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ABSTRACT

Insulin and related proteins, which have been found not only in mammals, birds, reptiles, amphibians, fish,
and cephalochordate, but also in mollusca, insects, and Caenorhabditis elegans, form a large protein family,
the insulin superfamily. In comparing their amino acid sequences, a common sequence characteristic, the in-
sulin structural motif, is found in all members of the superfamily. The structural motif is deduced to be the
sequence basis of the identical disulfide linkages and similar three-dimensional structures of the superfamily.
The insulin superfamily provides a series of disulfide-containing proteins for the studies of in vitro oxidative
folding. The in vitro folding pathways of insulin-like growth factor-1 (IGF-1), porcine insulin precursor (PIP),
human proinsulin, and Amphioxus insulin-like peptide (AILP) have been established by capture and analysis
of the folding intermediates during their ir vitro oxidative folding process. The family also provides an ex-
cellent system for study of the sequence structure relation: insulin and IGF-1 share high amino acid sequence
homology, but they have evolved different folding behaviors. The sequence determinants of their different
folding behaviors have been revealed by analyzing the folding behaviors of those global and local insulin/IGF-
1 hybrids. Antioxid. Redox Signal. 10, 127-139.

INTRODUCTIONS

THE STUDIES OF INSULIN almost crown all of the fields of
protein science since insulin was found more than 80 years
ago. Many of the accomplishments of insulin studies are the
milestones of biochemistry, such as its amino acid sequence (4),
its total chemical synthesis (44, 45, 76), its crystal structure (2),
and its cell-membrane receptor (15, 20). However, insulin has
not become a model protein for oxidative refolding studies un-
til recently because of its double-chain nature. Protein folding
can be simply considered as a process by which a biologically
inactive polypeptide chain is converted to a unique three-di-
mensional structure with specific biological activity. Anfinsen
and co-workers (1) first demonstrated that the three-dimen-
sional structure of a globular protein is uniquely determined by

its amino acid sequence in 1960s, which established the basis
of in vitro protein-folding studies. Since then, significant ad-
vances have been made in the understanding of protein folding
through experimental and theoretical approaches. With small
disulfide-containing proteins, such as bovine pancreatic trypsin
inhibitor (14), RNase A (60), and hirudin (8), the folding in-
termediates have been isolated and characterized, and the fold-
ing pathways have been revealed. The oxidative folding pro-
vides a unique method for protein-folding studies: capturing the
folding intermediate during refolding process and reconstitut-
ing the folding pathways.

In the protein-folding studies, revealing the in vitro folding
pathway is an important approach to understand the mechanism
of protein folding. For protein folding pathway analysis, the
disulfide-containing proteins are frequently chosen as models
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for the following reasons: (a) the formation of disulfide(s) is
coupled with the conformational folding process (6, 13, 71); (b)
the mechanism of thiol/disulfide exchange reaction is clear and
can be well controlled in vitro (21); and (c) the folding process
can be stopped, and the folding intermediate can be trapped ei-
ther by modification of the free thiols or by acidification of the
refolding solution. Subsequently, the trapped intermediates can
be purified and their properties can be analyzed (13). There-
fore, the disulfide(s) can be used as a unique probe for the pro-
tein-folding studies.

The insulin superfamily members, such as recombinant
porcine insulin precursor (PIP), human proinsulin (HPI), Am-
phioxus insulin-like peptide (AILP), and insulin-like growth
factor-1 (IGF-1), provide a series of small disulfide-con-
taining proteins that can be used for oxidative protein-fold-
ing studies. Additionally, the superfamily also provides an
excellent model system to study the sequence structure re-
lation: the insulin/IGF-1 system in which homologous amino
acid sequences encode different folding behaviors (31, 32).
In this review, we focus on the recent advances of the fol-
lowing parts: the insulin superfamily and its structural mo-
tif; the in vitro oxidative folding pathways of single-chain
insulin and its related proteins; and the molecular basis and
evolution of the different folding behaviors of insulin and
IGF-1.

INSULIN SUPERFAMILY AND INSULIN
STRUCTURAL MOTIF

Amino acid sequences and three-dimensional
structures of the insulin superfamily

Insulin and insulin-like peptides have been found not only
in vertebrates such as mammals, birds, reptiles, amphibians,
and fish, but also in cephalochordates, such as Amphioxus
(5). Additionally, they are also found in mollusks (62), in-
sects (52), and C. elegans (19). Insulin and its related pro-
teins form a large protein superfamily, the insulin superfam-
ily (Fig. 1A). All of the superfamily members share a
common amino acid sequence characteristic, termed the in-
sulin structural motif (Fig. 1B) (9, 19, 51, 78). Whether the
mature proteins are double-chain forms (such as insulin and
relaxin) or single-chain forms (such as IGF-1 and IGF-2),
they are synthesized in vivo as single-chain precursors. In the
insulin structural motif, six cysteine residues and a glycine
residue (B8 position in human insulin) are absolutely con-
served, and the residue numbers between two intrachain/do-
main cysteines, X10, X3, and X8, are invariable. The six ab-
solutely conserved cysteine residues form three disulfide
bonds in the folded proteins: two interchain/domain bonds
(A7-B7 and A20-B19 in insulins) and one intra-chain/do-
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FIG. 2. Schematic representation of the three-dimensional structures of insulin, IGF-1 (native), relaxin, and bombyxin-
2. For clarity, the disulfides in IGF-1, relaxin, and bombyxin were named as those of insulin.
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main bond (A6-All in insulins). The three disulfide bonds
are crucial for the native structure and biological function of
the superfamily.

Besides sharing a common structural motif, the members of
the insulin superfamily also have similar three-dimensional
structures (Fig. 2). The structures of the superfamily are mainly
encoded by the sequence of the A- and B-chain/domains and
stabilized by three disulfide bonds. Their tertiary structures are
composed mainly of 3 a-helical segments: one is located at the
central part of B-chain/domain (H1); the other two segments
are located at the N-terminal and the C-terminal, respectively,
of the A-chain/domain (H2 and H3). These a-helical segments
are hierarchically stabilized by the three disulfide bonds. These
superfamily members can be further classified according to their
subtle structural differences: the insulin group and the relaxin
group. In the insulin group, including insulin, IGF-1, and IGF-
2, a B-turn structure is found after the H1 a-helical segment in
the B-chain/domain. The B-turn structure allows the C-termi-
nal fragment of the B-chain/domain to interact with the major
part of the molecule and be involved in biological functions. In
the relaxin group, including relaxin and bombyxin, no B-turn
structure is found after the H1 a-helical segment in the B-chain.

Insulin is the prototype of the insulin superfamily and has
been extensively studied in past decades. Herein, insulin is used
as a model to discuss the contribution of the invariable struc-
tural elements to its structure, function, and folding.

Contribution of the disulfides to the structure,
function, and folding of insulin

Insulin is a small globular protein composed of A- and B-
chains linked by three disulfide bonds, one intrachain bond,
A6-All, and two interchain bonds, A7-B7 and A20-B19.
The amino acid sequence of human insulin is shown in Fig.
1A. The three-dimensional structure of insulin has been thor-
oughly studied with x-ray crystallography (Fig. 2) (2) and
NMR spectroscopy (55, 59, 73). The insulin monomer is a
compact globular protein with a hydrophobic core that is
composed mainly of those invariable hydrophobic residues,
such as B6Leu, Bl1Leu, Bl15Leu, and Al6Leu. The A-chain
contains two a-helixes (A2lle~A8Thr and A13Leu-A19Tyr,
designated as H2 and H3, respectively), and the B-chain con-
tains one central a-helical segment (B9Ser-B19Cys, desig-
nated H1). After the H1 helical segment, a 3-turn structure
makes that C-terminal part of the B-chain form a contact with
the major part of insulin and form the receptor-binding sur-
face. In the native structure, the N-terminus of the A-chain
is close to the C-terminus of the B-chain, which is the struc-
tural basis of the recombinant expression of single-chain in-
sulins, in which the B- and A-chains are linked together by
a short peptide linker.

Insulin contains six absolutely conserved cysteine residues
that form three disulfide linkages. As shown in Fig. 2, the in-
tra-chain disulfide bond A6-Al1 is buried inside the insulin
molecule and close to the hydrophobic core, whereas the inter-
chain disulfide bond A20-B19 is only partially buried, and the
disulfide A7-B7 is fully exposed to the solvent. Although the
role of disulfides had been studied in 1970s by chemical mod-
ification (3), only recently was the role of each disulfide eluci-
dated unambiguously by protein engineering (Table 1).
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When the disulfide bond A6-A11 was removed by substitu-
tion of the two cysteines with serine or alanine, the native struc-
ture of insulin was disturbed: the a-helical segment at the N-
terminus of the A-chain (H2) was unfolded, whereas other parts
still retained the native conformation (36, 40, 72). The struc-
tural disturbance led to significant activity loss because the N-
terminal of the A-chain is involved in receptor binding: the
mutant with alanine substitution retained ~1.6-4.6% receptor-
binding activity, whereas the mutant with a serine replacement
retained 0.1-0.3% receptor-binding activity (16, 36, 40, 72).
Therefore, alanine substitution of the intra A-chain disulfide has
less detriment than serine replacement, because this disulfide is
located in the hydrophobic core. Although deletion of the in-
tra-chain disulfide bond has a significant detriment on both
structure and activity, it has little effect on the in vitro folding
of PIP or proinsulin (7, 43, 48), implying that the formation of
the intrachain disulfide A6—A11 is not a critical step during the
insulin in vitro refolding (74).

Deletion of the interchain disulfide A7-B7 (substitution of
the two cysteines with serine or glutamic acid) caused more
serious structural disturbance, although the disulfide is com-
pletely exposed and was expected to be unimportant previ-
ously based on the results of chemical modifications (23, 24,
39): both the a-helix at the N-terminus (H2) and part of the
a-helix at the C-terminus (H3) were unfolded within the A-
chain, but the B-chain was not disturbed. The greater struc-
tural disturbance caused by removal of the disulfide A7-B7
resulted in greater activity loss: the receptor-binding activity
of the mutant was decreased more than 1,000-fold compared
with that of native insulin (23, 24, 39, 70). However, deletion
of this interchain disulfide had no negative effect on in vitro
refolding of PIP or proinsulin (7, 43, 48), suggesting that the
formation of the disulfide A7-B7 is not a critical step during
insulin refolding.

Deletion of the interchain disulfide A20-B19 had the great-
est structural disturbance (7, 23, 70). More important, removal
of the disulfide A20-B19 could significantly decrease the in
vitro refolding efficiency (7, 70), whereas the mutant with the
single disulfide A20-B19 could fold quickly and efficiently in
vitro (74), suggesting that the disulfide A20-B19 plays a crit-
ical role during insulin refolding (7, 56, 70, 74). In summary,
the contributions of the three disulfide bonds to the structure,
activity, and refolding of insulin can be ranked as A20-B19 >
A7-B7 > A6-All.

The role of the disulfide bonds of human IGF-1 also was
studied by pairwise disulfide deletion (54). The intact structure,
function, and stability of IGF-1 also require the presence of
three disulfide bonds. The analogue lacking all the three disul-
fides is actually inactive and unfolded. However, introduction
of disulfide bond 18-61 (corresponding to disulfide B19—-A20
in insulin) results in a compact partially folded state with 1%
of IGF-1 receptor binding activity. After the introduction of ei-
ther disulfide 6-48 (corresponding to disulfide A7-B7 in in-
sulin) or disulfide 47-52 (corresponding to disulfide A6-A1l
in insulin), additional but incomplete structural organization and
biological function can be observed. In both (18-61) and (6438,
18-61) analogues, a native-like microdomain in the neighbor-
hood of disulfide bond 18-61 is observed with 2D-NMR, which
defines a hydrophobic core that is critical for the initiation of
the IGF-1 folding.
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Contribution of the absolutely conserved BS8Gly
to the structure, function, and folding of insulin

In the insulin structural motif, an absolutely conserved
glycine residue (B8Gly in human insulin) exists (Fig. 1B). The
B8Gly is located at the conjunction of an invariant a-helical
segment (H1) and a segment of variable conformation (B1Phe—
B8Gly). The latter segment undergoes T (extended) — R (he-
lical) transition in the insulin hexamer. In the R state of insulin,
the main-chain dihedral angles of the B8 position are those of
L-amino acids, whereas in the T-state, the main-chain dihedral
angles are those of p-amino acids. L-Amino acid substitutions
of B8Gly almost abolished the insulin chain recombination, sig-
nificantly decreased the expression efficiencies of single-chain
insulin (PIP) in yeast cells, the in vitro folding efficiencies,
structural stabilities, and disulfide stabilities. However, the mu-
tants with L-amino acid substitutions at the B8 position usually
retained significant amounts of receptor-binding activity com-
pared with their counterparts with p-amino acid substitutions.
For those mutants with p-amino acid substitutions at B8 posi-
tion, they retained native or even better foldabilities (high chain
recombination efficiencies and more stable structures), but these
mutants lost the biological activities completely (28, 29, 53,
78). These results suggest that Gly is likely the only applicable
natural amino acid for the B8 position of insulin when both
foldability and activity are concerned.

In summary, the data mentioned above suggest that the in-
sulin structural motif is the basis of the identical disulfide link-
age and similar secondary and tertiary structures of the mem-
bers of the insulin superfamily.

OXIDATIVE FOLDING OF SINGLE-CHAIN
INSULINS AND RELATED PROTEINS

Insulin is synthesized in vivo as a single-chain
polypeptide, proinsulin
As mentioned earlier, the studies of insulin almost crown all

of the fields of protein science, but its in vitro oxidative fold-
ing pathway has not been reported until recently. The major
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reason is that its mature form consists of two polypeptide
chains. However, insulin is synthesized in vivo as a single-chain
polypeptide (preproinsulin) with a signal sequence at the N-ter-
minus of the B-chain and a connecting peptide (C-peptide)
between the B- and A-chains (63, 66). After cleavage of the
N-terminal signal sequence in the endoplasmic reticulum, the
nascent polypeptide folds into a unique structure with correct
disulfide bridges and is packaged into the secretory granules as
proinsulin. Subsequently, the C-peptide is removed by a set of
specific proteases (prohormone convertases), and the single-
chain proinsulin is converted into double-chain insulin and C-
peptide in the B-cell granule (17, 18). The C-peptide flanked
by dibasic amino acids at two ends as processing sites has 31
residues in human proinsulin (64, 65).

Disulfide intermediates and folding pathways of
PIP, HPI, AILP, and IGF-1

The insulin superfamily is a group of small globular proteins
that share a common structural motif characterized by three
disulfide bonds. Of these members, the disulfide-forming path-
way of IGF-I has been extensively investigated (31-34, 40, 49,
58, 75). Although insulin is the best-characterized member
structurally and functionally in the insulin superfamily, its in
vitro disulfide-folding pathway was investigated just recently
because of its double-chain nature. By using single-chain in-
sulin precursors as models, our group and other groups have
been able to investigate systematically the disulfide-coupled re-
folding and unfolding of insulin in vitro. In the next section,
we review the in vitro folding pathways of PIP, HPI, AILP, and
IGF-1.

Porcine insulin precursor (PIP). PIP is a recombi-
nant single-chain insulin precursor in which B30Ala and A1Gly
are linked by a dipeptide linkage, Ala-Lys (Fig. 3). The re-
combinant PIP can be expressed and secreted in a correctly
folded and soluble form from S. cerevisiae (79), and can be
converted into human insulin by means of transpeptidation in
vitro. In the redox buffer containing L-arginine, the fully re-
duced/denatured PIP can refold efficiently in vitro (56). By
quenching the refolding process at different time points, we

TaBLE 1. THE CONSTRUCTED PEPTIDE MODELS OF THE DISULFIDE INTERMEDIATES OF INSULIN, PIP, AND PROINSULIN

Disulfide Helical

bond Peptide model Disulfide linkage content Reference

1 [Ser®7, SerB7, Ala”®, AlaA!l]PIP A20-B19 ND 74
[Ser®, SerA']DKP insulin A20-B19, A7-B7 Helix 1, 3 36
[Ala?%, Ala”*!!']DKP insulin A20-B19, A7-B7 Helix 1, 3 72
[Ser®”, SerB7]DKP insulin A20-B19, A6-All Helix 1 39

2 [Ser?7, SerB7|PIP A20-B19, A6-All ND 23,43
[GluA7, GluB7|PIP A20-B19, A6-All ND 24
[Ala2%, AlaA!lPIP A20-B19, A7-B7 ND 43
[SerA7, AlaAll|PIP A20-B19, A6-B7 ND 43
[Ala”®, SerB7]PIP A20-B19, A7-All ND 43

3 [A6-B7, A7-Al11, A20-B19]insulin A6-B7, A7-All, A20-B19 Helix 1, 3 35
[A6-A7, A11-B7, A20-B19]insulin A6-A7, A11-B7, A20-B19 Helix 1 37

The retained helix of these mutants is identified by NMR spectroscopy. ND, not determined.



IN VITRO OXIDATIVE FOLDING OF INSULIN SUPERFAMILY

131

[
insulin: FYNQH_CGSHLVEALYI LVFGERG:FYTPKT

Gl VE(I#}TE?‘SLYQLENYFN

PIP: FYNQHLCGSHLVEALYLVCAERGFYTPKA
IGF-1:  GPETLCGAELVDALQFVCGDRGFYFNKPT
alLP:  QAEYLCGSTLADVLSFVCGNRGYNSQPK

B-chain/doamin

proinsulin: FYNQHL.CGSHLVEAL YL VCGERGFFYTPKT RREAEDLQVGOVELGGGPGAGSLQPLALEGSLQKR GIVEQCCTSCSLYQLENYCN

AK GIVEQCCTS I CSLYQLENYCN
GYGSSSRRAPQT GIVDECCFRSCDLRRLEMYGA PLIPAKSA

AAK @G VEECCYNVCDYSQLESYCN
C—domain A—chain/doamin D-domain

FIG. 3. The amino acid sequence of insulin, porcine insulin precursor (PIP), human proinsulin (HPI), IGF-1, and
AILP. The disulfide linkages of insulin are shown; the native disulfide linkages of other members are identical to those of

insulin.

captured and isolated three distinct folding intermediates. One
intermediate (1SSPIP) contains one disulfide bond (1SS), pos-
sibly A6-All; the other two intermediates (2SSPIPa and
2SSPIPb) contain two disulfide bridges (2SS): the disulfide
A20-B19 as well as another interchain bond (A7-B7 or A6-B7).
The one-disulfide intermediate contains few ordered secondary
structures, whereas the two two-disulfide intermediates retain sig-
nificant amount of helical structures. Based on the time-depen-
dent formation and distribution of the trapped intermediates, two
different disulfide-forming pathways were proposed, as shown
in Fig. 4. The first folding pathway involves the rapid formation
of the intra-chain disulfide bond, followed by the slower forma-
tion of one interchain disulfide bond. The second folding path-
way starts with the formation of the disulfide bridge A20-B19,
followed immediately by another interchain bond.

Human proinsulin (HPI). Insulin is synthesized in
vivo as single-chain proinsulin (HPI) (Fig. 3). The difference
between HPI and PIP is the length of their connecting peptide
between B- and A-chains: the HPI contains a much longer (34

residues) connecting peptide. Although the connecting peptide
is deduced to be without ordered structure, it has a significant
effect on the folding kinetics. During the oxidative refolding of
HPI, four disulfide intermediates (P1, P2, P3, and P4) were cap-
tured and characterized (57). Surprisingly, all of the four inter-
mediates contain three disulfide bonds (3SS). The intermedi-
ates with two interchain disulfide bonds, such as P1, P2, and
P3, have partially structured conformation; whereas the inter-
mediate without interchain disulfide bridge (P4) has little or-
dered structure. All of the kinetic intermediates can refold into
native HPI through disulfide rearrangement in the refolding
buffer. The P2 intermediate that contains the disulfide A20-B19
is a crucial intermediate during HPI refolding because the other
three intermediates need to rearrange their disulfides to form
P2 during their refolding to HPI. The putative disulfide folding
pathway of HPI in vitro is shown in Fig. 5. Under the in vitro
refolding condition, the fully reduced PHI is quickly converted
to the intermediates with three disulfides. Those one-disulfide
and two-disulfide intermediates are too short-live to be cap-
tured. The quick formation of the three disulfides can mask all

T\ slowly
[a6-a11])—>

A6-A11 .
I—[A?-B? :| o1

A6-All
A20-B19

(

1SSPIP
&

2SSPIPa

FIG. 4. The putative disulfide formation pathway of PIP.

Intermediates are represented by their disulfide linkage pattern.

Intermediates with an overstriking rectangle represent the intermediates captured in the study.
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P4 ———>P2+<—>N

FIG. 5. The putative disulfide folding pathway of HPI in
vitro. 1, 11, and Il represent the intermediates population with
one, two, and three disulfides, respectively. R and N are fully
reduced and native HPI, respectively. The double arrow indi-
cates the equilibrium between each intermediates species, and
the equilibrium has a greater tendency for the end with the big-
ger arrow.

of the free thiols in the polypeptide chain and prevent the ag-
gregation caused by disulfide crosslinking among polypeptides.
The native disulfide bonds are subsequently regenerated by
disulfide reshuffling within the polypeptide chain. This is a
common mechanism used by many of proteins (such as RNase
A) to prevent disulfide-crosslinked aggregations.

Although different intermediates have been identified dur-
ing the oxidative refolding of PIP and HPI, one intrinsic re-
folding mechanism is the same: formation of disulfide
A20-B19 is a crucial step in the refolding process of both
PIP and HPI. Disulfide bond A20-B19 stabilizes a molten
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subdomain that is important for the folding initiation of PIP,
HPI, and IGF-1 (38).

Amphioxus insulin-like peptide (AILP). Am-
phioxus ILP belongs to the insulin superfamily and is proposed
as a common ancestor of insulin and IGF-1 (5). The AILP de-
duced from the cDNA sequence displays structural character-
istics of both mammalian insulin and IGF-1. A recombinant sin-
gle-chain AILP (rAILP) was constructed previously (61), in
which the deduced B- and A-domains were linked together by
a tripeptide, Ala-Ala-Lys (Fig. 3). The AILP could be success-
fully expressed in yeast cells and adopted an insulin-like fold.
Furthermore, the AILP acquired moderate mammalian insulin
activity by grafting some insulin residues that are involved in
insulin-receptor interactions (27).

During oxidative refolding, the fully reduced AILP acquired
its three disulfides through the 1SS, 2SS, and 3SS stages (10).
During reductive unfolding, its three disulfides were reduced
gradually through the 2SS and 1SS stages. Interestingly, the in-
termediates captured during the unfolding process, U1, U2, U3,
and U4, are almost identical to those intermediates (P1, P2, P3,
and P4) captured in the refolding process; therefore, the re-
folding and unfolding of AILP may share the same intermedi-
ates and follow a similar but reverse pathway. The schematic
flow chart of major oxidative refolding and reductive unfold-
ing pathways of AILP is shown in Fig. 6. In the oxidative re-

B19 A7
P4(U4)
J
A20-B19

P2(U2) P1(U1)

i ACZ,; ;@
A20-B19

P3(U3) agan

N S
da, ACBTI Ay,
b/
AT-B
- |
A20-B19 A20-B19

Reductive unfolding

Oxidative folding

FIG. 6. Schematic flow chart of major oxidative refolding and reductive unfolding pathway of rAILP. R, fully reduced
AILP; N, native AILP; S, swap AILP; intermediates P1-4 were identified during the oxidative refolding process, whereas U1-4

were identified during the reductive unfolding process.
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folding of AILP, the disulfide bond A20-B19 is formed first (in-
termediate P4), followed by the formation of the second disulfide
bonds, whose pairings have much more flexibility (intermediates
P2, P1, or P3). The nonnative disulfides can be subsequently con-
verted to native ones through disulfide reshuffling.

Insulin-like growth factor 1 (IGF-1). 1GF-1is a
70-residue single-chain globular protein composed of B-, C-,
A-, and D-domains from the N-terminus to the C-terminus (42).
IGF-1 adopts an insulin-like structure mainly including three
a-helical segments (818, helix I; 42-49, helix II; and 54-61,
helix III) in its A- and B-domains. The conformation of its C-
and D-domains is highly flexible, so the insulin-like structure
of IGF-1 is mainly encoded by its A- and B-domains.

During the oxidized refolding of IGF-1 and its analogues,
one 1SS and at least three 2SS intermediates were identified,
isolated, and characterized, and the oxidative refolding path-
way of IGF-1 was proposed as shown in Fig. 7. Because the
disulfide 18-61 (corresponding to disulfide A20-B19 in in-
sulin) is present in almost all of the captured disulfide inter-
mediates, it should be the first disulfide bond formed during
the refolding process. However, formation of the second disul-
fide bond is random. Among all the 2SS intermediates, (18-61,
6-48) and (18-61, 6-47) are the immediate precursor of the na-
tive and swap IGF-1s, respectively. Other 2SS intermediates
need to undergo disulfide rearrangement to form these two in-
termediates before they can refold to native and swap IGF-1s.

The common folding behavior of the
insulin superfamily

The members of insulin superfamily share high sequence ho-
mology and similar tertiary structures. Their in vitro folding
pathways also share common characteristics.

I. The disulfide A20-B19 is the most important and is formed
at the initial refolding stage. In the refolding pathway of
PIP, both 2SS intermediates contain the native disulfide
bond A20-B19. The most important intermediate P2 of HPI
also contains the disulfide bond A20-B19. During refold-
ing of AILP and IGF-1, an essential 1SS intermediate con-
taining disulfide 18—-61/A20-B19 has been identified. For
both PIP and IGF-1, the peptide model with only disulfide
A20-B19 still retained partially folded native conformation
and could refold efficiently in vitro (54, 74). Furthermore,
a short IGF-1 peptide model containing the fragment 7-25
and fragment 53-70 of IGF-1 that are connected by disul-

- H Swap IGF-1

¥

R ——— [(8:-61] «——[18-61, §-48] = [18-61, 6-48, 415}

\
k\\
N
AN
\
AN
.

X 831,630

Native IGF-1

FIG. 7. The putative in vitro refolding pathway of IGF-
1. The intermediates are represented by the disulfide bonds
linkage, and those underlined are nonnative disulfide linkage.
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fide bond 1861 presents a transient native-like partial core,
implying that the early folding events of the insulin-related
polypeptides are nucleated by a native-like molten subdo-
main containing disulfide A20-B19 (38). All these obser-
vations strongly support the critical and conservative role
of disulfide A20-B19 in the folding initiation of the insulin
superfamily.

II. The second disulfide pairing is flexible and can be rearranged
from nonnative to native pairing. In all of the refolding path-
ways discussed, formation of the second disulfide bond in
1SS intermediate (A20-B19) seems random. All of the iden-
tified intermediates during the oxidative refolding process of
PIP, HPI, AILP, and IGF-1 are listed in Table 2. The non-
native disulfide bond in the 2SS species can be finally con-
verted to the native one (or swap disulfide in AILP and IGF-
1) by disulfide rearrangement, which is an intramolecular
reaction and can minimize the chance of aggregation. The
constructed peptide models that contain two disulfides also
showed the flexibility of the second disulfide pairing: most
of the model peptides with native or nonnative disulfides
could fold quickly and efficiently in vitro (43).

III. The a-helical segment I (H1, B9Ser—B19Cys) that is close
to the disulfide bond A20-B19 is probably the folding ini-
tiation site. The a-helical segment I is the longest helical
structure in the superfamily, and it is also the most robust
ordered structure in the superfamily. When the other two
a-helical segments located at the A-chain/domain were dis-
turbed by disulfide deletion or disulfide mispairing, this
segment still remained intact. During the initiation of re-
folding, the a-helix I can form transiently because of its
high helical propensity, and subsequently stabilized by for-
mation of the disulfide bond A20-B19 (23, 24, 43, 74).

IV. The in vitro refolding and unfolding pathways may share
some common folding intermediates but flow in the oppo-
site directions. Many disulfide intermediates are present
both in the refolding and unfolding pathways of HPI, IGF-
1, and AILP (10). The shared intermediates suggest that
refolding and unfolding may adopt some similar but re-
verse pathways.

THE MOLECULAR BASIS AND
EVOLUTION OF THE DIFFERENT
FOLDING BEHAVIORS OF
INSULIN AND IGF-1

Insulin and IGF-1: homologous amino acid
sequences encode different folding behaviors

As mentioned earlier, the insulin superfamily is a group of
small globular proteins that share a common structural motif
and an identical cysteine-distribution pattern. Among these
members, insulin and insulin-like growth factor-1 (IGF-1) share
most similarities structurally and functionally and have been
extensively studied in the past (42) (Fig. 3).

Insulin is composed of A- and B-chains in its mature form
and contains three disulfide bonds that stabilize its native struc-
ture (Fig. 8A). Although insulin is synthesized in vivo as a sin-
gle-chain form (proinsulin), its two separate polypeptide chains
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TaABLE 2. THE DISULFIDE LINKAGE OF THE CAPTURED INTERMEDIATES
DURING THE REFOLDING OF THE MEMBERS OF INSULIN SUPERFAMILY

Insulin
superfamily Intermediates Disulfide number Disulfide linkage
PIP 1SSPIP 1 A6-All
2SSPIPa 2 A20-B19, A7-B7
2SSPIPb 2 A20-B19, A6-B7
A20-B19, A11-B7
HPI P2 3 A6-B7, A7-Al11, A20-B19
A6-B7, A11-B7, A20-B19
P3 3 A20-B7, A6-A7, A11-B19
A20-B7, A6-Al1, A7-B19
A20-B7, A7-Al11, A6-B19
P4 3 B7-B19, A6-A7, A11-A20
B7-B19, A6-A11, A7-A20
B7-B19, A6-A20, A7-All
AILP P1 2 A20-B19, A6-B7
P2 2 A20-B19, A7-B7
P3 2 A20-B19, A6-All
P4 1 A20-B19
IGF-1 1 18-61 (A20-B19)
2 18-61, 647
(A20-B19, A6-B7)
2 18-61, 648
(A20-B19, A7-B7)
2 18-61, 48-52
(A20-B19, A7-Al11)
2 18-61, 6-52

(A20-B19, A11-B7)

Because of technical limitations, some disulfide linkages are not experimentally analyzed. For the
intermediates of IGF-1, the corresponding disulfide linkage of insulin is listed in parentheses.

contain enough folding information (68) that is the basis of in-
sulin chain recombination, a prerequisite for the chemical syn-
thesis of insulin at 1960s (44, 45, 76). As discussed earlier,
whether the folding is in vitro and in vivo, proinsulin and PIP
always fold into a unique structure with native disulfide link-
ages (A7-B7, A6—-Al11, and A20-B19); other disulfide isomers
are undetectable at the final folding stage, although some of
them are really accumulated to some extent as folding inter-
mediates at the distinct folding stages both in vivo and in vitro
(46, 47, 77). So the amino acid sequence of insulin encodes a
unique stable structure that is stabilized by three disulfides (Fig.
8A). Some nonnative disulfide isomers that are thermodynam-
ically unstable under nondenatured conditions can be trapped
either at distinct folding stages as folding intermediates or at
denatured conditions in which these isomers share similar en-
ergetic states with that of the native form. For example, the
swap insulin that has alternative disulfide bridges (A6-B7,
A7-A1l, and A20-B19) and is thermodynamically unstable can
be trapped at a denatured condition (35). As shown in Fig. 8B,
the free-energy difference (AG) between the native and swap
insulin is very large (the native form is much more stable than
the swap form), so formation of the swap insulin is thermody-
namically forbidden under nondenatured condition (the swap
form is undetectable). Three-dimensional structure analysis
showed that the alternative disulfide linkages caused a corre-
sponding conformational change in the structure: the a-helix

segment (H2) at the N-terminal of the A-chain presented in
the native from was unfolded in the swap form, as shown in
Fig. 8A.

IGF-1 is a single-chain polypeptide that is composed of B-,
C-, A-, and D-domains (Fig. 3) (42). Its B- and A-domains are
homologous to the B- and A-chains of insulin, respectively; its
C-domain is analogous to the C-peptide of proinsulin, but they
share no sequence homology; its D-domain has no counterpart
in insulins. The IGF-1 isolated from serum, where it is bound
with IGF-binding proteins, shares identical disulfide bridges
with insulin: two disulfides (6—48 and 18-61, corresponding to
A7-B7 and A20-B19 in insulins, respectively) are formed be-
tween A- and B-domains; and one disulfide (47-52, corre-
sponding to A6—Al1 in insulins) is formed within the A-do-
main. The native IGF-1 also shares similar structure with insulin
(Fig. 8A): three a-helical segments within the A- and B-do-
mains form the rigid frame of the IGF-1 fold that is stabilized
by its three native disulfide bonds (12, 67). However, in vitro
IGF-1 always refolds into two disulfide isomers, native IGF-1
(~60%) and swap IGF-1 (~40%) (31-34, 49, 50, 58). The swap
IGF-1 has alternative disulfide linkages (647, 48-52, 18-61)
that are identical to those of the swap insulin (A6-B7, A7-A11,
A20-B19). The alternative disulfide linkages disturb the native
structure: the a-helical segment II present in the native IGF-1
is unfolded in the swap form (Fig. 8A). Although the native
and swap IGF-1s have different disulfide linkages and differ-
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FIG. 8. The different folding behaviors of insulin and IGF-1.

(A) The three-dimensional structures of native and swap forms

of insulin and IGF-1. For clarity, the disulfides of IGF-1s were labeled as those of insulin. (B) The energetic states of disulfide
isomers of insulin and IGF-1. (C) The role of IGFBP during IGF-1 folding. The calculated equilibrium constant (K) and free-
energy difference (AG) between native and swap IGF-1 in the presence and absence of IGFBP-3 is shown in panels a and b, re-

spectively.

ent three-dimensional structures, they share similar thermody-
namic stabilities (Fig. 8B): the calculated free energy difference
(AG) between the native and swap forms is only 1.0 kJ/mol; it
means that IGF-1 always folds into a mixture of native and
swap forms under thermodynamic control because the two iso-
mers have similar energetic states. So the amino acid sequence
of IGF-1 actually encodes two stable disulfide isomers.

As mentioned earlier, the swap IGF-1 and swap insulin have
identical disulfides and similar structures, but they have quite
different energetic states compared with their corresponding na-
tive forms: the energetic state of the swap insulin is much higher
than that of the native form; in contrast, the swap and native
IGF-1s share similar thermodynamic stability (Fig. 8B). It is
the different energetic states between the native and the swap

forms that result in the different folding consequences of in-
sulin and IGF-1 under thermodynamic control: insulin folds into
a unique native form. IGF-1, in contrast, folds into two stable
disulfide isomers. Because IGF-1 folds into two disulfide iso-
mers, why has only the native form been isolated from serum?
It is known that IGF-1 is bound with IGF-binding proteins in
vivo, and the binding proteins preferably bind the native form
(30). The IGF-binding proteins shift the equilibrium between
the native and swap IGF-1s established during IGF-1 folding.
As shown in Fig. 8C, the equilibrium constant (K) between na-
tive and swap IGF-1s is only 1.5 (60% of native IGF-1 vs. 40%
of swap IGF-1) when IGF-1 folds alone; however, the IGF-1
almost can quantitatively fold into native form (99% of native
IGF-1 vs. 1% swap IGF-1) in the presence of IGF-binding pro-
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teins [the calculation is based on the measured equilibrium con-
stants (K4) between native/swap IGF-1s and the IGF binding
protein-3; other IGF binding proteins probably also bind the na-
tive IGF-1 with higher affinities]. The IGF-1 inding proteins
actually thermodynamically control the in vivo IGF-1 folding:
IGF-1 folds into a unique form, native IGF-1, in the presence
of IGF-binding proteins. In vitro, the folding of IGF-1 is also
thermodynamically controlled by IGF-binding protein (IGFBP-
1), which has been experimentally demonstrated (32).

Sequence determinant of the different folding
behaviors of insulin and IGF-1

Insulin and IGF-1 share most similarities structurally and func-
tionally, but they have quite different folding behaviors, as dis-
cussed earlier. Considering their high sequence homology and
small size, their different folding behaviors are quite intriguing:
it provides a good opportunity to investigate the sequence struc-
ture relation, a central problem of protein folding studies.

IGF-1 is composed of four domains (A, B, C, and D). After
dissection into different parts, the B- and A-domains, separately
or linked by a short peptide, also fold into two disulfide iso-
mers (22). So it is the B- and A-domains that dictate the un-
usual folding behavior of IGF-1. For insulin, it is also the B-
and A-chains that encode the folding information. To find out
the sequence determinant within the A- and B-chain/domains
that dictates the different folding behavior of insulin and IGF-
1, a series of global and local insulin/IGF-1 hybrids were con-
structed in our laboratory (Fig. 9).

First, two global hybrids between insulin and IGF-1, Ins(A)/
IGF-1(B) and Ins(B)/IGF-1(A), were constructed (25). The hy-
brid Ins(A)/IGF-1(B) folded into two thermodynamically sta-
ble disulfide isomers both in vitro and in vivo; whereas the hy-
brid Ins(B)/IGF-1(A) folded into a unique form that has very
similar structure to that of native insulin. Therefore, once the
molecules contain the B-domain of IGF-1, such as IGF-1, mini-
IGF-1, and Ins(A)/IGF-1(B), they fold into two stable disulfide
isomers (IGF-1 folding); once the molecules contain the B-
chain of insulin, such as PIP, proinsulin, and Ins(B)/IGF-1(A),
they fold into a unique stable structure (insulin folding). Thus,
the different folding behaviors of insulin and IGF-1 are mainly
controlled by their B-chain/domain. Besides different folding
behaviors, the intra-chain/domain disulfide bonds of insulin and
IGF-1 have quite different energetic states: the intra-chain bond,
A6-All, is a stable bond in insulin; in contrast, the corre-
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sponding disulfide, 47-51, in IGF-1, is a “strained” bond with
high energy (31). The different energetic states of the intra-
chain/domain disulfide were deduced to be responsible for the
different folding behaviors of insulin and IGF-1. Reshuffling
the native disulfides to swap form can release the high energy
stored in the strained disulfide 47-51 in IGF-1, although it in-
creases the energetic state by unfolding of the a-helical seg-
ment H2. As a net result, the swap IGF-1 has similar energetic
state as native IGF-1 because the energy increase caused by un-
folding of the a-helical segment H2 is counteracted fully or par-
tially by the energy decrease caused by rearrangement of the
high-energetic intra-domain disulfide. For insulin, no energy
decrease is caused by disulfide rearrangement to counteract the
energy increase caused by unfolding of the a-helical segment
H2 because the intra-domain disulfide is already a stable bond
in insulin. As a net result, the native isomer of insulin is much
more stable than the swap isomer. By analyzing the energetic
states of the intra-chain/domain disulfide of the global in-
sulin/IGF-1 hybrids, it is suggested that the energetic state of
the intra-chain/domain disulfide of insulin and IGF-1 is also
controlled by the B-chain/domain (26).

Second, several local insulin/IGF-1 hybrids have been con-
structed to find a detailed sequence determinant in the B-
chain/domain (11, 41). The local hybrid, (1-9)PIP, in which the
N-terminal 10 residues of insulin B-chain is replaced by the
corresponding nine residues of IGF-1, folds into two disulfide
isomers in vivo and in vitro. However, swapping the N-termi-
nal five residues of insulin B-chain with the corresponding part
of IGF-1 has no effect on the folding behavior of PIP. Mean-
while, replacement of the N-terminal residues (four residues or
nine residues) of IGF-1 with its counterpart of insulin alters the
folding behavior of mini-IGF-1: it folds into a unique structure.
Therefore, the N-terminal sequence of the B-chain/domain de-
termines the different folding behaviors of insulin and IGF-1.
For the (1-4)PIP that contains the four residues of IGF-1, swap-
ping an additional residue (its B10His was replaced by Glu, the
corresponding residue in IGF-1) can change its folding behav-
ior from one stable molecule to two disulfide isomers.

The evolution of the different folding behaviors
of insulin and IGF-1

As mentioned earlier, Amphioxus insulin-like peptide (AILP)

has both characteristics of insulin and IGF-1 and is proposed
as their common ancestor (5). To investigate origin of the dif-

name
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amino acid sequence
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FIG. 10. The proposed bifurcating evolution
pathway of the different folding behaviors of
insulin and IGF-1.
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ferent folding behaviors of insulin and IGF-1, a single-chain
AILP was constructed and recombinantly expressed in yeast
cells (61). The in vitro refolding analysis revealed that the re-
folding of AILP has the characteristics of both insulin and IGF-
1 (69). On the one hand, AILP folds into two disulfide isomers
under thermodynamic control, which is similar to that of IGF-
1. On the other hand, the native isomer is the major folding
product: more than 96% of AILP folds into the native form,
which is similar to that of insulin. Based on these results, a bi-
furcating evolution pathway of the different folding behaviors
of insulin and IGF-1 has been proposed (Fig. 10).

CONCLUDING REMARKS

The insulin superfamily includes many members from dif-
ferent species. All the members share highly homologous pri-

mary and tertiary structures. Here we reviewed the in vitro
folding pathways coupled with disulfide formation and their
underlying molecular mechanism of four representative mem-
bers of this family: insulin, proinsulin, IGF-1, and AILP. In-
sulin (or proinsulin) and IGF-1 have very different folding be-
haviors, with the former folding into a unique native molecule
and the latter forming two thermodynamically stable isomers
when folded in vitro. This difference is determined mainly by
the local primary sequence, particularly the N-terminus of B-
chain/domain. However, the in vitro folding pathway of in-
sulin, IGF-1, and their ancestor AILP also shares many sim-
ilarities that are possibly determined by the homologous
structural motif in the insulin superfamily. The in vitro fold-
ing pathway and the molecular-mechanism studies of the in-
sulin superfamily members can help us to further understand
the general principles and molecular determinants of protein
folding.
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ABBREVIATIONS

SS, intermediate contains one disulfide bond; 2SS, interme-

diate contains two disulfide bonds; 3SS, intermediate contains
three disulfide bonds; AILP, Amphioxus insulin-like peptide;

HPI, human proinsulin; IGF-1,

insulin-like growth factor-1;

IGF-2, insulin-like growth factor-2; IGFBP, IGF-binding pro-
tein; PIP, porcine insulin precursor; rAILP, recombinant sin-
gle-chain AILP; RNase A, ribonuclease A.
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