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ABSTRACT: Efficient total synthesis of insulin is important to
enable the application of medicinal chemistry to the optimization
of the properties of this important protein molecule. Recently we
described “ester insulin”a novel form of insulin in which the
function of the 35 residue C-peptide of proinsulin is replaced by
a single covalent bondas a key intermediate for the efficient
total synthesis of insulin. Here we describe a fully convergent
synthetic route to the ester insulin molecule from three
unprotected peptide segments of approximately equal size. The
synthetic ester insulin polypeptide chain folded much more
rapidly than proinsulin, and at physiological pH. Both the D-protein and L-protein enantiomers of monomeric DKP ester insulin
(i.e., [AspB10, LysB28, ProB29]ester insulin) were prepared by total chemical synthesis. The atomic structure of the synthetic ester
insulin molecule was determined by racemic protein X-ray crystallography to a resolution of 1.6 Å. Diffraction quality crystals
were readily obtained from the racemic mixture of {D-DKP ester insulin + L-DKP ester insulin}, whereas crystals were not
obtained from the L-ester insulin alone even after extensive trials. Both the D-protein and L-protein enantiomers of monomeric
DKP ester insulin were assayed for receptor binding and in diabetic rats, before and after conversion by saponification to the
corresponding DKP insulin enantiomers. L-DKP ester insulin bound weakly to the insulin receptor, while synthetic L-DKP insulin
derived from the L-DKP ester insulin intermediate was fully active in binding to the insulin receptor. The D- and L-DKP ester
insulins and D-DKP insulin were inactive in lowering blood glucose in diabetic rats, while synthetic L-DKP insulin was fully active
in this biological assay. The structural basis of the lack of biological activity of ester insulin is discussed.

■ INTRODUCTION

Human insulin was the first protein to have its complete
covalent structure elucidated, by Fred Sanger who received the
Nobel Prize in 1958 for this achievement.1,2 The insulin
molecule is made up of two polypeptide chains containing a
total of 51 amino acids. There are two interchain disulfide
bonds and one intrachain disulfide bond. Immediately after the
report of its covalent structure, insulin became the target of
total chemical synthesis. Starting in the 1960s, a number of
successful chemical syntheses of insulin were reported.3−9 All of
these syntheses relied on the preparation of the 21 residue
insulin A chain and the 30 residue B chain as separate
polypeptides, and subsequent combination of the A and B
chains to give the folded insulin protein molecule containing
the three native disulfide bonds. Several of these synthetic
routes gave crystalline insulin, but the “Achilles heel” for total
chemical synthesis of this protein molecule has remained the
poor yields of native insulin obtained by combination of the
individual A and B chains. It has been reported that even under

highly optimized conditions, an overall atom efficiency10 of just
7% is obtained.11

How can this low chain combination yield be improved? In
1967, Steiner showed that in nature insulin is produced as
“proinsulin”a single polypeptide chain of 86 amino acids in
which the C-terminal of the B-chain is connected to the N-
terminal of the A-chain by a 35 residue C-peptide.12 In vivo, the
proinsulin polypeptide folds efficiently in the endoplasmic
reticulum (ER) of the pancreatic ß-cells, and is converted to the
mature two-chain insulin molecule by proteolytic processing
that removes the C-peptide.13 The recombinant production of
human insulins for therapeutic use relies on the folding and
enzymatic processing of recombinant proinsulin.14 In vitro, the
overall yield for folding proinsulin and its enzymatic processing
to insulin is as high as 70%.15

Shortly after the discovery of proinsulin, it had been shown
that chemical tethering of the insulin A and B chains gave high
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yields of folded insulin containing native disulfides.16−21

However, the resulting cross-linked insulin molecules were
inactive and for that reason the chemical tethering concept was
not useful for the total synthesis of insulin, despite studies
describing a chemically removable tether.21 Similarly, mini-
proinsulin molecules in which the C-peptide connecting the B
and A chains was shortened or eliminated in most cases gave
folded insulin analogues devoid of biological activity.22 A single
chain insulin construct with LysB29 connected directly to
residue GlyA1 folded efficiently and was enzymatically converted
to fully active desThrB30 insulin.23 Nonetheless, until recently

the efficient total chemical synthesis of native human insulin
has remained an unsolved challenge.

1. ESTER INSULIN

Recently we reported the successful prototyping of a novel
concept for a simpler and more practical total chemical
synthesis of human insulin.24 Our synthetic design involved a
key intermediate in which the insulin A and B chains were
linked by an ester bond formed between the γ-carboxyl group
of GluA4 and the β-hydroxyl group of ThrB30. In order to
explore its folding properties, the 51 residue ester-linked
polypeptide was prepared by native chemical ligation of two

Scheme 1. Convergent Synthetic Strategy from Three Peptide Segments of Approximately Equal Size Used for the Total
Chemical Synthesis of DKP Ester Insulin by “One Pot” Native Chemical Ligations (R = −CH2CH2CO−Ala−COOH)a

aThe amino acid sequences are given in the single letter code. Color-coding corresponds to the peptide segments used in the synthesis. The key
ester moiety is boxed in the top panel. The illustrations for ester insulin follow the convention used in Sohma et al. Angew. Chem. 2010.24
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peptide segments, one of 18 residues and the other of 33
residues. The resulting ester-linked polypeptide folded
efficiently with concomitant formation of three disulfide
bonds and could be converted to fully active human insulin
by saponification at reduced temperature.24

A more optimized total chemical synthesis of human insulin
would employ a convergent condensation strategy from readily
prepared synthetic peptide building blocks to give the key ester-
linked polypeptide described above, followed by folding and
chemical conversion to the native insulin molecule. Convergent
synthesis enables the most efficient use of peptide segment
starting materials.25,26 Such a synthetic route would provide a
practical alternative to recombinant methods for the production
of human insulins for therapeutic use and could provide an
alternative route to the manufacture of generic forms of off-
patent insulins. Optimization of the ester insulin synthetic route
will also enhance the versatility of this synthetic approach for
the preparation of novel analogues, and will enable us to
systematically tune the properties of the insulin molecule. This
promises the expansion of chemical space to exploit modern
medicinal chemistry for the development of insulin therapeu-
tics.
Here, we report an efficient modular total synthesis of ester

insulin, based on the fully convergent chemical ligation of three
synthetic peptide building blocks of similar size. The 51 residue
ester-linked polypeptide chain folded much more rapidly than
proinsulin, and at near physiological pH. Both the L-protein and
D-protein enantiomers of ester insulin were prepared using this
synthetic route and were used for the determination of the high
resolution X-ray structure of ester insulin by racemic protein
crystallography.27 Synthetic ester insulin was converted to
human insulin by simple saponfication. We report the biological
activities of all these forms of insulin.

2. DESIGN OF THE SYNTHESIS
Convergent Synthesis. The ester insulin polypeptide

(compound 6, Scheme 1) consists of 51 amino acids and
contains six Xaa-Cys sites, each of which represents a potential
site for native chemical ligation.28,29 In our original proof-of-
concept preparation of the 51 residue ester insulin polypeptide
just two peptide segments were used as building blocks, and
one of the segments was relatively long.24 In the work reported
here, a fully convergent strategy was designed to make use of
three peptide segments of approximately equal size (Scheme 1).
The three peptide building blocks used here are: GlyA1-
GluA4[OβThrB30-ThzB19]-CysA6-thioester (3), PheB1-ValB18-
thioester (4); and CysA7-AsnA21 (2) (Scheme 1). These
peptides have 18 amino acid residues, 18 residues, and 15
residues, respectively.
Protecting Group Tactics. Synthesis of the ester-

containing peptide GlyA1-GluA4[OβThrB30-ThzB19]-CysA6-thio-
ester (3) requires the use of several different types of protecting
groups, so that each can be stable or removed at a given step, as
needed. The key building block is a suitably protected
Glu(OβThr) ester-linked dipeptide with three protecting
groups removable under distinct sets of conditions. Since
segment 3 is a thioester peptide, the Fmoc protecting group
cannot be employed because the piperidine used for Fmoc
deprotection will attack the thioester moiety. Therefore, we
designed the key ester-linked Boc-Glu[Oβ(Alloc-Thr-α-O-
cHex)]−OH dipeptide (10) (Schemes 2 and 3). The Boc
and Alloc protecting groups can each be removed in the
presence of the other, and they can each be removed without

affecting the thioester moiety of 3. The cyclohexyl protecting
group was employed to protect the C-terminal carboxylic
functionality of ThrB30 during the solid phase peptide synthesis
and is removed by anhydrous HF in the cleavage/deprotection
step. Synthesis of the Boc-Glu[Oβ(Alloc-Thr-α-O-cHex)]−OH
(10) is shown in Scheme 2. The chemical tactics used for the
solid phase synthesis of the ester-linked branched peptide
building block 3 are shown in Scheme 3. In addition to the
differential protection of the amino groups in the ester-linked
dipeptide, it was necessary to ‘permanently’ protect the N-
terminal amino functionality of Gly1 in the A-chain while the
sequence ThzB19‑ProB29 was assembled by Boc chemistry solid
phase peptide synthesis (SPPS) on the ester-linked ThrB30

(Scheme 3). For this purpose, chlorobenzyloxycarbonyl (Cl-Z)
was employed.

Chemical Ligations. The fully convergent synthesis of
ester insulin from the three peptide segments was accomplished
by two native chemical ligation steps, starting from the CysA7-
AsnA21 segment 2 (Scheme 1). A “one pot” synthesis approach
was employed in order to minimize losses from multiple
intermediate handling and purification steps.30 The N-terminal
Cys of the thioester peptide 3 was introduced as the 1,3-
thiazolidine-4-carboxo (Thz) group in order to prevent
intramolecular reaction of the N-terminal Cys with the
thioester moiety of the same peptide.30 After the first chemical
ligation, the Thz- moiety was simply converted to the Cys-
peptide product by treatment with methoxylamine·HCl at
reduced pH. Without purification, the product solution was
then readjusted to pH 7 and the second native chemical ligation
was carried out. The full-length polypeptide was recovered by
precipitation, and was folded with the formation of the three
native disulfide bonds and then purified by reverse phase HPLC
to give the desired ester insulin product (1).

3. RESULTS AND DISCUSSION
We chose to make DKP insulin (i.e., [AspB10, LysB28, ProB29]-
insulin). Relative to wild-type insulin this analog exhibits
enhanced receptor binding and enhanced stability, and can be
stably formulated as a zinc-free monomer.31 The amino acid
sequence and covalent structure of the ester insulin target
molecule is shown in Scheme 1.

Scheme 2. Synthesis of Ester-containing Dipeptide Boc-L-
Glu[Oβ(Alloc-L-Thr-α-O-cHex)]−OH (10)a

a(i) cyclohexanol, SOCl2, 100 °C, 2.5 h; (ii) allyl chloroformate, Et3N,
THF, rt, overnight (94% for both steps); (iii) Boc-Glu-OFm,
EDC·HCl, DMAP, DCM, rt, overnight, (78%); (iv) 20% piperidine
in DCM, rt, 3 h, (91%).
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Synthesis of Ester-linked Dipeptide (10). The synthesis
of the ester-linked dipeptide Boc-Glu[Oβ(Alloc-Thr-α-O-
cHex)]−OH (10) is shown in Scheme 2. Esterification of L-
threonine with cyclohexanol generated compound 7 which was
easily recovered by evaporation of the cyclohexanol and used
without further purification. Compound 7 was treated with allyl
chloroformate to afford carbamate 8 in high yields. Con-
densation with Boc-Glu-OFm generated ester 9, which was
then treated with piperidine to remove the OFm moiety and to
thus yield ester-linked dipeptide 10. This dipeptide was then
incorporated in the synthesis of the branched ester-containing
peptide (3) (Scheme 3). This four-step synthesis of dipeptide

10 was efficient and simple. More importantly, it resulted in
recovered yields of approximately 70% over the four steps.

Synthesis of Peptide Segments. The two peptide-
thioesters PheB1-ValB18-αCOSR (4) (R=−CH2CH2CO−Ala−
COOH) and GlyA1-GluA4[OβThrB30-ThzB19]-CysA6-αCOSR
(3), and the Cys-peptide CysA7-AsnA21 (2) building blocks
were prepared by manual stepwise Boc chemistry “in situ
neutralization” solid phase peptide synthesis.32 Synthetic
peptides were purified by preparative reverse phase HPLC
and were characterized by analytical LC−MS. Full details are
given in the Supporting Information.

Scheme 3. Solid Phase Synthesis of ThzB19-[A1-GluA4(Oβ ThrB30)-A6-αCOSa

a(i) TFA for Boc deprotection. Trityl moiety was removed with a cocktail of 95:2.5:2.5 TFA:H2O:triisopropylsilane; (ii) Boc-Xaa−OH, HBTU,
DIEA, DMF; (iii) Boc-Glu(Oβ(Alloc-Thr-α-O-cHex))−OH (10), HBTU, DIEA, DMF; (iv) DIEA, DMF, Z(2-Cl)-OSu; (v) Pd(PPh3)4, PhSiH3,
DCM; (vi) HF, p-cresol.
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Synthesis of the ester-containing peptide GlyA1-
GluA4[OβThrB30-ThzB19]-CysA6-αCOSR (3) is shown in
Scheme 3. This synthesis was performed on Boc-Ala-OCH2−
Pam-resin. After one cycle of S-trityl mercaptopropionic acid
coupling and two cycles of Boc-Xaa−OH coupling up to
residue GlnA5, the dipeptide Boc-Glu[Oβ(Alloc-Thr-α-O-
cHex)]−OH (10) containing Boc and Alloc protecting groups
on GluA4(αNH2) and ThrB30(αNH2) respectively was coupled
to GlnA5. The rest of chain A was constructed up to GlyA1; then
the GlyA1 N-terminus was protected by chlorobenzyloxycar-

bonyl (Cl-Z), which is stable during Boc chemistry SPPS and
can be removed in the final HF deprotection/cleavage step.
The Alloc moiety was removed to reveal the αNH2- of Thr

B30,
and residues ProB29 to ThzB19 were assembled, followed by
global deprotection and cleavage of the peptide from the resin
by treatment with HF.

Native Chemical Ligations. Analytical data for a
representative synthesis of L-ester insulin are given in Figure
1. The synthesis of the enantiomer D-ester insulin was
performed in the same manner. Analytical data for the

Figure 1. One pot reactions for the total chemical synthesis of the ester insulin polypeptde 6. (1) Native chemical ligation for the synthesis of GlyA1-
GluA4[OβThrB30-CysB19]-AsnA21 (5). (1a-b) Reaction of peptide segments GlyA1-GluA4[OβThrB30-ThzB19]-CysA6-αCOSR (3) (R = −CH2CH2CO−
Ala−COOH) and CysA7-AsnA21 (2). (1c) Conversion of Thz- to Cys-. The chromatographic separations were performed on a C18 column 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). (2) Native
chemical ligation for the synthesis of GlyA1-GluA4[OβThrB30-PheB1]-AsnA21 (6). (2a-b) Reaction of GlyA1-GluA4[OβThrB30-CysB19])-AsnA21 (5) and
PheB1-ValB18- αCOSR (4). Both peptide segments have the same retention time, as confirmed by LC-MS. Upon completion, excess PheB1-
ValB18-αCOSR (4) remained. *: PheB1-ValB18-αCO-MPAA thioester. (2c) Crude polypeptide (6) after precipitation from water. The chromatographic
separations were performed on a C18 column using a linear gradient (4%−48%) of buffer B in buffer A over 22 min. All analyses were by LC-MS;
only the HPLC data are shown.

Figure 2. Folding of ester insulin. Folding was carried at room temperature in a pH 7.6 buffer solution containing 1.5 M GnHCl, 20 mM Tris, 8 mM
cysteine, 1 mM cystine·HCl, at a starting polypeptide concentration of ∼0.3 mg/mL. (1a) Crude linear polypeptide ester insulin (6) at t = 0 h. (1b)
Folding reaction after 2 h. The chromatographic separations were performed on a C18 column using a linear gradient (4−48%) of buffer B in buffer
A over 22 min (buffer A = 0.1% TFA in water, buffer B = 0.08% TFA in acetonitrile). (2a) Folded L-ester insulin after prep HPLC purification (Inset:
online ESI-MS spectra of the main peak). (2b) Folded D-ester insulin after prep HPLC purification (Inset: online ESI-MS spectra of the main peak).
The chromatographic separations were performed on a C18 column using a linear gradient (9%−53%) of buffer B in buffer A over 22 min.
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syntheses of L- and D-peptide segments and D-ester insulin are
shown in Figures S1−S5 (Supporting Information).
Based on the synthetic strategy shown in Scheme 1, the first

native chemical ligation was performed between the C-terminal
peptide segment CysA7-AsnA21 (2) and the ester-containing
peptide GlyA1-GluA4[OβThrB30-ThzB19]-CysA6-thioester (3) in a
buffer solution of pH 6.9 to give the ligation product GlyA1-
GluA4[OβThrB30-ThzB19]-AsnA21 (5′) within 4.5h (Figure 1,
panels 1a−b). A slight excess (1.07 equiv) of the Cys-peptide
segment was used to ensure complete reaction of the more
“expensive” ester-linked peptide-thioester segment. Without
purification, the N-terminal ThzB19 was converted to CysB19 by
treatment with methoxylamine·HCl at pH 4 to give GlyA1-
GluA4[OβThrB30-CysB19])-AsnA21 (5) (Figure 1, panel 1c).
After readjusting the product-containing solution to pH 6.9, the
second native chemical ligation was performed in the same
reaction mixture with peptide thioester segment PheB1-ValB18-
thioester (4) (Figure 1, panels 2a−b). Because this ligation was
at a hindered Val-Cys site, a high concentration of the aryl thiol
catalyst mercaptophenylacetic acid (MPAA) was used.33 Within
38 h the reaction was complete and the full-length polypeptide
GlyA1-GluA4[OβThrB30-PheB1]-AsnA21 (6) was recovered by
precipitation from water (Figure 1, panel 2c) and lyophilized.
This “one pot” synthesis proved to be an efficient way of
carrying out sequential native chemical ligations; avoiding
purification steps during the polypeptide assembly shortened
the overall synthesis time since it excluded purification and
lyophilization times which can take several days. In addition,
this method minimized handling losses and therefore improved
the overall yields.
Folding. The crude lyophilized full-length ester insulin

polypeptide was folded at pH 7.6 in 1.5 M guanidine
hydrochloride aqueous buffer containing a cysteine/cystine
redox couple. Folding with concomitant disulfide bond
formation was rapid and nearly complete after 30 min. Folding
was essentially complete after 2 h, as evidenced by the
disappearance of linear polypeptide and the formation in ∼85%
HPLC yield of a sharp peak with an earlier elution time than
the unfolded polypeptide in reverse phase HPLC, and a mass
decrease of 6 Da corresponding to the formation of three
disulfides (Figure 2, panels 1a−b). Disulfide-containing folded
globular proteins typically have earlier elution times in reverse
phase HPLC compared to the corresponding unfolded
polypeptides because the hydrophobic residues become buried
in the core of the folded protein molecule.
It is important to note that the ester-linked polypeptide 6

folded in very high yield at near physiological pH 7.6, in a
buffer in which the cysteine reducing component of the redox
couple is in considerable excess. Proinsulin itself gives very poor
(<10%) folding yields under similar conditions.34 Efficient
(∼60−70%) in vitro folding of proinsulin34 or DKP
proinsulin35 occurs under kinetically controlled conditions
and requires a much more basic pH 10.5 and a substantial
excess of the oxidized component of the redox couple. The
inability to fold proinsulin in vitro at physiological pH has been
attributed to aggregation of partially folded or misfolded
polypeptide chains; at pH 10.5 correct folding of proinsulin is
faster than aggregation and so folding proceeds successfully.34

In our case, the ester insulin polypeptide folds rapidly and in
high yield at near-physiological pH under redox conditions that
favor the reduction and reshuffling of misfolded products
without aggregation problems. A possible molecular explan-
ation for the lack of aggregation in folding ester insulin is as

follows. The structure of hydrogen-bonded aggregates calls for
the A and B chains to be parallel in two-layered beta sheets in
the unfolded or partially folded molecule. As is the case for
single chain insulins,36 because of the constraints imposed by
the additional ester bond, the ester insulin molecule cannot
adopt this unfolded conformation that is required for
aggregation. Efficient folding at physiological pH is a substantial
advantage of ester insulin over proinsulin for insulin
production.
The folded product solution was acidified to pH ∼3 and

purified by preparative HPLC followed by lyophilization to
afford ester insulin 1. Essentially identical synthetic results were
obtained for both L-ester insulin and D-ester insulin. The overall
yield starting from the first ligation was ∼15%, based on
limiting peptide 3. The products were characterized by LC-MS
(ESI); observed mass: L-ester insulin, 5767.4 ± 0.2 Da; D-ester
insulin, 5767.4 ± 0.3 Da; calculated mass, 5767.5 Da (average
isotopes) (Figure 2, panels 2a−b). From a total of 193 mg of
peptide starting materials, the amount of the isolated folded
product obtained was 23 mg, which is a yield of 12% in terms of
“atom economy”.10 Based on our observed HPLC yield data we
estimate an overall atom economy of at least 35% could be
obtained with further optimization of the reaction sequence at
increased scale.

Racemic Crystallization. We set out to obtain a high
resolution X-ray structure of the ester insulin molecule. Initially,
crystallization trials were carried out with L-ester insulin alone
using the commercially available 96-Index screen conditions
obtained from Hampton Research. However, these trials were
not successful and no crystals were obtained even after several
months. Recently we have had considerable success in
crystallizing recalcitrant proteins from racemic mixtures.37 In
order to implement racemic crystallization in the present case
we used the efficient convergent synthesis described above to
prepare both the L-protein and D-protein enantiomers of ester
insulin, and then used in the same Hampton Index screen a
racemic mixture where both L- and D-ester insulin were present
in equal amounts; within a week microcrystals were obtained
from several conditions. More conditions were screened with
protein concentrations of 2.5 and 5 mg/mL (i.e., 1.25 mg/mL
of D enantiomer +1.25 mg/mL of L enantiomer; and, 2.5 mg/
mL of D enantiomer +2.5 mg/mL of L enantiomer, respectively)
using Hampton Crystal Screen, Crystal Screen 2, and Crystal
Screen Lite. We obtained microcrystals from several conditions,
all of which contained either PEG (= polyethylene glycol),
MPD (= (±)-2-methyl-2,4-pentanediol) or Jeffamine. We
focused on these conditions and optimized them using
PEGRx 1 kit and Grid Screen MPD obtained from Hampton
Research, as well as other optimization methods including
changing the precipitant and buffer concentrations. Finally,
several conditions containing PEG afforded X-ray diffraction
quality crystals.

X-ray Structure of Ester Insulin. Diffraction data from
four crystals were collected at the Advanced Photon Source.
For structure determination, we used data acquired from a
racemic crystal that diffracted to a resolution of 1.6 Å (see
Experimental Section). Diffraction intensity statistics revealed
that the protein racemate had crystallized in the centrosym-
metric space group P1̅ and had unit cell parameters of a = 20.5
Å, b = 27.8 Å, c = 34.8 Å, α = 96.4°, β = 98.6°, γ = 104.5°.
There was one enantiomer in the asymmetric unit and two
molecules (one L-ester insulin, and one D-ester insulin) in the
unit cell (Figure 3a). The solvent content for this crystal was
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relatively low at 25%. This compares with solvent contents of
30−40% reported for 3E7Y, 1XDA, 1B9E, 1QIY insulins in the
PDB. The structure was determined by molecular replacement
using the program MOLREP38 with a human insulin molecule
from PDB code 3E7Y as a starting model. After protein model
building and placement of solvent molecules, the final model
was refined to crystallographic R-factor and R-free values of
22.1% and 25.0% respectively by REFMAC539 (an R-factor of
22.1% for a centrosymmetric structure corresponds to about
14% for an acentric one40).
The packing of the D- and L-enantiomers of ester insulin in

the P1̅ unit cell is shown in Figure 3a. There are intermolecular
hydrogen bonding interactions between the antiparallel β-
strands at positions PheB24-TyrB26 of the two enantiomeric
molecules. As shown in Figure 3a, interactions in this region
contribute to the centrosymmetric arrangement of the D- and L-
enantiomers. Interestingly, this interface is an achiral
antiparallel β-sheet, in contrast to the native antiparallel β-
sheets found in L-proteins which are chiral. Features similar to
this special β-strand-type intermolecular interaction at the
centrosymmetric interface between L- and D-enantiomers have
been seen previously by us in a protein racemate crystal.41,42

Figure 3b and 3c show a cartoon representation of the observed
X-ray structure of ester insulin monomer and the 2Fo − Fc
electron density map of the ester link portion. In addition to
the ß-sheet mentioned above, the structure of ester insulin

features three α-helices: two relatively short helices in the A
chain (IleA2-CysA7, LeuA13-CysA19), and a longer one in the B
chain (SerB9-CysB19). Residues GlyB20-GlyB23 form a ß-turn. The
disulfide bonds of ester insulin involve the same pairs of Cys
residues as in native insulin. There are three disulfide bonds;
two intermolecular disulfide bonds CysA7-CysB7, CysA20-CysB19,
and one intramolecular disulfide bond CysA6-CysA11 with right-,
left-, and left-hand chiral conformations, respectively.
In order to learn more about the effect of the ester bond on

the structure of the insulin molecule, we compared the X-ray
structure of our DKP ester insulin to the known X-ray structure
of KP insulin (PDB code 1LPH).43 In both these insulin
molecules the native ProB28-LysB29 sequence is inverted, that is,
LysB28-ProB29; in addition, in DKP insulin the HisB10 that is
involved in coordinating zinc ions found in hexamers of native
insulin is replaced by AspB10. KP human insulin crystallizes as a
hexamer, made up of three insulin dimers, that contains two
zinc ions and three phenol molecules. In that crystalline form,
the two insulin monomers in each dimer are different from each
other in the N-terminus of the B-chain: in one insulin
monomer (designated the “T-monomer”), residues SerB9-
CysB19 are α-helical and residues PheB1-GlyB8 are in extended
conformation, while in the other insulin monomer the α-helix is
longer and includes residues GlnB4-CysB19 (designated the “Rf -
monomer”). In contrast to KP-insulin, because DKP ester
insulin does not have the His residue at the B10 position, it is a

Figure 3. X-ray structure of ester insulin (1.6 Å), obtained from racemic crystallization of D-DKP ester insulin and L-DKP ester insulin. (a) Racemic
crystal packing in centrosymmetric P1̅ unit cell, showing the L-DKP ester insulin molecule (green) and the D-DKP ester insulin molecule (gold). The
ester linkage is shown in sticks (O, red). (b) Cartoon representation of the A chain (cyan) and B chain (green) of L-DKP ester insulin. The three
disulfide bonds of the folded protein and the ester linkage are shown as sticks (O, red; S, gold). (c) SigmaA-weighted 2Fo-Fc electron density map,
contoured at 1.5σ, showing the ester linkage between GluA4-ThrB30 (C, green; O, red; N, blue). (d) Superposition of X-ray crystal structures of the T-
form of KP insulin (PDB ID: 1LPH) (magenta) and DKP ester insulin (green). The three disulfide bonds and the ester linkage are shown as sticks
(O, red; N, blue S, gold).
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monomer and not a hexamer,44 and in any case no zinc ion (or
any other divalent ion) has been used in the crystallization of
DKP ester insulin. Being a monomer, DKP ester insulin has
only the one conformation at the N-terminus of the B chain, in
which residues SerB9-CysB19 are α-helical and residues PheB1-
GlyB8 are in extended conformation. This is consistent with
previous observations of the process of the native insulin
hexamer’s dissociation to the biologically active monomer,
where a dynamic structural change occurs at the N-terminus of
the B chain giving the conformation observed in DKP ester
insulin.44

Figure 3d shows the superposition of the DKP ester insulin
and the T monomer of KP insulin (PDB ID: 1LPH).
Superposition of these two molecules gave root-mean-square
(r.m.s) Cα deviations of 0.8 Å for chain A and 2.6 Å for chain B.

The distances between pairs of Cα atoms have been plotted as a
function of residue number for DKP ester insulin versus KP
insulin and can be found in Supporting Information Graph S1.
The two X-ray structures are generally similar although
backbone deviations were found at the unconstrained N-
terminus of the B chain, and at the C-terminus of the B chain
caused by the ester link. The ester bond connects the side chain
of ThrB30 at the C-terminus of the B chain with the side chain
of GluA4 near the N-terminus of the A chain and thus causes the
C-terminal backbone of the B chain to move toward the N-
terminus of the A chain. In addition, the disulfide bond
between CysA6-CysA11 is left-handed in ester insulin and right-
handed in KP-insulin.

Chemical Conversion of Ester Insulin into DKP Insulin.
In order to confirm that the convergent synthesis of ester

Figure 4. Conversion of DKP ester insulin to native DKP insulin. Saponification of ester insulin 1 to give DKP insulin 17: (a) Ester insulin 1 at t = 0
h (Inset: online ESI-MS spectra of the main peak). (b,c) Reaction mixture at (b) t = 3 h and (c) t = 23 h. *: derived from A chain. **: oxidized B
chain. (d) Purified DKP insulin (Inset: online ESI-MS spectra of the main peak). The observed increase of 18 Da for the hydrolyzed DKP insulin
confirms the conversion of ester insulin into DKP insulin by addition of the elements of water. The chromatographic separations were performed on
a C18 column using a linear gradient (9−53%) of buffer B in buffer A over 22 min.
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insulin will enable us to obtain the native biologically active
insulin, we hydrolyzed the ester link between the A and B
chains. Saponification of ester insulin 1 was performed under
the following conditions:24 0.12 mg/mL of ester insulin 1, 25
mM of sodium hydroxide, 25% acetonitrile (in water), at 4 °C.
As shown in Figure 4, after 23 h the DKP insulin was obtained
in approximately 92% yield as determined by HPLC analysis.
As side products, derivatives of the A chain and the oxidized

form of the B chain were observed in amounts of a few percent,
probably because of disruption of disulfide bonds under the
basic saponification conditions. The product DKP insulin 17
had an 18 Da higher mass than the DKP ester insulin, which
confirmed the addition of the elements of water during the
saponification.

Biological Activity. Synthetic D- and L-DKP ester insulins
were characterized in receptor binding and rat blood sugar

Figure 5. Receptor binding and diabetic rat assays. (A) Receptor-binding assay: biosynthetic DKP insulin (■), biosynthetic wild-type (wt) insulin
(▲), synthetic L-DKP ester insulin (L-DKPE) (◊), synthetic D-DKP ester insulin (D-DKPE) (⧫). (B) Receptor-binding assay: biosynthetic wt insulin
(▲), synthetic L-DKP insulin (○), synthetic D-DKP insulin (●). (C) Diabetic rat assay: biosynthetic DKP insulin (■), synthetic L-DKPE (◊),
synthetic D-DKPE (⧫). The experiment presented in panel C was abbreviated since both ester insulins were not active. (D) Diabetic rat assay:
biosynthetic wt insulin (▲), synthetic L-DKP insulin (○), synthetic D-DKP insulin (●). “Diluent” (Δ) in panel D means a buffer control (i.e., no
protein). The same symbols have the same meanings throughout.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja311408y | J. Am. Chem. Soc. 2013, 135, 3173−31853181



potency assays (Figure 5A and C). As a control, the synthetic D-
and L-DKP insulins generated by hydrolysis of the correspond-
ing ester insulins were characterized in the same assays (Figure
5B and D). In all the assays, the activities of the insulin
analogues were compared with wild type (wt) biosynthetic
insulin or biosynthetic DKP insulin.
As shown in panel A of Figure 5, biosynthetic wt insulin and

biosynthetic DKP insulin were highly active in binding to the
insulin receptor. Synthetic L-DKP ester insulin had low activity
comparing to synthetic L-DKP insulin (∼103 less than DKP
insulin), which is consistent with what was previously published
for a related single-chain insulin analog.36,45 Synthetic D-DKP
ester insulin had only background-level activity (∼105 less than
DKP insulin). As shown in Figure 5B, synthetic L-DKP insulin
had insulin receptor-binding activity comparable to that of
biosynthetic DKP insulin, while synthetic D-DKP insulin was at
least ∼105 less active than L-DKP insulin in this assay. Note that
in both panels A and B, L-DKP insulins (biosynthetic and
synthetic) are somewhat more active than the wt insulin used as
a positive control.
The insulin receptor-binding assays results are summarized in

Table 1.
Assays for the reduction of blood glucose levels in diabetic

rats gave results that were in agreement with the pattern of
results obtained in the insulin receptor-binding assays. Active
insulin causes the blood glucose concentration to fall for a few
hours, then the effect wears off and the blood glucose
concentration increases again to the baseline concentration
(the baseline is high because the rats used are diabetic).
Biosynthetic wt insulin (Figure 5D), and biosynthetic DKP
insulin (Figure 5C) are both fully active in this assay. Synthetic
DKP insulin was also fully active, being equipotent with
biosynthetic wt insulin (Figure 5D). Neither D-DKP ester
insulin nor L-DKP ester insulin were active (Figure 5C), and
synthetic D-DKP insulin (Figure 5D) was also inactive, in
agreement with the low activities found in the receptor binding
assays (Table 1).
Structural Basis of the Lack of Biological Activity of

Ester Insulin. Although the X-ray structure of DKP ester
insulin is very similar to the structure of KP insulin, ester insulin
shows greatly reduced activity in receptor binding (Table 1)
and is not biologically active (Figure 5C). This is consistent
with previous studies suggesting that the C-terminus of the B-
chain is flexible, enabling a conformational change in which the
C-terminus of the B-chain moves away from the core of the
insulin molecule exposing the residues responsible for the
binding of the insulin to its receptor.15,46−48 There are several
important sites participating in high affinity receptor activation,
among them: residues PheB24 and PheB25, which associate with
the amino- and carboxy- terminal domains of the α-subunit in
the insulin receptor;49 the α-helix at GlyA1-ThrA8, which
interacts with the C-terminal domain of the α-subunit of the
insulin receptor;50 and residues ValB12 and TyrB16 which
associate with the N-terminal region of the α subunit of the
insulin receptor.51−54 It was proposed that C-terminal B-chain
movement during the receptor-binding process leads to a C-
terminal ß-strand (PheB24-TyrB26) separation from the α-helix
of chain B and from the N-terminus of chain A, which enables

the interaction of the A chain N-terminal α-helix and residues
ValB12, PheB24 and PheB25 with the receptor.15 These studies
and the suggested conformational change receptor binding
mechanism are consistent with the inactivity of the ester insulin
protein molecule: the ester linkage between the side chains of
ThrB30 and GluA4 prevents the C-terminal region of the B chain
from moving away from the insulin core to expose the high
affinity binding elements within the insulin molecule (Figure
6).49

4. SUMMARY AND CONCLUSIONS
We have designed and implemented a modular, convergent
synthesis of ester-insulin from three peptide segments of
approximately equal size. Racemic crystallization was used for
the facile production of diffraction quality crystals of ester
insulin, a protein that was reluctant to crystallize as the L-
protein form alone. The experimentally determined X-ray
structure of DKP ester insulin is very similar to the T-form
conformation in the crystal structure of KP insulin, and showed
that the ester insulin contained three native disulfide bonds.
Ester insulin was devoid of biological activity in a diabetic rat
assay. This finding is consistent with previous studies
suggesting that the binding of the insulin molecule to the
insulin receptor requires a conformational change in insulin at
the C-terminus of the B chain, which is not possible for the
“locked” conformation of the ester insulin. Because the inactive
ester insulin can be readily converted to the fully active insulin
molecule by simple saponification, the convergent synthetic
route to ester insulin reported here will enable the efficient
generation of insulin analogues, and also promises to enable
cost-effective industrial scale chemical manufacture of improved
human insulins.

Table 1. Insulin Receptor-Binding Assays Results

WT insulin (biosynthetic) DKP insulin (biosynthetic) L-DKP ester insulin D-DKP ester insulin L-DKP insulin D-DKP insulin

Kd (nM) 0.060 ± 0.009 0.029 ± 0.005 30.0 ± 0.3 >∼2000 0.016 ± 0.003 >∼1200

Figure 6. Conformation affects insulin binding to its receptor. (a)
Schematic illustration of conformational change of insulin upon its
binding to the receptor, after Weiss et al.49 Chains A and B are
schematically shown as brown and green regions, respectively.
Residues IleA2, ValA3, ValB12, PheB24, and PheB25 implicated in binding
to the insulin receptor are schematically shown. (b) Schematic model
of ester insulin ‘locked’ in an unproductive conformation by the ester
tether.
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5. EXPERIMENTAL SECTION
Materials. Boc-amino acids (Peptide Institute, Osaka) and 2-(1H-

benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) were obtained from Peptides International, Inc. Side-chain
protecting groups used were Arg(Tos), Asn(Xan), Asp(OcHex),
Cys(4-CH3Bzl), Glu(OcHex), His(DNP), Lys(2Cl-Z), Ser(Bzl),
Thr(Bzl), Tyr(2Br-Z). Aminomethyl-resin was prepared from
Biobeads S-X1 (BioRad, California).55 Boc-L-Asn-OCH2-phenylacetic
acid and Boc-L-Ala-OCH2-phenylacetic acid were purchased from
NeoMPS, Strasbourg France. Boc-D-Asn-OCH2-phenylacetamido-
methyl resin, Boc-Glu-OFm and N-2-Chlorobenzyloxycarbonyloxy-
succinimide (Z(2-Cl)-OSu) were obtained from Chem-Impex Interna-
tional Inc. (Wood Dale, IL). Trifluoroacetic acid (TFA) was purchased
from Halocarbon Products (New Jersey). N,N-Dimethylformamide
(DMF) was purchased from VWR international. HF was purchased
from Matheson. All other chemical reagents were purchased from
Sigma-Aldrich or Fisher Scientific.
Peptide Synthesis. The L-amino acid and D-amino acid Cys-

peptide segments CysA7-AsnA21 were synthesized on Boc-Asn-OCH2−
Pam-resin of the appropriate chirality, using manual “in situ
neutralization” Boc chemistry protocols for stepwise SPPS.32 The
PheB1-ValB18 D- and L-peptide-thioester segments were synthesized on
trityl-SCH2CH2CO-Ala-OCH2−Pam-resin. After removal of the Nα-
Boc group, peptides were cleaved from the resin and deprotected by
treatment with anhydrous HF/p-cresol at 0 °C for 1 h.
LC-MS Analysis and Preparative HPLC. Peptide compositions

were evaluated by analytical reverse phase LC-MS using a gradient of
0.08% TFA in acetonitrile (buffer B) versus 0.1% TFA in water (buffer
A). Analytical HPLC was carried out as follows: self-packed C8 or C18
(3 μm, 300 Å) 2.1 × 50 mm column at 40 °C with a flow rate of 0.5
mL/min. The eluent was monitored at 210 nm, with online
electrospray ionization mass spectrometry (ESI-MS) using an Agilent
1100 LC-ion trap. Peptides were purified on C18 (10 μm, 300 Å) silica
with columns of dimension 10 × 250 mm. The silica used was TP
Vydac. Crude peptides (∼100 mg) were dissolved in 5% B or 6 M
GnHCl (at pH ∼3), loaded onto the prep column and eluted at a flow
rate of 5 mL per minute with a shallow gradient (e.g., 15−35% B over
100 min) of increasing concentrations of solvent B in solvent A.
Fractions containing the purified target peptide were identified by LC,
and aliqouts of the selected fractions were combined and checked by
LC-MS. Selected fractions were combined and lyophilized.
Synthesis of HCl·H-Thr-OcHex (7). Cyclohexanol (120 mL) was

cooled on ice and SOCl2 (4.9 mL, 67 mmol) was added dropwise
under argon atmosphere. After the addition was complete, H-Thr-OH
(4.0 g, 33.5 mmol) was added as a single portion and the reaction
mixture was stirred for 2.5 h at 100 °C and the reaction monitored by
TLC. Upon completion, the reaction mixture was concentrated in
vacuo to yield a yellow oil. This crude product was carried on to the
next step without further purification. 1H NMR (500 MHz, CDCl3): δ
= 8.37 (br. s, 3H), 4.93−4.89 (m, 1H), 4.32−4.30 (m, 1H), 4.01−4.06
(m, 1H), 1.91−1.89 (m, 2H), 1.75−1.73 (m, 2H), 1.57−1.48 (m, 4H),
1.40−1.23 (m, 5H); 13C NMR (125 MHz, CDCl3): δ = 167.6, 75.6,
66.1, 59.5, 31.3, 31.2, 25.1, 23.5, 20.4; APCI-MS (Da): [M-
(C10H20NO3)]

+ calculated: 202.1; found: 202.1.
Synthesis of Alloc-Thr-OcHex (8). To a solution of compound 7

in THF (60 mL), Et3N (12 mL) was added at 0 °C. The reaction
mixture was stirred for 5 min, followed by dropwise addition of a
solution of Alloc-Cl (3.8 g, 31.9 mmol) in THF (8 mL). The ice bath
was removed and the reaction mixture was stirred at room temperature
overnight under argon atmosphere. The reaction was monitored by
TLC. After evaporation of the solvent, the crude product was dissolved
in EtOAc, and the organic phase was washed sequentially with 1 N
HCl (2×) and brine, dried over anhydrous MgSO4 and evaporated to
give a brownish oil, which after purification by silica gel column
chromatography (EtOAc, Hex) afforded 8 as a yellow oil (9.0 g, 31.5
mmol, 94% yield for both steps). 1H NMR (500 MHz, CDCl3): δ =
5.98−5.91 (m, 1H), 5.66 (d, J = 8.5, 1H), 5.35 (d, J = 17.5 Hz, 1H),
5.24 (d, J = 10.5 Hz, 1H), 4.90−4.85 (m, 1H), 4.62−4.61 (m, 2H),
4.33−4.30 (m, 2H), 2.34 (d, J = 5 Hz, 1H), 1.92−1.85 (m, 2H), 1.74−

1.73 (m, 2H), 1.56−1.46 (m, 3H), 1.43−1.31 (m, 3H), 1.28 (d, J = 6.5
Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 170.5, 156.6, 132.6,
117.8, 74.2, 68.2, 65.9, 59.2, 31.4, 31.3, 25.2, 23.5, 19.9 167.6, 75.6,
66.1, 59.5, 31.3, 31.2, 25.1, 23.5, 20.4; APCI-MS (Da): [M-
(C14H23NO5)]

+ calculated: 286.2; found: 286.1.
Synthesis of Boc-Glu(Oβ(Alloc-Thr-α-OcHex))-OFm (9).

EDC·HCl (4.5 g, 23.5 mmol) was added to a stirring solution of
Alloc-Thr-OcHex (8) (3.5 g, 12.2 mmol), Boc-Glu-OFm (10 g, 23.5
mmol) and DMAP (0.17 g, 1.4 mmol) in DCM (55 mL) at 0 °C. The
reaction mixture was stirred at room temperature overnight under an
argon atmosphere. The reaction was monitored by TLC. Upon
completion, the solvent was evaporated; the crude product was
dissolved in AcOEt, and washed successively with saturated NH4Cl
solution (2×), saturated NaHCO3 solution (2×) and brine. The
organic layer was dried over MgSO4 and the solvent was removed in
vacuo. The residue was purified by silica gel column chromatography
(AcOEt, Hex) to yield Boc-Glu(Oβ(Alloc-Thr-α-O-cHex))-OFm (9)
as a white foamy solid (6.8 g, 9.5 mmol, 78%). 1H NMR (500 MHz,
CDCl3): δ = 7.77 (dd, Jmeta = 7.7 Hz, Jortho = 3 Hz, 2H), 7.62−7.59 (m,
2H), 7.43−7.39 (m, 2H), 7.35−7.31 (m, 2H), 5.96−5.89 (m, 1H),
5.75 (d, J = 9.5 Hz, 1H), 5.47−5.46 (m, 1H), 5.33 (dd, Jtrans = 17 Hz,
Jgem = 1.5 Hz, 1H), 5.22 (dd, Jcis = 10.5 Hz, Jgem = 1.5 Hz, 1H), 5.06 (d,
J = 8.5 Hz, 1H), 4.82−4.77 (m, 1H), 4.61−4.60 (m, 2H), 4.49−4.45
(m, 3H), 4.42−4.37 (m, 1H), 4.23 (t, J = 7 Hz, 1H), 2.35−2.22 (m,
2H), 2.11−2.05 (m, 1H), 1.90−1.73 (m, 3H), 1.72−1.65 (m, 2H),
1.51−1.40 (m, 3H), 1.46 (s, 9H), 1.39−1.25 (m, 3H), 1.33 (d, J = 6.5
Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 172.1, 171.4, 169.2,
156.6, 155.4, 143.5, 143.3, 141.3, 141.2, 132.6, 127.9, 127.2, 125.0,
120.0, 117.8, 80.0, 74.3, 70.8, 67.2, 66.0, 57.7, 52.7, 46.7, 31.5, 31.4,
30.1, 28.4, 27.4, 25.2, 23.5, 23.4, 17.0; LC-MS (ESI): [M-
(C38H48N2O10) + Na]+ calculated: 715.3 Da; found: 715.4 Da.

Synthesis of Boc-Glu(Oβ(Alloc-Thr-α-O-cHex))−OH (10). To
5.3 g of Boc-Glu(Oβ(Alloc-Thr-α-OcHex))-OFm (9) (7.6 mmol), 40
mL of 20% piperidine in DCM was added and the reaction was
maintained at room temperature for 3 h. The reaction was monitored
by TLC. The reaction was evaporated to dryness, dissolved in EtOAc,
and extracted with 1 N HCl (2x). The organic layer was dried over
anhydrous MgSO4 and the solvent was removed under vacuum. The
crude product was then purified by silica gel column chromatography
(DCM, MeOH, AcOH) to yield Boc-Glu(Oβ(Alloc-Thr-α-OcHex))−
OH (10) as a white powder (3.6 g, 6.9 mmol, 91%). 1H NMR (500
MHz, CDCl3): δ = 5.99−5.89 (m, 2H), 5.45−5.44 (m, 1H), 5.33 (dd,
Jtrans = 17.5 Hz, Jgem = 1 Hz, 1H), 5.22 (dd, Jcis = 10.5 Hz, Jgem = 1 Hz,
1H), 4.86−4.77 (m, 1H), 4.61−4.60 (m, 2H), 4.46 (dd, J1 = 9.5 Hz, J2
= 2 Hz, 1H), 4.33−4.29 (m, 1H), 2.45−2.36 (m, 2H), 2.17−2.10 (m,
1H), 2.00−1.94 (m, 1H), 1.86−1.77 (m, 2H), 1.72−1.66 (m, 2H),
1.54−1.41 (m, 2H), 1.45 (s, 9H), 1.39−1.26 (m, 4H), 1.31 (d, J = 6.5
Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 176.1, 171.5, 169.5,
156.7, 155.6, 132.5, 117.9, 80.4, 74.6, 71.0, 66.1, 57.7, 52.6, 31.4, 31.2,
30.3, 28.3, 27.6, 25.2, 23.5, 23.4, 17.1; APCI-MS (Da): [M-
(C24H38N2O10) − H]+ calculated: 513.2; found: 513.0.

Synthesis of Peptide (GlyA1-GluA4[OβThrB30-ThzB19]-CysA6)-
thioester (3) (Scheme 3). Protected Boc-GlnA5-CysA6-
SCH2CH2CO-Ala-OCH2−Pam-resin (12) was prepared on a 0.5
mmol scale on Boc-Ala-OCH2−Pam-resin (11) via HSCH2CH2CO-
Ala-OCH2−Pam-resin56 by manual Boc chemistry stepwise solid-
phase peptide synthesis (SPPS) using “in situ neutralization”
protocols.32 All amino acids were coupled for the standard coupling
time (12 min) unless otherwise indicated. The side chain ester-linked
dipeptide Boc-Glu(Oβ(Alloc-Thr-α-O-cHex))−OH 10 and Boc-
ValA3−OH were sequentially coupled using this SPPS protocol but
with longer coupling duration (1 h). Three additional cycles of
standard SPPS yield compound 14. The Nα-Boc group was removed
by treatment with TFA, and after washing with DMF and
neutralization with 25% DIEA in DMF for 10 s, the revealed α-
amino group was reprotected by reaction with N-2-chlorobenzylox-
ycarbonyl succinimide (Z(2-Cl)-OSu) (12 min) to give compound 15.
The Nα−Alloc protecting group of ThrB30 was selectively removed
using Pd(PPh3)4 (62 μmol) as catalyst in the presence of excess
phenylsilane (7.3 mmol) in degassed DCM (4 mL) for 20 min.57 Boc-
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ProB29−OH was coupled to the revealed αNH2- of Thr
B30 for 30 min,

and the remainder of the peptide was constructed by standard stepwise
SPPS and continued through ThzB19 to yield resin-bound compound
16. The Nα-deprotected peptide-resin was thoroughly washed with
DMF and DCM and dried under vacuum. The peptide was then
cleaved from the resin support, and side-chain protecting groups were
simultaneously removed by treatment for 1 h at 0 °C with anhydrous
HF containing p-cresol (90:10 v/v). After complete evaporation of the
HF under reduced pressure, crude peptide products were precipitated
and triturated with chilled diethyl ether, and the peptide products were
dissolved in 50% aqueous acetonitrile containing 0.1% TFA and
lyophilized. The crude product was purified by preparative HPLC and
lyophilized to give 291 mg (0.132 mmol, 26% yield based on 0.5 mmol
of Boc-Ala-OCH2−Pam-resin (11)) of peptide 3. The product was
characterized by LC-MS (ESI); observed: L-(GlyA1-GluA4[OβThrB30-
ThzB19]-CysA6)-thioester, 2206.8 ± 0.3 Da; D-(GlyA1-GluA4[OβThrB30-
ThzB19]-CysA6)-thioester, 2206.6 ± 0.3 Da; calculated, 2206.5 Da
(Figure S1, Supporting Information).
Synthesis of the Ester Insulin Polypeptide Chain GlyA1-

GluA4[OβThrB30-PheB1]-AsnA21) (6). Using the synthetic strategy
shown in Scheme 1 the C-terminal peptide segment CysA7-AsnA21 (2,
50.8 mg, 28.9 μmol, 4.1 mM) was reacted with ThzB19-[A1-
GluA4(OβThrB30)-A6]-thioester (3, 59.8 mg, 27.1 μmol, 3.9 mM)
under the following conditions: aqueous 6 M GnHCl, 100 mM
sodium phosphate at pH 6.9, 100 mM MPAA and 20 mM TCEP·HCl
for 4.5h, to give the ligation product GlyA1-GluA4[OβThrB30-ThzB19])-
AsnA21 (5′) (Figure 1, panel 1). Without purification of the crude
product, the N-terminal ThzB19 was converted to CysB19 by addition of
methoxylamine·HCl to a concentration of 0.15 M and overnight
reaction at pH 4.0 to give GlyA1-GluA4[OβThrB30-CysB19])-AsnA21 (5).
Then, PheB1-ValB18-thioester (4, 82.7 mg, 37.9 μmol, 5.4 mM), MPAA
(200 mM) and TCEP·HCl (50 mM) were added to the same reaction
mixture, and the pH was readjusted to 6.9 (Figure 1, panel 2). Another
portion of TCEP·HCl was added after 20 h and the pH was readjusted
to 6.9. Within 38 h the reaction was complete and the full-length
polypeptide GlyA1-GluA4[OβThrB30-PheB1]-AsnA21 (6) was recovered
by precipitation from water (Figure 1, panel 2c). The resulting white
precipitate was washed with water to afford crude linear polypeptide
polypeptide GlyA1-GluA4[OβThrB30-PheB1]-AsnA21 (6), which was then
redissolved in 50% B and lyophilized.
Folding/Disulfide Formation. The crude ester-linked polypep-

tide 6 was then folded at room temperature at a concentration of ∼0.3
mg/mL in a buffer solution containing 1.5 M GnHCl, 20 mM Tris, 8
mM cysteine, 1 mM cystine·HCl, pH 7.6. Completion of the folding
was revealed by the near-quantitative formation (after 2 h) of the
earlier eluting folded product (Figure 2, panel 1). The folding buffer
was then acidified with 30% (v/v) HCl (this caused the pH of the
solution to drop to ∼3) and the folded product was purified by
preparative HPLC followed by lyophilization of selected fractions to
afford 23 mg (3.99 μmol) of ester insulin 1. The yield starting from the
first ligation was 15% (based on limiting peptide 3). The product was
characterized by LC-MS (ESI); observed: L-ester insulin, 5767.4 ± 0.2
Da; D-ester insulin, 5767.4 ± 0.3 Da; calculated, 5767.5 Da (Figure 2,
panel 2).
Protein Crystallization. Racemic crystallization of ester insulin

was performed by mixing equal amounts (by weight) of purified
lyophilized L-ester insulin and D-ester insulin in water at the following
concentrations: 5 mg/mL (2.5 mg/mL of L- and 2.5 mg/mL D-) and
2.5 mg/mL (1.25 mg/mL of L- and 1.25 mg/mL D-). Each solution
was centrifuged to remove any particulate matter present and then
used directly for crystallizations. Crystallization screening was
conducted at 19 °C using Index Screen (cat. No. HR2−144), Crystal
Screen (cat. No. HR2−110), Crystal Screen 2 (cat. No. HR2−112),
Crystal Screen Lite (cat. No. HR2−128), PEGRx 1 (cat. No. HR2−
082) and Grid Screen MPD (cat. No. HR2−215) obtained from
Hampton Research. Crystallization screens were performed by the
hanging drop vapor diffusion method. The drops were generated by
mixing 1 μL of protein solution with 1 μL of reservoir solution and 1
μL of water and placed against 0.5 mL of reservoir solution. Crystals
appeared within 10 days. X-ray diffraction data were collected from

crystals grown at 2.5 mg/mL protein concentration from 0.2 M
sodium citrate tribasic dihydrate, 0.1 M HEPES sodium, 13% (v/v)
MPD, pH 7.5, or crystals grown at 5 mg/mL protein concentration
from 0.05 M citric acid, 38% (v/v) PEG-200, pH 3.6. Diffraction data
obtained from a racemic crystal grown in the latter condition was used
for structure solution.

Data Collection. For data collection, selected crystals were briefly
transferred to the cryoprotectant (reservoir solution plus 20% (v/v)
glycerol) and flash-frozen in liquid nitrogen. The X-ray diffraction data
were collected at 100 K using 0.97921 A° wavelength at the Argonne
National Laboratory (Advanced Photon Source, beamline 24IDE).
Crystal diffraction images were integrated, scaled, and merged with
HKL-2000.58 Data were collected to a resolution of 1.6 Å.

X-ray Structure Determination. The structure of racemic ester
insulin in the P1̅ space group was solved by molecular replacement
using the MOLREP program38 and the model of the human insulin
molecule from PDB code 3E7Y. Electron density and model
examinations were done using COOT.59 The restrained positional
and anisotropic B-factor refinement was performed in REFMAC5.39

The main chain torsion angles for all residues are in the allowed and
additional allowed regions of the Ramachandran plot. The data
collection and refinement statistics are summarized in Table S1
(Supporting Information). The coordinates and structure factors have
been deposited in the Protein Data Bank with PDB ID code 4IUZ.

Receptor Binding Assays and Rat Bioassays. Procedures for
these assays are described in the Supporting Information (S4−S6).
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