1-4]PIP
showed a large difference (Figure 3). The helix content of
these four peptides, [B9A][1-4]PIP, isomer 1, and isomer
2 of [B10E][1-4]PIP as well as PIP were 41.3, 9.1, 44.6,
and 41.3%, respectively. On the basis of their behavior in
RP-HPLC and PAGE, and the CD data, together with the
works of Guo et al. and Chen et al., we deduced that [B9A]-
[1-4]PIP adopted an insulin-like structure; isomer 1 of
[B10E][1-4]PIP adopted the swap IGF-1-like structure;
isomer 2 of [B10E][1-4]PIP adopted a native IGF-1-like
structure (also an insulin-like structure); for the proteins with

a bifurcating folding pathway (such as IGF-1, [1-4]PIP),
the native form has a tighter structure and a longer retention
time than the swap form. And for the protein that can only
fold into one stable product (such as insulin/PIP, [1-5]IGF-
1), the native form can be adopted.

Disulfide Rearrangement of [B9A][1-4]PIP and [B10E]-
[1-4]PIP (Isomers 1 and 2). When protein with disulfide
bonds is dissolved in solution containing a thiol reagent, its
disulfide bond can be rearranged. The disulfide bonds in
isomers of [B10E][1-4]PIP can transfer in such solution
through disulfide rearrangement; when isomer 1 was incu-
bated in the condition described in Experimental Procedures,
it could convert into isomer 2 spontaneously through disulfide
rearrangement; finally an equilibrium was reached, in which
the ratio of isomer 1 to isomer 2 was about 1:10 (calculated
from peak area); the same equilibrium could be reached when
isomer 2 was incubated in such condition. But when the same
operation was applied to [B9A][1-4]PIP, no component
other than itself was detected (Figure 4).

FIGURE 2: [B9A][1-4]PIP (A) was expressed in yeast cells as a single component, while [B10E][1-4]PIP (B) is a mixture of two components.
Isomer 1 and isomer 2 were separated and purified for latter experiments (C as isomer 1 and D as isomer 2). E shows the electrophoresis
behavior of isomer 2, isomer 1 of [B10E][1-4]PIP and [B9A][1-4]PIP (from lane a to c). Isomer 2 ran a little faster than isomer 1
indicating that a tighter secondary/tertiary structure been adopted. [B9A][1-4]PIP ran the slowest for it carried less negative charge than
did [B10E][1-4]PIP.

FIGURE 3: Far UV circular dichroism spectra of PIP, [B9A][1-
4]PIP, and [B10E][1-4]PIP (isomers 1 and 2). For clarity, [B9A]-
[1-4]PIP and [B10E][1-4]PIP were compared with PIP, respec-
tively.

FIGURE 4: Disulfide rearrangement of [B9A][1-4]PIP and the two
isomers of [B10E][1-4]PIP. After 10 h of incubation in alkaline
buffer containing 0.2 mM 2-mercaptoethanol, a 100µL (10 µg)
sample was removed and acidified by 50% TFA and immediately
loaded onto a C8 reverse phase column and analyzed by HPLC
according to Experimental Procedures. The two isomers of [B10E]-
[1-4]PIP were interconvertable and could reach the same quilib-
rium.
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In Vitro Refolding of Isomer II of [1-4][B10E]PIP and
[B9A][1-4]PIP. To further demonstrate the sequence of the
[B10E][1-4]PIP encoding two thermodynamically stable
folding products and [1-4][B9A]PIP encoding an unique
one, an in vitro refolding experiment was carried out. Since
the fully reduced isomer 2 and isomer 1 are identical, only
the refolding of isomer 2 has been carried out. After the
samples were incubated in alkaline buffer containing DTT,
an aliquot was removed and treated with iodoacetic sodium
salt solution, and then applied to native pH 8.3 PAGE to
check whether the samples were completely reduced (data
not shown). After incubation of the sample in the refolding
buffer at 16°C for 12 h, the fully reduced isomer 2 of [B10E]-
[1-4]PIP folded into two isomers, while the [B9A][1-4]-
PIP folded into a unique one (Figure 5).

DISCUSSION

The Sequence Determinant of the Different Folding
BehaViors of Insulin and IGF-1.The present results show
that when the B-chain sequence 1-5, FVNQH, and B10H
of PIP were substituted by the corresponding IGF-1 B-
domain sequence 1-4, GPET, and B9E, the mutant PIP,
[B10E][1-4]PIP, folded into two structures: native and swap
forms (Figure 1D), while [B9A][1-4]PIP folded into only
one structure. A previous report from our laboratory indicated
that when the mini-IGF-1 B-domain sequence 1-4 was
replaced by the PIP B-chain sequence 1-5, the mutant mini-

IGF-1, [1-5]mini-IGF-1, folded into only one structure,
native form (21). Both results demonstrate that it is the IGF-1
B-domain sequence 1-4 that determines its bifurcated
folding behavior. The present results demonstrate that the
sequence 1-4 plus B9E (corresponding to B10H of PIP) of
IGF-1 B-domain make the mutant PIP, [B10E][1-4]PIP, fold
into two structures, native and swap PIP. However, the
sequence 1-4 or B9E alone does not cause the PIP mutants,
[1-4]PIP (21) and [B10E]insulin/IGF-1(C) (22), to fold into
two structures. The relationship between sequence and
folding behavior is summarized in Figure 6.

Deducing How the Sequence Determinant Determines the
Folding BehaVior. Yun et al. (23) compared the crystal
structure of mini-IGF-1 (native form) with that of insulin
and observed that the insulin N-terminal of the B-chain ran
backward close to the A-chain, and several hydrogen bonds
were formed between A6-A11 and B1-B7. In the same
region of IGF-1 and mini-IGF-1, such hydrogen bonds do
not exist. They deduced that the B1F and B5H play an
important role in the formation of such region and those
hydrogen bonds, while there are no such Phe and His residues
in the corresponding positions in IGF-1 B-domain. From the
structures of insulin and IGF-1/mini-IGF-1 (native form),
we may elucidate that the replacing of the B-domain
sequence of mini-IGF-1 by the corresponding B-chain
sequence 1-5 of PIP can lead the B-domain sequence 1-5
of [1-5]mini-IGF-1 backward close to the A-domain (just
like that of insulin) and the formation of several hydrogen
bonds between the A-domain 47-52 (corresponding to
insulin A6-A11) and the B-domain B1-B6 (corresponding
to insulin B1-B7). Therefore, [1-5]mini-IGF-1 folds into
one unique structure. The IGF-1 B-domain 1-4 sequence
alone does not make [1-4]PIP fold into two structures (20);
however, when the B10H of [1-4]PIP was replaced by Glu
(corresponding to mini-IGF-1B9), the mutant PIP, [B10E]-
[1-4]PIP, does fold into two structures. Inspection of the
insulin crystal structure (24) suggests that the B5His and
B10His residues locate closely at both sides of the disulfide
region formed by the disulfide A6-A11 and A7-B7 (Figure
7). Therefore, the residue B10His may, like B5His, also play
an important role in stabilizing the disulfide A6-A11 and
A7-B7. This may explain why PIP B-chain sequence 1-5

FIGURE 5: In vitro refolding of fully reduced [B9A][1-4]PIP and
[B10E][1-4]PIP. After incubation in the refolding buffer at 16°C
for 12 h, the fully reduced isomer 2 of [B10E][1-4]PIP folded
into two isomers, while [B9A][1-4]PIP folded into a unique one.

FIGURE 6: Relationship between sequence and folding behavior. The upper panel shows sequence and numbers of thermodynamically
stable folded structures of PIP/insulin mutants. The lower panel shows that of mini-IGF-1/IGF-1 mutants. The colored underlined italic
characters represent the mutated parts. These parts in insulin are represented by their counterparts in IGF-1, vice versa. From the figure, we
can see that B1-B4 is the sequence determinant of IGF-1’s folding behavior and B1-B5 plus B10 is the sequence determinant of insulin’s
folding behavior.
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(including B5His) or B10His alone was replaced by IGF-1
B-domain sequence 1-4 or B9E formed PIP mutants, [1-4]-
PIP and [B10E]insulin/IGF-1(C), still folded into one unique
structure, since both mutants retain one His residue at
position B5 or B10. In contrast, when both His residues were
replaced by the corresponding residues of IGF-1, [1-4]-
[B10E]PIP folded into two structures. Therefore, to under-
stand the structure in detail, the crystal structure or NMR
analysis of [1-4][B10E]PIP and [1-5]mini-IGF-1 as com-
pared with the structures of insulin and IGF-1 will be
necessary.

Amphioxus insulin-like peptide (aILP) not only belongs
to the insulin superfamily but also is considered to be the
common ancestor molecule of insulin and IGF-1 (25, 26).
The folding behavior of aILP shows the characteristics of
both insulin and IGF-1 (27, 28), which on one hand suggests
that the different folding behaviors of insulin and IGF-1 are
acquired through a bifurcating evolution, but on the other
hand, provides some useful clues for elucidation of the
sequence determinant that leads to different folding behaviors
of insulin and IGF-1. For example, when the residue at
position B10/B9 of insulin, aILP, and IGF-1 is His, Thr, and
Glu, respectively, the electron charge of the side chains
changes from positive to neutral to negative. Concerning the
ratio of native form to swap form, insulin is 100/0, aILP is
98/2 (28), IGF-1 is 71/29 (29), and [B10E][1-4]PIP is 90/
10 (present results), so we may suggest that the residue His
or Glu at B10/B9 plays an important role in determining the
folding behavior of insulin or IGF-1.
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