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Human insulin-like growth factor 1 (IGF-1) is a 70-residue
single-chain protein that mediates somatic growth.[1] Inborn
mutations in the igf-1 gene are associated with a childhood
syndrome of impaired growth, mental retardation, and deaf-
ness.[2] Although such mutations are rare, broad interest in
IGF-1 has been stimulated by its nonclassical roles in
neoplasia and the regulation of metabolism. Ectopic expres-
sion of IGF-1 and autocrine activation of the IGF-1 signaling
pathway contribute to several human cancers, including those
of the breast, prostate, lung, and thyroid.[3] In addition,
because of cross-talk between the insulin and IGF-1 signaling
systems in metabolic target tissues, IGF-1 is under investiga-
tion as a possible treatment for diabetes mellitus.[4] Under-
standing the diverse functions of IGF-1 and its relation to
insulin signaling is thus of great biomedical significance.

IGF-1 consists of a single polypeptide chain and (from the
N to the C terminus) contains B, C, A, and D domains, which
are defined by homology within the insulin-related super-
family (Scheme 1).[5] The B and A domains are similar to the
two separate B and A chains of insulin (45–52% identity),
whereas the C domain is unrelated to the connecting peptide

of the single-chain insulin precursor (proinsulin). Like other
members of the insulin-related superfamily, IGF-1 contains
three disulfide bridges, which correspond to IGF-1 residues
Cys6–Cys48, Cys18–Cys61, and Cys47–Cys52. Crystal struc-
tures of human IGF-1 resemble the classical T state of human
insulin,[7] with novel features associated with the IGF-1 C and
D domains.[8,9] Despite the similarities of their respective A
and B regions, insulin and IGF-1 appear to differ in how they
bind to their cognate receptors (the insulin receptor and IGF
Type I receptor).[10,11] A promising approach to investigate
functional similarities and differences between IGF-1 and
insulin is the comparative study of analogous substitutions in
their putative receptor-binding surfaces. The overall richness
of the literature describing the synthesis of chemical ana-
logues of insulin, which extends back 35 years,[12] has resulted
in the existence of a trove of data that can act as a foundation
for comparative studies of synthetic IGF-1 analogues. Partic-
ularly intriguing are the marked effects of chiral perturbations
in insulin at specific sites in the main chain[13–16] or side
chains.[17,18] To date, however, relatively few chemical ana-
logues of IGF-1 have been prepared because of the ineffi-
ciency of stepwise solid-phase methods for the synthesis of a
70-residue polypeptide chain.[19–21] A modular synthetic
approach would offer decisive advantages for the facile
preparation of analogues by chemical means.

We set out to establish an efficient modular synthesis of
IGF-1 and chemical analogues by using modern synthetic
methods. Our synthetic strategy for the preparation of IGF-1
is based on the native chemical ligation of unprotected
peptide segments in aqueous solution,[22–28] as shown in
Scheme 1. Several challenges had to be overcome in this
apparently straightforward synthesis: the ligation at Val17–
Cys18 is sterically hindered and would not have been practical
by standard native chemical ligation,[26] and solubility issues
were encountered with the 1–17 peptide, which were over-
come by using some of the findings from our recent work.[28]

Furthermore, it proved important to use solid-phase extrac-
tion to purify the first ligation product for use in the next
ligation reaction, rather than make use of the “one-pot”
ligation strategy.[25] Together, these innovations enabled the
efficient synthesis of this challenging target polypeptide
chain.

Ligation of IGF-1[Thz18-47]athioester and IGF-1[Cys48-
70] was complete in 14 h (see Figure S2(A, B) in the
Supporting Information). The product IGF-1[Thz18-70] was
quantitatively converted into IGF-1[Cys18-70] in 3 h by the
addition of 0.2m methoxylamine·HCl to the crude ligation
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mixture at about pH 4 (see Figure S2(C) in the Supporting
Information).[25] After solid-phase extraction and lyophiliza-
tion, ligation of IGF-1[1-17]athioester and crude IGF-1[Cys18-
70] was performed. This ligation was anticipated to be a slow
reaction, because of the b-branched nature of the C-terminal
Val residue of the IGF-1[1-17]athioester,[24] so a greater
concentration of the (4-carboxylmethyl)thiophenol[26] catalyst
(MPAA, 200 mm) was used. During an exploratory synthesis
we found that the peptide IGF-1[1-17]aCOSCH2CH2CO-Ala-
OH is hydrophobic and thus
difficult to handle by reversed-
phase HPLC. We therefore pre-
pared IGF-1[1-17]athioester-
(Arg)4-Ala-OH, which contains
a solublizing “Arg tag” in the C-
terminal thioester leaving
group.[27,28] The Arg tag was
observed to increase solubility,
thereby conferring favorable
handling properties and facili-
tating the use of this peptide in
ligation. The reaction of IGF-
1[1-17]athioester-(Arg)4-Ala-OH
and IGF-1[Cys18-70] (2 mm

each) was approximately 70–
80% complete in 18 h and
yielded the final full-length
reduced product (see Figure S3-
(A–C) in the Supporting
Information). Purification by
HPLC provided pure, reduced
full-length IGF-1(SH)6 (see Fig-
ure S3(D) in the Supporting
Information).

We aimed to optimize the
folding reaction of IGF-1
because it is known that the
folding of IGF-1 by air oxida-
tion also results in the formation

of non-native isomers;[29,30] under these conditions, the major
non-native isomer (designated “IGF-swap”), which contains
the disulfide pairings Cys6–Cys47, Cys18–Cys61, and Cys48–
Cys52, is obtained at a similar rate and in similar yield to
native IGF-1.[29] We explored different folding conditions, and
found that a greater proportion of native IGF-1 was obtained
under the following conditions: about 0.5 mgmL�1 IGF-
1(SH)6, 20 mm tris(hydroxymethyl)aminomethane hydro-
chloride (Tris-HCl, pH 7.7), 8 mm cysteine, 1 mm cystine

Scheme 1. Strategy for the synthesis of IGF-1. The IGF-1 coordinates are from Protein Databank entry 1PMX.[6]

Figure 1. Folded and purified synthetic proteins. a) IGF-swap, b) IGF-1, c) [Gly7D-Ala]IGF-swap, and
d) [Gly7D-Ala]IGF-1 (UV profiles at 214 nm). The chromatographic separations were performed using a
linear gradient (5–65%) of buffer B in buffer A over 15 min (buffer A: 0.1% trifluoroacetic acid (TFA) in
water; buffer B: 0.08% TFA in acetonitrile). Inset: On-line ESMS spectra taken at the top of the main
peak in each chromatogram. The obtained mass is given for each product.
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hydrochloride, and 0.5m guanidine hydrochloride (GnHCl;
see Figure S4 in the Supporting Information, IGF-swap:IGF-
1 = 1:3). The amount of other minor isomers was also
reduced, relative to the amounts reported in the literature.[30]

Folding, as monitored by LCMS, was complete in one hour.
Following oxidation, the mass decreased by 6.6� 0.7 Da,
indicating the formation of three disulfide bonds. The
principal components of the folding reaction were purified
by preparative reversed-phase HPLC to give pure IGF-1 and
IGF-swap (Figures 1a,b). The overall yield of IGF-1 was
6.7%.

Synthetic IGF-1 and IGF-swap were characterized by CD
and 1H NMR spectroscopy. Previous studies have established
that native IGF-1 and IGF-swap exhibit different mean
a-helix contents because of the segmental unfolding of helix 2
(residues 41–48 in IGF-1; canonical residues A1–A8) in the
non-native isomer (see Figure S5 in the Supporting
Information).[31,32] Structural differences between IGF-1 and
IGF-swap are also associated with significant differences in
the 1H NMR chemical shifts. The 1H NMR spectra of
synthetic IGF-1 (or IGF-swap) obtained in the current
study (Figure 2a) correspond to control spectra of biosyn-
thetic IGF-1 (or IGF-swap) kindly provided by Eli Lilly and
Co (see Figure S6 in the Supporting Information). These
NMR data show that our synthetic IGF-1 and IGF-swap each
had a defined tertiary structure, and also confirm the
previously determined disulfide pairing schemes for the two
protein isomers.[29] The synthetic proteins were further
characterized by measurement of the relative binding affin-
ities to the Type I IGF receptor (Table 1). The activity of
synthetic IGF-1 is the same as that of biosynthetic IGF-1, and
for both recombinant and synthetic proteins the activity of the
disulfide “swap” isomer is reduced by about 30-fold.[29] The
native chemical ligation route thus provides an efficient
method for the synthesis and purification of a protein whose
structure and activity are indistinguishable from biosynthetic
IGF-1.

To illustrate the utility of this synthetic protocol in studies
of nonstandard analogues, we investigated the substitution of
Gly7 by d-Ala. This analogue was designed on the basis of
corresponding studies on human insulin. Gly7 (canonical
position B8 in insulin) participates in a Type 1’ b turn and
exhibits absolute conservation among members of the
vertebrate insulin-related superfamily. Although not part of
the classical receptor-binding surface, the homologous glycine
in insulin (GlyB8) participates in a large-scale allosteric
reorganization of zinc–insulin hexamers,[36,37] designated the
TR transition.[38] In this transition, the dihedral angles of
GlyB8 move from the right side of the Ramachandran plot
(with a positive f angle ordinarily forbidden to l-amino
acids) to the left side (with a negative f angle characteristic of
l-amino acids). Substitution of GlyB8 by d-Ala in insulin
markedly augments the thermodynamic stability of insulin
(presumably by stabilizing the B8-related b turn) but impedes
binding to the insulin receptor by 1000-fold.[15] [Gly7D-
Ala]IGF-1 was obtained by using the same synthetic proce-
dure as for native IGF-1 (Figure 1d). The overall synthetic
yield of [Gly7D-Ala]IGF-1 was 6.7%. The observed folding
rate of [Gly7D-Ala]IGF-1 was much slower than native

IGF-1. It is notable that the amount of [Gly7D-Ala]IGF-swap
was greater in the folding of [Gly7D-Ala]IGF-1 than in native
IGF-1 (see Figure S7 in the Supporting Information). The
1H NMR spectra of synthetic [Gly7D-Ala]IGF-1 and [Gly7D-
Ala]IGF-swap are shown in Figure 2b.

Characterization of the present d-Ala7 analogue of IGF-1
indicates augmented stability (DDGunfolding 0.6� 0.1 kcalmol�1

relative to native IGF-1) as probed by CD-monitored

Figure 2. 2D TOCSY NMR aromatic proton spectra of the synthetic
proteins. a) Folding of the polypeptide chain of wild-type IGF-1 leads
to two disulfide isomers with distinct structures: native pairing
scheme (left) and “swapped” pairing scheme (right).[29] Each isomer
exhibits major and minor conformers; essentially identical spectra are
obtained from authentic biosynthetic proteins (see Figure S6 in the
Supporting Information). Resonance assignments of the major confor-
mer are as indicated. Although signficant differences are observed in
the chemical shifts of corresponding aromatic resonances, similar
overall trends are observed in relative resonance positions (upfield or
downfield of random-coil values), thus reflecting partial structural
similarities between the native and swapped proteins. b) Correspond-
ing 2D TOCSY spectra of d-Ala7 variants: native disulfide pairing (left)
and “swapped” pairing (right). The similarity between the Gly7 and d-
Ala7 spectra for each isomer provides evidence that the nonstandard
d-Ala7 substitution is well accommodated. Spectra were obtained at
40 8C and 700 MHz in 10% deuterioacetic acid and 90% D2O at
pD 2.0 (direct meter reading) as described.[29,33–35]

Table 1: Binding affinities of IGF-1, IGF-swap, [Gly7D-Ala]IGF-1, and
[Gly7D-Ala]IGF-swap to the Type I IGF receptor.

Dissociation constant [nm][a] Relative affinity [%]

IGF-1 0.046�0.0006 100
IGF-swap 6 0.8
[Gly7D-Ala]IGF-1 16.7�0.3 0.3
[Gly7D-Ala]IGF-
swap

N.A.[b] <0.05

[a] Mean S.E.M. values, n =3 (S.E.M.= standard error of the mean).
[b] Too high to measure; even at micromolar concentrations, less than
20% of the radiolabeled IGF-1 was displaced.
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guanidine denaturation experiments (see the Supporting
Information for data and experimental details). Substitution
of Gly7 by d-Ala augments the stability of the non-native
disulfide “swap” isomer more substantially (DDGunfolding>

1.2 kcalmol�1) than it does the stability of the native isomer,
which is consistent with the greater relative yield of the non-
native isomer on oxidative folding of the d-Ala7 polypeptide.
Although the structural basis for this selective stabilization is
unclear, these findings demonstrate that single amino acid
substitutions in IGF-1 can modulate the fidelity of disulfide
pairing by favoring a preferred pairing scheme (even if non-
native) rather than by destabilizing competing folds.
Although the CD and 1H NMR spectra of the d-Ala7
analogue are similar to those of native IGF-1 (see Figure S5
in the Supporting Information and Figure 2), its binding to the
IGF receptor is reduced by 300-fold (Table 1). The similar
properties of homologous d-Ala-substituted analogues of
insulin and IGF-1 (namely, higher thermodynamic stability
and lower receptor-binding affinity as compared to the native
form) provide evidence that the N-terminal segments of these
proteins play corresponding roles in their respective receptor-
binding mechanisms. It is possible that the IGF-1 monomer,
on binding to its receptor, undergoes a similar change in
conformation near Gly7 as proposed for the insulin monomer.
It would be of future interest to characterize sites elsewhere in
the insulin and IGF-1 molecules at which corresponding
substitutions yield divergent properties, as those sites would
identify inequivalent receptor-binding mechanisms. Together,
such comparative studies promise to provide a map of the
functional similarities and differences between insulin and
IGF-1. Such data could inform design of novel ligands with
novel biological properties.

In conclusion, we have described herein an efficient
synthetic scheme for the preparation of IGF-1 and the protein
diastereomer analogue [Gly7D-Ala]IGF-1. Based on native
chemical ligation and an optimized folding protocol, this
scheme facilitates the introduction of nonstandard amino
acids whose biosynthetic incorporation is difficult or not
feasible. In addition to the preparation of IGF-1 analogues
containing d-amino acids, this synthetic scheme will enable
chemical modification of the polypeptide backbone and the
introduction of nonstandard side chains, including photo-
activatable derivatives that are useful in mapping the inter-
face between IGF-1 and its receptor. Facile synthesis of
chemical analogues of IGF-1 thus promises to lead to a new
generation of structure–activity studies of potential interest in
the treatment of cancer and diabetes mellitus.
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