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Abstract

Insulin and insulin-like growth factor 1 (IGF-1) share a homologous sequence, a similar three-dimensional structure and weakly
overlapping biological activity, but IGF-1 folds into two thermodynamically stable disulfide isomers, while insulin folds into one
unique stable tertiary structure. This is a very interesting phenomenon in which one amino acid sequence encodes two three-dimen-
sional structures, and its molecular mechanism has remained unclear for a long time. In this study, the crystal structure of mini-IGF-
1(2), a disulfide isomer of an artificial analog of IGF-1, was solved by the SAD/SIRAS method using our in-house X-ray source.
Evidence was found in the structure showing that the intra-A-chain/domain disulfide bond of some molecules was broken; thus, it
was proposed that disulfide isomerization begins with the breakdown of this disulfide bond. Furthermore, based on the structural
comparison of IGF-1 and insulin, a new assumption was made that in insulin the several hydrogen bonds formed between the
N-terminal region of the B-chain and the intra-A-chain disulfide region of the A-chain are the main reason for the stability of
the intra-A-chain disulfide bond and for the prevention of disulfide isomerization, while Phe B1 and His B5 are very important
for the formation of these hydrogen bonds. Moreover, the receptor binding property of IGF-1 was analyzed in detail based on
the structural comparison of mini-IGF-1(2), native IGF-1, and small mini-IGF-1.
� 2004 Elsevier Inc. All rights reserved.
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Insulin-like growth factor 1 (IGF-1) is a member of
the insulin superfamily. It is a key regulator of cell pro-
liferation, differentiation, and transformation, and is
thus pivotal in the occurrence of several kinds of cancers
[1,2]. It also has some metabolic regulation activity like
that of insulin [3].
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IGF-1 and insulin share a homologous sequence, a
similar three-dimensional structure, and weakly overlap-
ping biological activity, but their folding behavior is dif-
ferent. IGF-1 is a 70 residue single-chain globular
protein composed of B-, C-, A-, and D-chains/domains
from the N-terminus to the C-terminus (Fig. 1). The
B-chain/domain consists of 29 residues, which is homol-
ogous to the B-chain of insulin (residues 2–30); the
C-chain/domain consists of 12 residues, which is analo-
gous to the C-peptide of proinsulin, but they share no
homology; the A-chain/domain consists of 21 residues,
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Fig. 1. Sequence alignment of insulin (1ZEH), IGF-1 (1IMX), mini-IGF-1(2) (1TGR), and small mini-IGF-1 (1B9 G).

Fig. 2. Stereo views showing the electron density of the Cys37–Cys42 disulfide bond and the adjacent area in molecule II. Because of the obvious
conformational instability, the electron density of this region is dispersive. (A) The electron density maps were calculated using a refined model in
which Glu36 had only one conformation, and the occupancy of the S atoms was set at 1.00. (B) The electron density maps were calculated using a
refined model in which the Glu36 residue was built as two alternative conformations (in the minor conformation, the carboxylate O atoms occupy the
‘‘extra’’ electron density beside the disulfide bond), and the occupancy of the S atoms was set at 0.50. The red line indicates the 2Fo � Fc map
(contoured at 1.0r), the green line indicates the 4.5r positive Fo � Fc electron density, and the blue line indicates the �4.5r negative Fo � Fc electron
density. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this paper.)
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which is homologous to the A-chain of insulin; and the
D-chain/domain is an 8-residue peptide that has no
counterpart in insulin. IGF-1 can fold into two thermo-
dynamically stable disulfide isomers, unlike insulin,
which only folds into one thermodynamically stable
structure. One of the two IGF-1 isomers is called native
IGF-1, and its disulfide pairing is Cys47–Cys52, Cys6–
Cys48, and Cys18–Cys61, which is the same as that of
insulin (Cys A6–Cys A11, Cys A7–Cys B7, and Cys
A20–Cys B19); the other one is called swap IGF-1,
which has a swapped disulfide pairing style (Cys48–
Cys52, Cys6–Cys47, and Cys18–Cys61). Why does the
folding behavior of the two proteins differ so much
and how does the amino acid sequence of IGF-1 encode
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two kinds of three-dimensional structures? These ques-
tions have interested scientists for a long time. DiMarchi
et al. [4] have demonstrated that it is the A- and B-
chains/domains that drive IGF-1 to fold into two disul-
fide isomers. In order to further elucidate the molecular
mechanism, Guo et al. [5] prepared two single chain hy-
brids of mini-IGF-1 and porcine insulin precursor (PIP):
Ins(A)/IGF-1(B) and Ins(B)/IGF-1(A). In PIP the A-
chain and B-chain of porcine insulin were linked by a
two-residue peptide, AK, which was the same as the lin-
ker peptide used to connect the B-chain/domain and A-
chain/domain of IGF-1 in the mini-IGF-1 molecule. PIP
folds into only one thermodynamically stable tertiary
structure just like that of insulin. It was found that
Ins(A)/IGF-1(B) folds into two kinds of thermodynam-
ically stable three-dimensional structures just like that of
IGF-1/mini-IGF-1, while Ins(B)/IGF-1(A) folds into
only one unique thermodynamically stable structure like
that of PIP/insulin, thus demonstrating that it is the B-
chain/domain that determines the different folding
behavior of insulin and IGF-1.

The receptor binding property of IGF-1 is similar to
that of insulin, but not exactly the same. IGF-1 can bind
to the type 1 IGF receptor (IGF-1R) with high affinity
and to the insulin receptor (IR) with lower affinity
[6,7]. Similarly, insulin also can bind to IGF-1R with
lower affinity. The reason that insulin has some
growth-promoting activity and IGF-1 has some meta-
bolic regulation activity may be that they can cross bind
to each other�s receptors. Research on the receptor bind-
ing mechanism of insulin has a long history, and rela-
tively mature models have been proposed for the
receptor binding sites and receptor binding induced con-
formational change [3,8–11], while research on IGF-1�s
receptor binding mechanism has not been as thorough,
and the main achievement has been the identification
of some key residues for receptor binding in IGF-1
based on site-directed mutagenesis [12,13]. Although a
model similar to that of insulin has been proposed for
the conformational change of IGF-1 when it binds to
its receptor [14], this point may need more experimental
proof to make it compelling, because IGF-1�s receptor
Table 1
Diffraction dataset statistics of mini-IGF-1(2) crystals

Statistics Native dataset

Wavelength (Å) 1.5418
Resolution (Å) 1.87
Total reflections 1,05,662
Unique reflections 10,694
Completeness (%) 98.2 (87.4)
I/r 18.8 (2.2)
Rmerge(%) 8.0 (34.4)

Values in parentheses are for the highest resolution shell: native dataset, 1.
dataset, 1.45–1.42 Å.
binding mechanism is not the same as that of insulin.
For example, it is well known that there is a key residue
for receptor binding in the C-chain/domain of IGF-1
[13], which is impossible in insulin.

Mini-IGF-1 is an analog designed by Feng et al. that
consists of 52 residues (Fig. 1). The previously reported
mini-IGF-1 made by Wolf et al. [15] is called ‘‘small
mini-IGF-1’’ in this paper (Fig. 1). Similar to IGF-1,
mini-IGF-1 also folds into two thermodynamically sta-
ble disulfide isomers: mini-IGF-1(1) and mini-IGF-
1(2). Of these, mini-IGF-1(2) was thought to have the
native disulfide pairing and mini-IGF-1(1) was thought
to have the swapped disulfide pairing [5]. In order to
prove the disulfide pairing style of mini-IGF-1(2), to
provide a detailed analysis of the reason for disulfide
isomerization, and to further study the structural basis
for receptor binding of IGF-1, the crystal structure of
mini-IGF-1(2) was solved.
Materials and methods

Crystallization, derivative preparation, and data collection. Mini-
IGF-1(2) was crystallized by the hanging drop vapor diffusion method.
The crystallization condition was as follow: 0.5 ml solution I (0.1 M
citrate buffer, pH 6.65, 1.0 M NaCl, 12% (v/v) ethanol, and 5 mM
Zn(CH3COO)2) was taken as the reservoir, and the hanging drop
mixture was made by mixing 1 ll protein solution (8 mg/ml mini-IGF-
1(2), dissolved in 0.005 M HCl) and 1 ll modified reservoir solution
(14% instead of 12% ethanol was used here). The crystallization was
performed under a constant temperature of 16 �C.

The Gd-DTPA derivative was made by the method of Girard et al.
[16]. The native and derivative datasets used in phasing were both
collected on our in-house Cu-anode X-ray source and Mar345 IP
detector, and the total oscillation angle used for collecting the deriv-
ative dataset was 366�. The dataset used in structure refinement was
collected on the BL6B beamline (the Photon Factory, Tsukuba, Ja-
pan). All the datasets were collected under the cryogenic temperature
of 100 K. The data were processed and scaled with DENZO and
SCALEPACK [17]. The mini-IGF-1(2) crystals belong to space group
I222 or I212121 with cell parameters of a = 58.9 Å, b = 62.0 Å, and
c = 70.8 Å, and there are two mini-IGF-1(2) molecules in the asym-
metric unit. The statistics of these three datasets are summarized in
Table 1.

Structure determination and refinement. The crystal structure of
mini-IGF-1(2) can be successfully determined by the SAD or SIRAS
Derivative dataset High resolution native dataset

1.5418 1.0000
2.65 1.42
96,064 2,23,072
3940 23,375
99.8 (98.8) 99.6 (100.0)
25.4 (6.9) 16.7 (4.6)
11.2 (37.4) 9.6 (37.6)

91–1.87 Å; derivative dataset, 2.73–2.65 Å; and high resolution native
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method. First, the difference Patterson map was calculated and the
space group was determined as I222 according to the pattern of the
Harker peaks of the heavy atom, and the position of this heavy atom
was determined. Then the heavy atom parameters were refined and the
initial phase angles were calculated using SHARP [18]. In the anom-
alous residual map [18], two additional minor anomalous scatters were
found, which were later identified as the Cys6–Cys38 disulfide bond of
the two molecules, but they were not included in phasing because they
were weak. After refinement, SHARP reported that the occupancy of
the heavy atom was 0.20, and the calculated experimental phase had an
overall figure of merit of 0.45 (acentric reflections) and 0.59 (centric
reflections) for 25–3.0 Å diffraction data. After the phase improvement
was made mainly using SOLOMON [19], the overall figure of merit
increased to 0.88, and the quality of the electron density map was
improved substantially.

ARP/wARP was used to automatically build the model in the
1.87 Å electron density map [20], and 98 residues out of the total 104
residues were correctly built. After the automatic model building, an
artificial model check and rebuilding was performed. It was found that
the main-chain of all the 104 residues could be clearly determined and
the electron density of the side-chains of most residues was good, with
the exception of several residues located on the N-terminal end of the
two molecules. After model building, the model was refined with
REFMAC5 using the 1.42 Å high-resolution dataset [21]. O was used
to artificially adjust the model between the big REFMAC5 cycles [22],
and ARP_WATERS combined with the artificial check method was
used in building the water molecules in the final steps [20].
Table 2
Structural and refinement statistics

Resolution range (Å) 8.0–1.42
Total reflections (completeness) 23,375 (99.95%)
Reflections used for cross validation 1262
Number of total non-hydrogen atoms 810
Number of water molecules 145
R 0.196
Rfree 0.224

Stereo-chemistry properties of the final model
RMSD bond length (Å) 0.016
RMSD bond angle (�) 1.6

Ramachandran plot (%)
Most favored regions 98.90
Additional allowed regions 1.10
Generously allowed regions 0
Disallowed regions 0

Average B factor (Å2) 20.8
Main-chain atoms 17.7 (11.6–33.7)
Side-chain atoms 19.8 (10.2–37.5)
Water atoms 33.1 (16.3–47.8)

Table 3
The difference between the helix backbone in mini-IGF-1(2) and in native IG

Residue number Number

Mini-IGF-1(2) IGF-1 Mini-IG

B-chain
Helix I 4–18 7–18 15

A-chain
Helix II 27–37 43–47 11
Helix III 44–50 54–58 7
Results and discussion

Crystal structure of mini-IGF-1(2)

The structural and refinement statistics of mini-IGF-
1(2) are summarized in Table 2.

Mini-IGF-1(2) is mainly composed of three helixes,
which are similar to those of native IGF-1, but the
length, type, and relative position of these helixes are
quite different (Table 3). The differences are especially
great for helix II, which is located in the N-terminal re-
gion of the A-chain/domain of IGF-1. In mini-IGF-1(2)
it extends and forms an elongated a-helix with the linker
peptide (two residues) and three residues in the C-termi-
nal end of the B-chain/domain including a Pro residue.
Thus, helix II in mini-IGF-1 is twice as long as that in
IGF-1. And their helix III differs from each other not
only in length, but also in type.

An analysis of the disulfide isomerization properties of

IGF-1

The disulfide isomerization of IGF-1 has interested
researchers for many years. Mini-IGF-1 also has a disul-
fide isomerization behavior like that of IGF-1, so we
analyzed the structural basis for disulfide isomerization
of mini-IGF-1 intensively.

The disulfide isomerization perhaps begins with the break

down of the intra-A-chain/domain disulfide bond

The electron density of the intra-A-chain/domain
disulfide (Cys37–Cys42) of the second molecule in the
asymmetric unit of mini-IGF-1(2) is unusual (Fig. 2).
There are two strong positive peaks about 1.4–1.7 Å
away from the S atoms in the Fo � Fc electron density
map. Although the two S atoms adapt to the 2Fo � Fc

map quite well, there is also strong negative Fo � Fc

electron density at the same position. The negative
Fo � Fc electron density of the two S atoms cannot be
eliminated unless their occupancies are set to less than
1.00 (e.g., 0.50), which indicates that the disulfide bond
may not be the only conformation. The electron density
of the environmental part including the backbone is
more dispersed than the other part of the model, which
F-1

of residues Type of helix

F-1(2) IGF-1 Mini-IGF-1(2) IGF-1

12 a-Helix a-Helix

5 a-Helix a-Helix
5 310-Helix a-Helix



Table 4
The hydrogen bonds formed between residues A6–A11 and the
B-chain/domain in insulin

Hydrogen bond donor Hydrogen bond acceptor Bond length (Å)

Gln B4, N Cys A11, O 3.1
Cys A11, N Gln B4, O 3.2
His B5, ND1 Ser A9, O 2.9
His B5, ND1 Cys A7, O 2.9
Leu B6, N Cys A6, O 2.8
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also indicates that the conformation of this part may be
unstable.

It was deduced that the strange electron density is
caused by the instability of the conformation in this re-
gion. The carboxylate O atoms of Glu36 can occupy the
‘‘extra’’ electron density beside the disulfide bond if the
side chain of Glu36 swings to the disulfide bond. How-
ever, serious close contact will occur if the disulfide bond
still exists when the side-chain of Glu36 swings to this
position. Taking into account the facts that the occu-
pancy of the two S atoms of the Cys37–Cys42 disulfide
bond should be lower than 1.00 and that the electron
density of this area is relatively dispersive, we deduced
that this disulfide bond was broken in some molecule
IIs, and in these molecules with broken Cys37–Cys42
disulfide bonds, the side-chain of Glu36 may swing to
the position of the disulfide bond. The position of the
two Cys residues after the break down of the disulfide
could not be identified in the electron density map. This
may be because there are not many molecules with bro-
ken Cys37–Cys42 disulfide bonds and because this part
of the molecule may become much more flexible after
the break down of the disulfide bond.

The electron density of all the other disulfide bonds
(three disulfide bonds in molecule I and the other two
disulfide bonds in molecule II) are normal. So it is be-
lieved that only a small quantity of molecule IIs have
broken Cys37–Cys42 disulfide bonds. Thus, we deduced
that the disulfide isomerization of mini-IGF-1(2) begins
with the break down of this intra-A-chain/domain disul-
fide bond. In fact, this disulfide bond is an unstable
bond with high energy [23]. The work of Guo et al.
[24] has demonstrated that the different energetic state
of the intra-A-chain/domain disulfide bond of insulin
and IGF-1 is mainly controlled by their B-chain/
domain.

The determinant for the instability of the intra-A-chain/
domain disulfide bond and the disulfide isomerization of

the molecule may be the residues in the N-terminal region

of the B-chain/domain

It is still not known why the B-chain/domain can
determine the stability of the intra-A-chain/domain
disulfide bond nor is it known which residues in the B-
chain/domain determine this. Three-dimensional struc-
tural comparison of IGF-1, mini-IGF-1, and insulin
may answer these questions.

It was found that in the insulin structure (molecule II
of two zinc porcine insulin, PDB ID: 4INS [25]. The
conformation of this molecule is generally believed to
represent the conformation of the natural insulin mono-
mer in circulation.), the N-terminus of the B-chain/do-
main runs backward and close to the A-chain/domain,
and several hydrogen bonds are formed between the
main-chain O or N atoms of residues A6–A11 and the
main-chain N or O atoms of residues B1–B7 as well as
the side-chain N atom of His B5 (Table 4, Fig. 3A).
These hydrogen bonds stabilize the conformation of
the intra-A-chain disulfide region of the A-chain/do-
main. In the same region of IGF-1 and mini-IGF-1(2),
such hydrogen bonds do not exist (Fig. 3B), so their in-
tra-A-chain disulfide bond is not as stable as that of
insulin.

It was deduced that residues Phe B1 and His B5 in
insulin play important roles in the formation of these
hydrogen bonds. The hydrophobic side-chain of Phe
B1 can easily interact with the partially exposed hydro-
phobic core of the molecule made by Leu A13, Leu B17,
and Val B18, etc., thus driving the N-terminus of the B-
chain/domain backward and close to the A-chain to
make the hydrogen bonds available, while the N atom
of the side-chain of His B5 makes two strong hydrogen
bonds with the main-chain O atoms of Cys A7 and Cys
A9. At the N-terminal end of the B-chain/domain of
IGF-1 and mini-IGF-1, there is no large hydrophobic
residue like Phe, so there is no appropriate hydrophobic
interaction to bind up the N-terminus of the B-chain/
domain, and thus the hydrogen bonds between the
main-chain atoms of the A-chain/domain and B-chain/
domain cannot be formed easily. Furthermore, the
counterpart of His B5 in insulin is Thr4 in IGF-1 and
mini-IGF-1, which is a weaker hydrogen bond donor
than His. For these reasons we deduced that Phe B1
and His B5 mainly determine the absence of disulfide
isomerization of the molecule. This conclusion is consis-
tent with Chen et al.�s report [26]. They constructed
[1–9]PIP (residues 1–10 of PIP were replaced by residues
1–9 of IGF-1) and [1–10]mini-IGF-1 (residues 1–9 of
mini-IGF-1 were replaced by residues 1–10 of PIP),
and demonstrated that [1–10]mini-IGF-1 folds into
one unique thermodynamically stable structure like
PIP/insulin, while [1–9]PIP folds into two kinds of ther-
modynamically stable structures. These results indicate
that residues 1–10/1–9 of the B-chain/domain constitute
the molecular basis of the different folding behavior of
insulin and IGF-1. Amphioxus insulin-like peptide
(aILP) is the common ancestor of insulin and IGF-1.
Wang et al. [27] studied the in vitro folding of aILP,
and their results indicated that the different folding
behavior of insulin and IGF-1 could be attributed to a



Fig. 3. The hydrogen bonds formed between residues B1–B7 and residues A6–A11 in insulin (stereo view) (A) and the counterpart of IGF-1 (B). It
can be seen that in insulin several hydrogen bonds stabilize the conformation of the intra-A-chain disulfide region of the A-chain, while in IGF-1
there is only one hydrogen bond, so the intra-A-chain disulfide is not as stable as that in insulin.
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bifurcation in the process of evolution from their com-
mon ancestor molecule.

An analysis of the effect of the shortened linker

peptides on receptor binding properties

Site-directed mutagenesis indicated that the main
determinants for receptor binding of IGF-1R to IGF-1
and IR lie in the N-terminal region of the A-chain/do-
main and the b-strand in the C-terminal region of the
B-chain/domain [3], among which the key residues for
receptor binding are Phe23, Tyr24, and Phe25
[12]. Bayne et al. [13] demonstrated that IGF-1R also
recognizes Tyr31 and Tyr60, of which Tyr31 is located
on the C-chain/domain of IGF-1. Gill et al. [14] pro-
posed that, similar to insulin, IGF-1 undergoes a con-
formational change during interaction with its
receptor, including the removal of the C-terminal end
of the B-chain/domain to expose the covered A-chain/
domain residues. The capability of mini-IGF-1(2) bind-
ing to its receptor was analyzed based on the above
information.
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The shortened linker peptide confined the movement of the

C-terminal of the B-chain/domain, which is

disadvantageous for receptor binding

The linker peptide between theB-chain/domain andA-
chain/domain in mini-IGF-1(2) is much shorter than that
of native IGF-1. It forms an a-helix with the last three res-
idues of the B-chain/domain and the first 6 residues of the
A-chain/domain (Table 3 and Fig. 4A), which is a rela-
tively stable secondary structure. The results are:

(1) The C-terminal region of the B-chain is tightened,
and it cannot move away from the body of the mol-
ecule easily.

(2) The solvent accessibility of Ile33 and Val34 in the N-
terminal of the A-chain/domain (the counterparts in
insulin are Ile A2 and Val A3, which are important
for receptor binding) is reduced.

These differences between mini-IGF-1(2) and the na-
tive IGF-1 may cause the receptor binding capability of
mini-IGF-1(2) to decrease greatly compared with that of
the native IGF-1.
Fig. 4. (A) A stereo view showing the linker peptide region of mini-IGF-1(2)
the linker peptide, and the N-terminal end of the A-chain/domain form a long
and Val34 (equivalent to Ile A2 and Val A3 in insulin, which are important f
accessibility of Phe23, Tyr24, and Phe25 in native IGF-1 (left), small mini-I
The solvent accessibility of the key residues for receptor

binding is similar in mini-IGF-1(2) and native IGF-1

Phe23, Tyr24, and Phe25 are all solvent accessible in
native IGF-1, while in small mini-IGF-1 only Tyr24 is
fully accessible; Phe25 is much less accessible, and
Phe23 is buried deeply in the molecule [15]. This greatly
reduces the receptor binding affinity of the molecule to
its receptor. Mini-IGF-1(2) is different from small
mini-IGF-1 in the accessibility of these key residues. In
mini-IGF-1(2), the conformation and accessibility of
Phe23 are similar to those of native IGF-1, while
Tyr24, and Phe25 show similar accessibility to that of
native IGF-1 although their side-chain conformation is
a bit different from that of native IGF-1 (Fig. 4B). So
we deduced that Phe23, Tyr24, and Phe25 in mini-
IGF-1(2) may largely retain their receptor binding
activity.

We deduced from the above analysis that although
the shortened linker peptide results in great structural
changes in mini-IGF-1(2) and some disadvantageous
properties for receptor binding (e.g., fixing of the C-ter-
minal conformation of the B-chain/domain), the accessi-
. It can be seen clearly that the C-terminal end of the B-chain/domain,
a-helix that stabilizes the conformation of this region and buries Ile33

or receptor binding). (B) Comparison of the conformation and solvent
GF-1 (middle), and mini-IGF-1(2) (right).
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bility of the key residues needed in receptor binding has
been retained to a large extent. Because of this, mini-
IGF-1(2)�s receptor binding activity should be retained
to some extent and not completely lost as it is in small
mini-IGF-1.
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