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Background: Human proinsulin provides a model for studies of toxic protein misfolding.
Results: Folding efficiency of proinsulin is controlled by stereochemistry at position B8.
Conclusion: The sign of a single � angle can facilitate or impede disulfide pairing.
Significance: A monogenic diabetes syndrome suggests that insulin has evolved to the edge of non-foldability.

Misfolding of proinsulin variants in the pancreatic �-cell, a
monogenic cause of permanent neonatal-onset diabetes melli-
tus, provides a model for a disease of protein toxicity. A hot spot
for such clinical mutations is found at position B8, conserved as
glycine within the vertebrate insulin superfamily. We set out to
investigate the molecular basis of the aberrant properties of a
proinsulin clinical mutant in which residue GlyB8 is replaced by
SerB8. Modular total chemical synthesis was used to prepare
the wild-type [GlyB8]proinsulin molecule and three analogs:
[D-AlaB8]proinsulin, [L-AlaB8]proinsulin, and the clinical mutant
[L-SerB8]proinsulin. The protein diastereomer [D-AlaB8]pro-
insulin produced higher folding yields at all pH values compared
with the wild-type proinsulin and the other two analogs, but
showed only very weak binding to the insulin receptor. The clin-
ical mutant [L-SerB8]proinsulin impaired folding at pH 7.5 even
in the presence of protein-disulfide isomerase. Surprisingly,
although [L-SerB8]proinsulin did not fold well under the physi-
ological conditions investigated, once folded the [L-SerB8]proin-
sulin protein molecule bound to the insulin receptor more
effectively than wild-type proinsulin. Such paradoxical gain of
function (not pertinent in vivo due to impaired secretion of the
mutant insulin) presumably reflects induced fit in the native
mechanism of hormone-receptor engagement. This work pro-
vides insight into the molecular mechanism of a clinical muta-
tion in the insulin gene associated with diabetes mellitus. These
results dramatically illustrate the power of total protein synthe-
sis, as enabled by modern chemical ligation methods, for the
investigation of protein folding and misfolding.

Impaired biosynthesis or function of the protein hormone
insulin leads to diabetes mellitus (DM),3 which is a general
name for a complex of metabolic diseases characterized by high
blood glucose concentrations. A monogenic form of this dis-
ease is permanent neonatal-onset DM, which becomes appar-
ent within 6 months of birth (1) and is caused in almost 50% of
cases by single mutations in the insulin gene (2–5). This syn-
drome is the subject of a recent review (6). The clinical muta-
tions generate variants of proinsulin that differ from wild-type
proinsulin by only one amino acid. The amino acid substitu-
tions (which can be at any of several positions) lie in regions of
the proinsulin polypeptide critical to its normal folding in the
endoplasmic reticulum (ER) and impair the proper secretion of
both the variant and wild-type insulin (6). Misfolding of the
variant proinsulins causes severe ER stress and death of � cells.
To date, all mechanistic studies of proinsulin misfolding
mutants have been at the cellular level.

Our goal was to develop molecular insight into the aberrant
properties of the clinical mutant [SerB8]proinsulin, because this
mutation in the prohormone leads to permanent neonatal DM
(2–5). The wild-type residue GlyB8 (Fig. 1) is conserved among
vertebrate insulins and is invariant among a vertebrate super-
family containing insulin-like growth factors (IGF-I and IGF-
II), relaxin, and relaxin-related factors. GlyB8 plays a critical role
in the process of proinsulin folding (7, 8). Studies of how GlyB8

contributes to proinsulin folding/misfolding and to the biolog-
ical function of proinsulin may deepen our understanding of
the pathogenesis of this syndrome and suggest novel avenues
for therapeutic intervention. Uniquely, glycine can adopt the
backbone conformation of a D-amino acid in the folded protein
as the absence of a side chain enables glycine to employ both
positive and negative � dihedral angles without steric clash. In
general, positive � angles reside on the right side of the Ram-
achandran plot, a region unfavorable for L-amino acids but
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allowed for D-amino acids. Negative � angles are characteristic
of native L-amino acids in polypeptide chains.

In the mature two-chain insulin molecule, chiral amino acid
substitutions at position B8 have been shown to have stereospe-
cific effects on hormone activity: D-amino acid substitutions at
B8 augment thermodynamic stability but markedly impair
receptor binding, whereas L-amino acid substitutions have the
opposite effects (7, 8). In mature insulin the folded zinc-insulin
hexamer can appear in two different states: the T-state wherein
residues B9 –B19 are �-helical and residues B1–B8 adopt
extended (B1–B6) and turn (B7–B10) conformations; and the
R-state wherein the �-helix starts at or near the N terminus and
continues to residue B19 (9, 10). In the native T state, which is
the dominant conformation of the insulin monomer in solution
(9, 11, 12), the glycine at B8 participates in the B7–B10 � turn
(turn 1) and exhibits a positive � dihedral angle as is typical of
D-amino acids (7, 8, 13, 14).

Proinsulin contains a single polypeptide chain of 86 amino
acid residues (Fig. 1). To probe how the sign of the � angle at
position B8 influences proinsulin folding, we sought to put both
L- and D-amino acids in place of the natural GlyB8 (7). A proin-
sulin molecule containing a D-amino acid at this position can
uniquely be prepared by chemistry. We thus undertook the
total synthesis of three analogs: [D-AlaB8]proinsulin, [L-AlaB8]-
proinsulin, and the clinical mutation [L-SerB8]proinsulin. Wild-
type [GlyB8]proinsulin was also synthesized as a control. By
analogy with studies of insulin (7), we anticipated that substi-
tution of L-Ala at position B8 of proinsulin would impair fold-
ing, whereas a D-Ala substitution would be competent for fold-
ing. In addition we anticipated that the clinical variant L-SerB8

would exhibit low folding yields. We also examined the effect of
the enzyme protein-disulfide isomerase (PDI) on folding yields.
PDI functions as a protein folding catalyst in the ER (15–18) and
is involved in the formation of disulfide bonds in many proteins,
including proinsulin (19). In addition, we measured binding of
the synthetic proinsulin analogs to the insulin receptor (IR).
Proinsulin binds to the IR; the affinity of wild-type proinsulin
for the isolated IR is 1–2 orders of magnitude lower than that of
the mature insulin protein molecule (20).

EXPERIMENTAL PROCEDURES

Reagents

N-tert-Butoxycarbonyl-(N�-Boc) protected D- and L-amino
acids (Peptide Institute, Osaka) and 2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate were pur-
chased 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), and Tyr(2Br-Z). Aminomethyl resin was prepared
from Bio-Beads S-X1 (Bio-Rad) (21). Boc-L-Asn-OCH2-phenyl-
acetic acid and Boc-L-Ala-OCH2-phenylacetic acid were pur-
chased from NeoMPS, Strasbourg, France. N,N-Diisopropyl-
ethylamine was obtained from Applied Biosystems Inc. (Foster
City, CA). N,N-Dimethylformamide, dichloromethane, diethyl
ether, HPLC-grade acetonitrile, and guanidine hydrochloride
were purchased from Fisher. TFA was obtained from Halocar-
bon Products (NJ). HF was purchased from Matheson. All other
reagents were purchased from Sigma or Fisher Scientific.

HPLC with On-line Electrospray Ionization Mass Spectrometry
(LC-MS) Analysis and Preparative Reversed Phase HPLC

Analytical reverse phase high pressure liquid chromatogra-
phy (HPLC) was performed on a Phenomenex C4 or C18 (3.6
�m, 300 Å) 2.1 � 50-mm silica column at a flow rate of 0.5
ml/min, or an Agilent C-8 (5 �m, 300 Å) 4.6 � 150-mm silica
column at a flow rate of 1 ml/min using a linear gradient of
5– 47% of buffer B in buffer A over 42 min or (9 –53%) of buffer
B in buffer A over 44 min at 40 °C (buffer A � 0.1% TFA in H2O;
buffer B � 0.08% TFA in acetonitrile). The absorbance of the
column eluate was monitored at 214 nm. The peptide masses
were measured by on-line LC-MS using an Agilent 1100
LC/MSD ion trap. Calculated masses were based on average
isotope composition. Preparative reverse phase HPLC of crude
peptides was performed with an Agilent 1100 prep system Phe-
nomenex C18 (5 �m, 300 Å) 10 � 250-mm column at 40 °C
using an appropriate shallow gradient of increasing concentra-
tion of buffer B in buffer A at a flow rate of 5 ml/min. Fractions
containing the purified target peptide were identified by analyt-
ical LC, and aliquots from each selected fraction were com-
bined and checked by LC-MS. Selected fractions were then
combined and lyophilized.

Peptide Synthesis

Peptide segments were synthesized using manual “in situ
neutralization” Boc chemistry protocols for stepwise solid
phase peptide synthesis (22). The C-terminal peptide segment
Cys72-Asn86 (3) was synthesized on Boc-Asn-OCH2-phenyl-
CH2CONH-resin (Boc-Asn-OCH2-Pam-resin) (21). The Phe1-
Val18-thioester segment (1) and 1,3-thiazolidine-4-carboxo
(Thz)-derivatized segment Thz19-Cys71-thioester (2) were syn-
thesized on trityl-SCH2CH2CO-Ala-OCH2-Pam-resin (23).
For peptide segment Phe1-Val18-thioester (1), prior to HF
deprotection and cleavage, the side chain dinitrophenyl groups
of residues His5 and His10 were removed from the resin-bound
C-terminal peptide segment by treatment with a mixture of
2-mercaptoethanol/N,N-diisopropylethylamine/N,N-dimeth-
ylformamide, 2:1:7, twice for 15 min each. After removal of the last

FIGURE 1. Structure of the proinsulin molecule as a schematic model with
GlyB8 in the �-turn at amino acid residues B7-B10 (turn 1) shown with
CPK (Corey-Pauling-Koltun) space-filling rendering. Image adapted from
PDB code 2KQP.
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N�-Boc group, peptides were cleaved from the resin and depro-
tected by treatment with anhydrous HF containing 5% (v/v) p-cre-
sol as scavenger at 0 °C for 1 h. After removal of HF by evaporation
under reduced pressure, the crude peptides were precipitated and
washed with diethyl ether, then dissolved in 50% aqueous acetoni-
trile containing 0.1% TFA and lyophilized.

Preparative HPLC purification gave the following amounts
of each peptide segment: 67 mg (21% yield based on 0.15 mmol
of Boc-Ala-OCH2-Pam-resin) of pure peptide Phe1-Val18-
�COSCH2CH2CO-Ala-COOH, observed mass, 2200.8 � 0.8
Da, calculated 2201.6 Da; 114 mg (17% yield based on 0.3 mmol
of Boc-Ala-OCH2-Pam-resin) of pure peptide [D-AlaB8]Phe1-
Val18-�COSCH2CH2CO-Ala-COOH, observed mass, 2214.8 �
0.8 Da, calculated 2215.6 Da; 130 mg (20% yield based on
0.3 mmol of Boc-Ala-OCH2-Pam-resin) of pure peptide
[L-AlaB8]Phe1-Val18-�COSCH2CH2CO-Ala-COOH, observed
mass, 2215.0 � 0.8 Da, calculated 2215.6 Da; 62 mg (14% yield
based on 0.2 mmol of Boc-Ala-OCH2-Pam-resin) of pure
peptide [L-SerB8]Phe1-Val18-�COSCH2CH2CO-Ala-COOH,
observed mass, 2231.4 � 0.4 Da, calculated 2231.6 Da; 99 mg

(11% yield based on 0.15 mmol of Boc-Ala-OCH2-Pam-resin)
of pure peptide Thz19-Cys71-�COSCH2CH2CO-Ala-COOH,
observed mass, 5804.4 � 0.5 Da, calculated 5805.5 Da; 228 mg
(26% yield based on 0.5 mmol of Boc-Asn-OCH2-Pam-resin) of
pure peptide Cys72-Asn86, observed mass, 1753.0 � 0.8 Da, cal-
culated 1753.9 Da.

“One Pot” Synthesis of the Proteins

Synthesis of the analog [D-AlaB8]proinsulin is representative
and is described in detail. Based on the synthetic strategy shown
in Fig. 2, the first native chemical ligation was performed
between peptide segments Cys72-Asn86 (3, 7.4 mg, 4.2 �mol, 4.8
mM) and Thz19-Cys71-�COSR (2, 22.2 mg, 3.8 �mol, 4.3 mM)
under standard conditions (ligation buffer (880 �l) containing 6
M guanidine hydrochloride (GdnHCl), 0.1 M sodium phosphate
buffer, pH 6.9, 4-mercaptophenylacetic acid (MPAA, 100 mM)
(24), tris(2-carboxyethyl)phosphine�HCl (20 mM) to give the
ligation product Thz19-Asn86 (4), not shown in Fig. 2B, within
4.5 h (Fig. 2, A–B). To ensure that the longer peptide segment
(2) was completely consumed, we used an excess (1.1 eq) of the

FIGURE 2. Total chemical synthesis of proinsulin. A, amino acid sequence of wild-type human proinsulin. GlyB8 is in bold. Note that we use the amino acid
residue numbering of the mature two-chain insulin molecule. B, synthetic strategy for the one pot total chemical synthesis of proinsulin and analogs. r �
CH2CH2COAlaCOOH. All three analogs and wild-type human proinsulin were chemically synthesized by the same route. This modular synthetic strategy was
particularly efficient for preparation of a related set of analogs. Instead of synthesizing afresh the full-length polypeptide for each target, only one new peptide
segment was required per analog. Segments Thz19-Cys71-thioester (2) and Cys72-Asn86 (3) were common to all the analogs and were thus synthesized in larger
amounts. Peptide segment Phe1-Val18-thioester (1) was resynthesized as necessary for each of the D- or L-AlaB8 and L-SerB8 analogs. The three peptide
segments: Cys-peptide Cys72-Asn86 (3), Thz19-Cys71-�COSR (2), and Phe1-Val18-�COSR (1) (r � -CH2CH2CO-Ala-COOH) were covalently condensed in two native
chemical-ligation steps starting from C-terminal segment Cys72-Asn86 (3) (see also Fig. 3).
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shorter peptide (3). On completion of the first ligation, Thz19 was
converted to Cys19 by treatment with methoxylamine�HCl (430
mM) at pH 4.0 (25) to give Cys19-Asn86 (5, Fig. 3C). For the second
native chemical ligation, the peptide-thioester segment [D-AlaB8]-
Phe1-Val18-�COSR (1, 12.7 mg, 5.7 �mol, 6.5 mM) and another
portion of tris(2-carboxyethyl)phosphine�HCl (50 mM total) and
MPAA (200 mM total) were added to the same reaction mixture,
and the solution was readjusted to pH 6.9 by addition of 5 N NaOH
(Fig. 3D). This ligation is at a Val-Cys site, which is sterically hin-
dered by the Val side chain, and therefore more MPAA catalyst
was added to bring the concentration to 200 mM (26) and excess of
the third peptide (1, 1.5 eq.) was used. The reaction was completed
within 46 h (Fig. 3E), and the target full-length polypeptide
[D-AlaB8]Phe1-Asn86 (6) was recovered by precipitation from the
reaction mixture by 10-fold dilution with water, redissolved in 50%
B and lyophilized; observed mass, 9408.4 � 0.3 Da; calculated
9408.6 Da. Wild-type proinsulin and the L-AlaB8 and L-SerB8 ana-
logs were made in the same way.

Folding

After lyophilization, folding experiments were performed on
a small scale beginning from the linear unfolded polypeptides.
The following conditions were employed.

Folding at pH 10.5—The crude linear polypeptide(1– 86) was
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 (27). The folding solution was purged, sealed, and incu-
bated overnight at 4 °C.

Folding at pH 7.5—The crude polypeptide was folded at room
temperature at a concentration of 0.1 mg/ml in buffer solution
containing 10 mM Tris, pH 7.5, 10 mM glycine, 1 mM EDTA, 1
mM GSH, 2 mM GSSG, 70 mM GdnHCl (19). The folding solu-
tion was purged, sealed, and incubated overnight.

Folding at pH 7.5 in the Presence of PDI—The same condi-
tions as at pH 7.5 were used, plus PDI in a PDI/proinsulin molar
ratio of 0.093. The folding solution was purged and sealed, and
essentially complete after 1 h as evidenced by LC-MS.

Receptor Binding

Affinities of the purified synthetic proteins for the lectin-
purified IR (isoform B) were measured by competitive displace-
ment of 125I-TyrA14-labeled insulin (28, 29) (purchased from
New England Nuclear); recombinant human insulin (pur-
chased from Eli Lilly and Co.) was employed as a positive
control.

FIGURE 3. Analytical LC-MS data for one pot total chemical synthesis of [D-AlaB8]proinsulin. A, native chemical ligation of Cys72-Asn86 (3) and Thz19-Cys71-
�COSR (2) (r � -CH2CH2CO-Ala-COOH) to give Thz19-Asn86 (4) at t � 2 min. The asterisk (*) corresponds to the MPAA-exchanged thioester intermediate form of
2. B, the same ligation reaction upon completion after 4.5 h. C, crude reaction mixture after treatment with methoxylamine/HCl at pH 4.0 to convert Thz to Cys.
D, native chemical ligation of Cys19-Asn86 (5) and [D-AlaB8]Phe1-Val18-�COSR (1) to give the full-length polypeptide [L-AlaB8]Phe1-Asn86 (6) at t � 1 min. E, the
same ligation reaction upon completion after 46 h. Because peptide segment 1 was used in excess (1.5 eq), several related peaks were observed at the end of
the second native chemical ligation: (1) unreacted peptide segment; **, MPAA-exchanged thioester intermediate form of 1; Œ, hydrolysis of the thioester of
peptide 1; ●, product of reaction of methoxylamine with thioester 1. Online ESI MS data (inset) is shown (observed mass, 9408.4 � 0.3 Da; calculated mass
(average isotope composition), 9408.6 Da). Analytical HPLC (� � 214 nm) was performed using a linear gradient (5– 47%) of buffer B in buffer A over 42 min
(buffer A � 0.1% TFA in water; buffer B � 0.08% TFA in acetonitrile) on a C18 column.
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RESULTS

Chemical Synthesis of the Polypeptide Chains of Human Pro-
insulin and Analogs—The wild-type and three analogs of
human proinsulin were prepared using an improved form of
our previously reported total chemical synthesis of human pro-
insulin (26). That synthesis had involved purification of each
intermediate product. In an effort to make the synthesis more
efficient, we developed a one pot series of reactions (30). We
anticipated that the new strategy would minimize losses from
purification steps and handling of intermediates, of special con-
cern in the synthesis of analogs associated with misfolding. The
86-amino acid residue proinsulin polypeptide chain contains
six cysteine residues (Fig. 2A), each of which is a potential site
for native chemical ligation (31, 32). The synthetic strategy we
used is shown in Fig. 2B. Three peptide segments were
employed: Phe1-Val18-thioester (1), Thz19-Cys71-thioester (2),
and Cys72-Asn86 (3). Each peptide was synthesized by manual
stepwise Boc chemistry “in situ neutralization” solid phase pep-
tide synthesis (22).

To avoid side reactions such as cyclization or oligomeriza-
tion of peptide segment 3, the N-terminal Cys of this peptide
segment was introduced as the R-Thz group (30), which was
readily converted to an N-terminal L-Cys residue (Fig. 3C). The
product full-length polypeptide was in each case isolated by
precipitation from the reaction mixture by 10-fold dilution
with water. In this way, multiple tens of milligram amounts of
each target polypeptide chain were prepared for folding studies.

Folding Experiments—For each analog, folding was examined
under three sets of conditions: first, the standard conditions
used for folding recombinant proinsulin, pH 10.5 (50 mM gly-
cine, pH 10.5, 1 mM EDTA, 1 mM reduced glutathione, 1 mM

oxidized glutathione, at 4 °C and peptide concentration of 0.1
mg/ml (27)), second, at near physiological pH 7.5 (10 mM Tris,
pH 7.5, 10 mM Gly, 1 mM EDTA, 1 mM reduced glutathione, 2
mM oxidized glutathione, 70 mM GdnHCl, at room temperature
and peptide concentration of 0.1 mg/ml (19)), and third, at pH
7.5 in the presence of PDI. These three sets of conditions were
chosen to give a better understanding of how the substitutions
at B8 affect folding efficiency under commonly used folding
conditions, and at physiological pH.

Recombinantly produced human proinsulin is routinely
folded at pH 10.5, rather than at physiological pH, to minimize
off-pathway aggregation (27, 33). It was of interest to test
whether the B8 substitutions might impair folding at pH 7.5 but
not at pH 10.5. A folding screen can in principle define two
classes of mutations: a pH-independent class (i.e. mutations
that impede folding at all pH values), and a pH-dependent class

(mutations that impedes folding at pH 7.5 but permit efficient
folding at pH 10.5). At pH 10.5 the Cys side chain thiols are
ionized (to thiolates), which facilitates folding relative to the
rate of off-pathway aggregation; the latter is prominent at lower
pH (pH 6 – 8) (19). We employed the pH 10.5 folding conditions
both for small scale experiments (to investigate and compare
the results under other folding conditions), and for large scale
folding (for the isolation of the folded product for receptor
binding assays). The purpose of the folding efforts at pH 7.5 was
to mimic physiological conditions. To further mimic those con-
ditions, we decided to also perform studies at pH 7.5 in the
presence of PDI, previously shown to improve proinsulin fold-
ing in vitro (19). According to Winter et al. (19), yields of pro-
insulin folding increased with increase of the molar ratio of
PDI/proinsulin until it reached a plateau of 50% yield at the
molar ratio of 0.033. In our experiments we used a molar ratio
of PDI/proinsulin of 0.093 to obtain the highest possible yields.

All folding experiments were monitored by LC-MS. Relative
to their respective unfolded polypeptides, the folded products
each gave an earlier eluting, sharp peak with a mass lower by 6
Da, corresponding to the formation of three disulfide bonds.
Folded globular proteins that contain disulfides typically have
most of their hydrophobic residues buried in the core of the
protein molecule and therefore have an earlier elution time in
reverse-phase HPLC relative to the corresponding unfolded
polypeptide.

Results of the folding trials are summarized in Table 1, and
HPLC data for the folding of wild-type proinsulin, [L-SerB8]-
proinsulin, [D-AlaB8]proinsulin, and [L-AlaB8]proinsulin under
each of the three conditions are shown in Figs. 4 and 5. As
expected, the folding yields of wild-type and D-AlaB8 proinsu-
lins were in general higher than the folding yields of L-AlaB8 and
L-SerB8 analogs. Indeed, the wild-type and D-AlaB8 proinsulins
folded very efficiently in near quantitative yields at pH 10.5
(Figs. 4D and 5D). Although yields were lower at pH 7.5 than at
10.5, the addition of PDI gave improved folding yields (Figs. 4, B
and F, and 5B). Yields of the folded D-AlaB8 analog were higher
than yields obtained for wild-type proinsulin. As shown in
Table 1, the L-AlaB8 substitution impaired folding at both pH
values (Fig. 4, F–H); at pH 10.5 a broad peak corresponding to a
mixture of folded and misfolded products was obtained (Fig.
5H). L-SerB8 proinsulin folded at pH 10.5 but not at pH 7.5.

Isolation of the Proteins—For studies of the receptor binding
activities of the various analog proinsulins, it was necessary to
isolate each folded analog protein in purified form. We per-
formed the folding reactions on a larger scale (�10 –15 mg of
each polypeptide). For this purpose we employed conditions

TABLE 1
Folding yields of wild-type proinsulin and position B8 analogs under three conditions

pH 7.5 � PDIa pH 7.5b pH 10.5c

Wild-type hpid 50% 20% 90%
L-SerB8 hpi (clinical mutation) 15% Does not fold 90%
D-AlaB8 hpi 60% 40% 90%
L-AlaB8 hpi Does not fold Does not fold Broad peak of folded and misfolded products

a 10 mM Tris, 10 mM glycine, 1 mM EDTA, 1 mM GSH, 2 mM GSSG, 70 mM GdnHCl, at room temperature with a PDI molar ratio of PDI/proinsulin � 0.093.
b Same as a without PDI.
c 50 mM glycine, 1 mM EDTA, 1 mM GSH, 1 mM GSSG, at 4 °C. The polypeptide concentration for all conditions was 0.1 mg/ml. Folded product was indentified by LC-MS.

The yields were calculated according to the area under the identified peaks and are �5%.
d hpi, human proinsulin.
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that gave the highest folding yields: 50 mM glycine/NaOH at pH
10.5, 1 mM EDTA, 1 mM reduced glutathione, 1 mM oxidized
glutathione, at 4 °C and at a peptide concentration of 0.1 mg/ml
(27). On completion of folding, the solution was acidified with
dilute HCl to pH �2, and each folded protein was purified by

reverse phase HPLC. The purified folded wild-type proinsulin
and the three B8 analogs were characterized by LC-MS (Fig. 6).
Observed masses were: wild-type proinsulin, 9388.6 � 0.2 Da,
calculated mass, 9388.6 Da (average isotope composition) (Fig.
6A); [L-SerB8]proinsulin, observed mass, 9418.8 � 0.5 Da, cal-

FIGURE 4. Folding of wild-type proinsulin (left column) and [L-SerB8]proinsulin (right column) in three different conditions: at pH 10.5 (50 mM glycine/
NaOH, 1 mM EDTA, 1 mM reduced GSH, 1 mM GSSG, at 4 °C and peptide concentration of 0.1 mg/ml); at pH 7.5 (10 mM Tris, 10 mM glycine, 1 mM EDTA,
1 mM GSH, 2 mM GSSG, 70 mM GdnHCl, at room temperature and peptide concentration of 0.1 mg/ml); and at pH 7.5 in the presence of PDI. The top two
chromatograms represent the unfolded polypeptide of wild-type proinsulin (A) and [L-SerB8]proinsulin (E). The six bottom chromatograms represent the
reaction mixtures after overnight folding under the conditions shown on each chromatogram. The asterisk (*) corresponds to the PDI protein. All the reactions
were monitored by LC-MS and the masses were confirmed by online ESI.

FIGURE 5. Folding of [D-AlaB8]proinsulin (left column) and [L-AlaB8]proinsulin (right column) in three different conditions as described in the legend
to Fig. 4. The top two chromatograms represent the unfolded polypeptide of [D-AlaB8]proinsulin (A) and [L-AlaB8]proinsulin (E). The six bottom chro-
matograms represent the reaction mixtures after overnight folding under the conditions shown on each chromatogram. The asterisk (*) corresponds to
the PDI protein.
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culated mass, 9418.6 Da (average isotope composition) (Fig.
6B); [D-AlaB8]proinsulin, 9402.5 � 0.1 Da, calculated mass,
9402.6 Da (average isotope composition) (Fig. 6C); [L-AlaB8]-
proinsulin, observed mass, 9402.6 � 0.8 Da, calculated mass,
9402.6 Da (average isotope composition) (Fig. 6D).

Receptor-binding Assays—Affinities were measured by
competitive displacement of labeled human proinsulin from
lectin-purified IR (isoform B) (28, 29). Recombinant wild-
type human insulin was used as positive control. The result-
ing data are shown in Fig. 7; dissociation constants are given
in Table 2.

DISCUSSION

The amino acid sequence of a protein specifies not only
its native three-dimensional structure (34), but also enables
an efficient conformational search en route to the native
state (35, 36). Biological selection in general yields foldable
protein sequences, a key property that may otherwise be
unrepresentative of polypeptides as a chemical class of het-
eropolymers (37). Selection for folding efficiency thus pro-
vides a hidden constraint in the evolution of protein se-
quences (38).

FIGURE 6. Characterization of synthetic human proinsulin and its B8 analogs by LC-MS. The MS (ESI) taken across the entire main peak is shown in the inset.
Note that distinct reverse phase packings and gradients were used, as follows: A, folded wild-type proinsulin. The chromatographic separations were per-
formed on a C4 column using a linear gradient (5– 47%) of buffer B in buffer A over 42 min. B, folded [L-SerB8] proinsulin. The chromatographic separations were
performed on a C8 column using a linear gradient (5– 47%) of buffer B in buffer A over 42 min. C, folded [D-AlaB8] proinsulin. The chromatographic separations
were performed on a C4 column using a linear gradient (9 –53%) of buffer B in buffer A over 44 min. D, folded [L-AlaB8] proinsulin. The chromatographic
separations were performed on a C8 column using a linear gradient (5– 47%) of buffer B in buffer A over 42 min.
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The need to provide a productive protein-folding pathway
has further focused attention on nucleation steps to form a
transition-state ensemble stabilized by a critical subset of
native-like contacts (39). The folding nucleus of a globular pro-
tein, as investigated by a variety of chemical, mutational, and
biophysical probes (40, 41), typically contains a subset of
native secondary structures related by long-range interac-
tions that foreshadow in approximate (or distorted) form the
ultimate state of the folded protein molecule (38). Interest in
these fundamental mechanisms has deepened in the past two
decades by direct links between these concepts and diverse
diseases of toxic protein misfolding (42). Although such past
studies have predominantly focused on extracellular amy-
loid (protein deposition diseases as exemplified by the
mutant lysozyme and transthyretin syndromes (43, 44),
recent attention has focused on the intracellular origins of
ER stress arising from misfolding of nascent protein mole-
cules (45– 47). A paradigm for this class of genetic diseases is
provided by the monogenic syndrome of permanent neona-
tal-onset DM due to the impaired foldability of proinsulin
variants in the ER of pancreatic �-cells (48).

Insulin has long provided a favorable model for the study of
protein stability, folding, and misfolding due to its small size,
amenability to chemical synthesis (49, 50), and wealth of struc-
tural information (13). The present study extended the use of
chemical synthesis to the human proinsulin protein molecule
to investigate a DM-associated clinical mutation of the invari-
ant GlyB8 residue. Mutation at this position affects the confor-
mational properties of the polypeptide main chain rather than

specific properties of the variant side chain. GlyB8 functions as a
structural switch in the classical T state to R state conforma-
tional transition in the insulin molecule that is important for
receptor binding. The GlyB8 residue has a positive backbone �
dihedral angle in the T state but a negative � angle in the R state
(10, 13, 51). Substitution of natural L-amino acids at this posi-
tion restricts the backbone � dihedral to negative values. In the
present study, we used chemical synthesis of the proinsulin
protein molecule to introduce both D- and L-amino acid substi-
tutions in place of GlyB8 to probe both the right and left sides of
the Ramachandran plot (7, 8).

The data reported here provide molecular insights into the
aberrant folding properties of the clinical mutant [SerB8]human
proinsulin and help explain why that mutation causes perma-
nent neonatal DM. Distinct differences in folding efficiency
were seen for the B8 analogs of human proinsulin. At physio-
logical pH, [D-AlaB8]proinsulin folded better than the wild-type
proinsulin and the L-amino acidB8 analogs. We attribute the
efficient folding of [D-AlaB8]proinsulin to the fact that in the
folded structure of the native protein GlyB8 adopts the back-
bone conformation of a D-amino acid. Thus, having a D-amino
acid at position B8 favors the folded conformation (7). The
D-AlaB8 substitution reduced receptor binding more than 300-
fold (only an approximate lower limit was obtained for such
weak binding). The profound block to receptor binding
imposed by D-AlaB8 in proinsulin was also seen in studies of
D-AlaB8-insulin (7, 52).

Significantly, the clinical mutation L-SerB8 impaired the fold-
ing of human proinsulin at pH 7.5 even in the presence of PDI,
a resident ER chaperone and oxidoreductase. This poor folding
under in vitro conditions that mimic physiological folding is in
accord with data obtained for cellular studies of the SerB8

mutant insulin (6). Interestingly, [L-SerB8]proinsulin folded
efficiently at pH 10.5, whereas [L-AlaB8]proinsulin did not
(Table 1). Such pH-dependent rescue of folding may reflect
accelerated formation of disulfide bridges and rapid disulfide
exchange within the monomeric polypeptide leading to native
disulfide pairing, relative to pH-dependent rates of competing
off-pathway events (such as aggregation of the reduced poly-
peptide or one-disulfide partial folds). The absence of such res-
cue of folding for [L-SerB8]proinsulin in pancreatic �-cells, even
following presumed activation of the ER stress pathways (53),
suggests that there are limits to the chemical tactics ordinarily
available to the oxidative folding machinery of the cell (17).

A surprising observation was that, although [L-SerB8]pro-
insulin did not fold well under the physiological conditions inves-
tigated, once it was folded the [L-SerB8]proinsulin protein mole-
cule bound to the insulin receptor �2-fold more effectively
than wild-type proinsulin. This remarkable increase suggests

FIGURE 7. Insulin receptor-binding assays for biosynthetic insulin (f),
synthetic human proinsulin (hpi) (●), L-SerB8-hpi (�), L-AlaB8-hpi (�),
D-AlaB8-hpi (Œ). Vertical scale indicates fractional displacement of pre-bound
125I-TyrA14-insulin on addition of wild-type or variant proinsulins at successive
protein concentrations (horizontal log scale). Inferred dissociation constants
are given in Table 2.

TABLE 2
Affinities of insulin, proinsulin, and analogs

Insulin Proinsulin (hpi)a L-SerB8-hpi D-AlaB8-hpi L-AlaB8-hpib

Kd (nM)c 0.054 � 0.008 4.1 � 0.6 2.1 � 0.3 �1500 124 � 27
a hpi, human proinsulin.
b The following findings together suggest that the [L-AlaB8]proinsulin is folded correctly: the relative potencies of L-AlaB8-DKP-insulin/L-SerB8-DKP-insulin and of L-AlaB8-

proinsulin/L-SerB8-proinsulin are closely similar; for L-SerB8-DKP-insulin, the disulfide pairing in the folded structure has been authenticated by two-dimensioinal NMR
structural analysis; the qualitative features of the NMR spectrum of L-AlaB8-DKP-insulin closely resemble those of the L-SerB8 analog.

c Receptor-binding affinities were measured in vitro using the B isoform of the insulin receptor (IR-B) by competitive displacement of 125I-TyrA14-insulin as described (28,
29).
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that, on receptor binding, the perturbation to the structure and
stability observed in our studies of the free [L-SerB8]proinsulin
protein molecule facilitates adoption of a novel receptor-bound
conformation. The enhanced receptor binding of [L-SerB8]pro-
insulin may shed light on possible mechanisms of how insulin
binds to the IR,4 but is at present without clinical significance
due to the impaired folding, trafficking, processing, and secre-
tion of the mutant proinsulin and mature hormone analog.

Might the underlying mechanisms of pH-dependent fold-
ability of [L-SerB8]proinsulin be exploited in vivo? The findings
reported here suggest the tantalizing possibility that therapeu-
tic maneuvers to rescue the foldability of [L-SerB8]proinsulin
would both preserve �-cell viability through alleviation of ER
stress and enable regulated secretion of an active hormone var-
iant (as well as co-secretion of wild-type insulin in this
heterozygous syndrome). Such ER-based therapeutics would
circumvent the complexity of insulin replacement therapy in
this form of DM (53) and restore physiological regulation of
metabolism, the key to avoiding the serious long term micro-
vascular and macrovascular complications of DM (54, 55).

In conclusion, glycines may be conserved among protein
sequences due to steric restrictions on side chain size (such as in
the interior of the collagen triple helix), due to specific �-turn
conformations (as a positive � dihedral angle may optimize
turn stability at a specific motif position), or due to general
requirements for segmental flexibility (as in natively unfolded
polypeptide segments (56)). We postulate that glycine is invari-
ant at position B8 of the vertebrate insulin-related superfamily
because of a requirement for a positive � angle at a critical step
in the mechanism of specific disulfide pairing. This require-
ment is transient as the compatibility of a negative B8 � angle
with a well organized ground state has rigorously been shown in
classical crystal structures of zinc insulin hexamers (10, 13, 51).
The enhanced receptor binding of [L-SerB8]proinsulin and
decreased receptor binding of [D-AlaB8]proinsulin (relative to
wild-type proinsulin) further demonstrate that a positive B8 �
angle is not necessary for, and indeed impedes, hormonal func-
tion. We therefore propose that GlyB8 is conserved as an achiral
“ambidextrous” switch between folding-competent and func-
tional conformations.

To the best of our knowledge, the present studies are the first
of their kind for any misfolding proinsulin, and one of a small
handful of such studies for any disease of protein misfolding. In
addition to their implications for the evolution of the insulin-
related superfamily of globular proteins, our results dramati-
cally illustrate the power of a modular approach to total chem-
ical synthesis (31, 57) in the preparation of analog protein
molecules, including polypeptide diastereomers not readily
accessible by conventional molecular biology. We foresee that

continuing advances in synthetic technology will increasingly
enable the application of chemistry to important biological
questions.
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