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A convergent synthetic strategy based on modern chemical
ligation methods was used to make human proinsulin. The
synthetic protein was characterized by LCMS, CD spectro-
scopy, and by 1D- and 2D-NMR spectroscopy. Synthetic human
proinsulin had full biochemical activity in a receptor-binding assay.

The human proinsulin molecule is the key to efficient biosynthesis
of human insulin. Proinsulin is biosynthesized as an 86 amino
acid residue polypeptide chain, and after folding and
formation of three native disulfide bonds is processed by
prohormone convertases in the pancreatic B-cell to form
insulin. Proinsulin is composed of the B and A peptides of
insulin linked together by the 35-amino acid C domain.'?
Recent solution NMR structural studies of a monomeric
proinsulin indicate that the C domain is largely unstructured.’
The primary role of the C domain of intact proinsulin is to
favor the formation of the correct disulfides, as found in
mature insulin.* Several insulin gene mutations are thought
to cause diabetes by impairment of proinsulin folding leading
to unremitting endoreticular stress and beta-cell apoptosis.

The NMR structure of a monomeric analogue of human
proinsulin was recently reported.® Although bovine proinsulin
has been crystallized® and proinsulin was co-crystallized with
insulin,®’ no X-ray structure of human proinsulin has been
obtained. We anticipate that the use of a racemic protein
mixture made up of L-proinsulin and p-proinsulin could lead
to the formation of highly ordered centrosymmetric crystals,
which can be used for X-ray crystal structure determination.®
The mirror image protein D-proinsulin can only be prepared
by total chemical synthesis. Here, we report the efficient
total chemical synthesis of human proinsulin using modern
chemical ligation methods.’

The polypeptide chain of proinsulin has 86 amino acids
containing six cysteine residues (Fig. la), and the folded
protein contains three intramolecular disulfide bonds. The
presence of six Cys residues makes proinsulin a good target
for total chemical synthesis by native chemical ligation, which
involves the thioester-mediated amide-forming covalent
condensation of unprotected synthetic peptides.'®!'" Our synthetic
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Fig. 1 (a) Amino acid sequence of human proinsulin. Color coding
corresponds to the peptide segments used in synthesis. (b) Synthetic
strategy used for the total chemical synthesis of human proinsulin by
native chemical ligation. R = —CH,CH,CO-Ala—COOH.

strategy is shown in Fig. 1b. The two peptide-thioesters,
L-proinsulin(Thz'’-Cys”")-*COSR (R = —CH,CH,CO-Ala-
COOH) and L-proinsulin(Phe'-Val'®)-*COSR, and the
Cys-peptide L-proinsulin(Cys’>Asn®®) building blocks were
prepared by manual stepwise Boc-chemistry “‘in situ neutral-
ization” solid phase peptide synthesis'> (see ESI}). The
synthesis of the full length 86-amino acid polypeptide chain
of the target rL-proinsulin was achieved using two native
chemical ligations, starting from the C-terminal segment.'?
Data for the ligations are shown in Fig. 2.
L-proinsulin(Thz'°-Cys")-*COSR (25 mg, 4.3 pmol) and
L-proinsulin(Cys’>-Asn®®) (8.3 mg, 4.7 pmol) were dissolved
to a concentration of 4.3 mM and 4.7 mM, respectively, in 6 M
guanidine-HCI, buffered with 0.2 M sodium phosphate,
pH 6.9, and containing 100 mM (4-carboxymethyl)thiophenol
(MPAA) and 20 mM TCEP-HCL. The reaction mixture was
purged with helium for 5 min and sealed. Upon complete reaction
(~4.5 h), the N-terminal Thz- of the product was converted to
Cys- by addition of 0.4 M methoxylamine-HCl and overnight
reaction at pH 4.0. The crude product L-proinsulin(Cys'*-Asn®®)
was separated from salts and low MW contaminants on a solid
phase extraction C18 cartridge and lyophilized. The second
ligation between L-proinsulin(Phe'-Val'®}-*COSR (5.1 mg,
2.3 pmol) and L-proinsulin(Cys!®-Asn®) (17 mg, 2.3 pmol) was
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Fig. 2 Synthesis of the L-proinsulin polypeptide chain. (a) LC-MS
analytical data (A = 210 nm) for the first ligation between L-proinsulin-
(Thz'"®-Cys’")-*COSR  and  L-proinsulin(Cys’*-Asn®®),  followed
by conversion of Thz- to Cys-. (b) LC-MS analytical data for
the second ligation between L-proinsulin(Phe'-Val'®)-*COSR and
L-proinsulin(Cys'®-Asn®®); the times shown refer to overall elapsed
times for the synthesis. The chromatographic separations were
performed using a linear gradient (9%—53%) of buffer B in buffer A
over 22 min (buffer A = 0.1% TFA in water, buffer B = 0.08% TFA
in acetonitrile).
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Fig. 3 Analytical LC-MS analysis (A = 210 nm) of L-proinsulin’s
folding. (a) Crude linear polypeptide 1-86 (mass: obs. = 9394.5 + 0.6 Da,
calc. 9394.6 Da, av isotopes); (b) folding reaction after 16 h; folding
conditions are described in the text; (c) folded human proinsulin, after
prep HPLC purification (mass: obs. = 9388.0 & 0.5 Da, calc. 9388.5 Da).
The chromatographic separations were performed under the same
conditions used for Fig. 2.

performed under the same conditions at a peptide concentration
of 5.5 mM.

Upon completion of the second ligation (~46.5 h), the
full-length polypeptide L-proinsulin(Phe'-Asn®®) was recovered
by precipitation from water, and the precipitated peptide
redissolved and lyophilized. The crude linear (1-86) peptide
was then folded in a buffer solution containing 50 mM glycine/
NaOH (pH 10.5), 1 mM EDTA, 1 mM reduced glutathione
(GSH), 1 mM oxidized glutathione (GSSG) at peptide
concentration of 0.1 mg mL ™' '* (Fig. 3). The folding solution
was purged, sealed, and incubated overnight at 4 °C. The
reaction mixture was then acidified to pH 2 with dil. HCI and
purified by preparative reverse-phase HPLC to give pure
L-proinsulin (5.45 mg, 0.58 umol, 26% for the whole synthesis,
based on limiting peptide L-proinsulin(Thz'*-Cys’")-*COSR).
The synthetic protein was characterized by LC-MS.

Chemical synthesis of the mirror image protein molecule
p-proinsulin was performed following the same procedure as
described for the L-proinsulin (see ESI}). Both the - and the
p-proinsulin were characterized by CD spectroscopy, receptor-
binding, and by 1D- and 2D-NMR spectroscopy. CD spectra
were recorded on an Aviv spectrometer at 25 °C. Protein
samples were dissolved in phosphate-buffered saline (pH 7.4).
The CD spectra of chemically synthesized and biosynthesized
(recombinant) L-proinsulin showed essentially identical curves
(Fig. 4a). As expected, the CD spectrum of p-proinsulin was
of equal magnitude, but inverted, compared to the spectrum of
L-proinsulin (see ESIT). In an insulin receptor-binding assay,
the results were compatible with expectations: the biosynthetic
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Fig. 4 (a) CD spectra of biosynthetic vs. synthetic L-proinsulin. (b)
Insulin receptor-binding assays for biosynthetic insulin (@), biosynthetic
L-proinsulin (-- Wl --), synthetic L-proinsulin (), synthetic D-proinsulin
(0,

insulin was the most active in binding (Ky = 0.06 + 0.01 nM);
the synthetic and the Lilly biosynthetic L-proinsulin showed
equal activity (Kg = 2.7 £ 04 nM, Ky = 2.8 + 0.4 nM,
respectively), i.e. lower binding than insulin by the expected
amount; and, finally, the enantiomer D-proinsulin was inactive
in the binding assay (its K4 was too great to measure, more
than 100-fold greater than that of L-proinsulin) (Fig. 4b). We
also analyzed r-proinsulin and p-proinsulin by 1D and 2D
'"H-NMR (for NMR data, see ESIt). As enantiomeric forms,
the L- and p-proinsulin had the same NMR spectra. The 1D
NMR results showed clearly that both 1- and D- synthetic
proinsulin are competent to self-assemble into Rg zinc/phenol
hexamers.

With the enantiomers L- and D-proinsulin in hand, we
attempted to crystallize proinsulin by employing the racemic
crystallization method.® However, human proinsulin was
refractory to crystallization even under these conditions, most
likely because of its tendency to form hexamers and aggregates.
Molecular models of classical crystal lattices observed in
studies of insulin suggest that for proinsulin an analogous

mode of hexamer—hexamer assembly would be precluded by
the C domain.

In conclusion, we have developed an efficient total chemical
synthesis of human proinsulin by the chemical ligation of three
synthetic peptide segments. The synthetic 86-residue polypeptide
folds efficiently with the formation of three native disulfide
bonds. The resulting synthetic L-protein is indistinguishable
from authentic recombinant human proinsulin. The p-proinsulin
protein molecule exhibits a mirror image CD spectrum and is
inactive in receptor binding. NMR analysis showed that
synthetic proinsulin formed native-like R6 hexamers. In order
to simplify crystallographic analysis using the racemic
crystallization method, we are now using the same synthetic
strategy described here to make monomeric analogue DKP
human proinsulin enantiomers (DKP = HisB10 — Asp,
ProB28 — Lys and Lys29 — Pro).
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