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Insight Into Folding, Binding and Stability
of Insulin by NMR

HUA (ing-Xin

{ Department of Biochemistry, Case Western Reserve Universivy, Cleveland, Ohio 44106-4935, USA)

Abstract Insulin is one of the most important hormonal regulators of metabolism. Since the diabetes patients increase
dramatically, the chemical properties, biological and physiological effects of insulin had been extensively studied. In last
decade the development of NMR technique allowed us to determine the solution structures of insulin and its variety mutants
in various conditions, so that the knowledge of folding, binding and stability of insulin in solution have been largely
increased. The solution structure of insulin monomers is essentially identical to those of insulin monomers within the dimer
and hexamer as determined by X-ray diffraction. The studies of insulin mutants at the putative residues for receptor binding
explored the possible conformational change and fitting between insulin and its receptor. The systematical studies of
disulfide paring coupled insulin folding intermediates revealed that in spite of the conformational variety of the
intermediates, one structural feature is always remained: a “native-like B chain super-secondary structure”, which consists
of B9-B19 helix with adjoining B23-B26 segment folded back against the central segment of B chain, an internal cystine
A20-B19 disulfide bridge and a shorte-helix at C-terminal of A chain linked. The “super-secondary structure” might be the
“folding nucleus” in insulin folding mechanism. Cystine A20-B19 is the most important one among three disulfides to
stabilize the nascent polypeptide in early stage of the folding. The NMR structure of €. elegans insulin-like peptide
resembles that of human insulin and the peptide interacts with human insulin receptor. Other members of insulin super-
family adopt the “insulin fold” mostly. The structural study of insulin-insulin receptor complex, that of €. elegans and other
invertebrate insulin-like peptide, insulin fibril study and protein disulfide isomerase ( PDI} assistant proinsulin folding study
will be new topics in future to get insight into folding, binding, stability, evolution and fibrillation of insulin in detail.
Key words insulin, proinsulin, NMR, protein folding, insulin receptor binding and disulfide isomer
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1 Introduction

1.1 Insulin and diabetes

Insulin is one of the most important hormonal
regulators of metabolism. Insulin signals the fed state,
stimulates the storage of fuels and the synthesis of
proteins in a variety of ways. In short-term, insulin
increases sugar transport and protein synthesis, inhibits
lypolysis, activates enzymes glycogen
synthetase etc.)}, inactivates { such as
phosphorylase ete. }; and in long-term, insulin activates

{ such as
enzymes

glucokinase and depresses controlling  enzymes of
gluconeogenesis. It acts on protein kinase cascades.
Diabetes mellitus is an increasingly common disease,
which oceurs either because of lack of insulin or
because of the presence of factors that oppose the
action of the insulin. The result of insufficient action of
insulin is an inerease in blood glucose concentration

{ hyperglycaemia). Many other metabolic abnormalities
occur, netably an increase in ketone bodies in the
blood when there is a severe lack of insulin. Diabetes
is the most common disease in the western countries
and also increases quite fast in some developing
country, such as in China.

New criteria for diagnosis of diabetes was proposed
in 1997 by American Diabetes Association: (1)
Symptoms of diabetes plus casual plasma glucose
2111 mmol/L; (2}  Fasting plasma  glucose
=7.0 mmol/L. Fasting is defined as no caloric intake
for at least 8 h and (3} Twe hours plasma glucose
z11. 1 mmol/L during oral glucose tolerance test using
75 g glucose load™V. Followed after cancer and cardiac
disease, diabetes now is the 3rd disease causing death
of human being. Primary diabetes mellitus is of two
types: insulin dependent diabetes { IDDM, type- I
diabetes} and non-insulin @ dependent  diabetes
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{ NIDDM, type-lI diabetes}. IDDM is due to
destruction of B-cell in the pancreatic islets with
resulting loss of insulin production. Either genetic or
environmental factors that trigger an autoimmune attack
on the B-cell might be responsible. Insulin injection is
a life-or-death issue for IDDM patients. There are
numerous causes of NIDDM, which is now known to
include a wide range of disorders with different
progression and outlook. There are three major types of
dominantly inherited NIDDM: MODY-1, MODY-2 and
MODY-3 (MODY: maturity onset diabetes of young) .
1.2 Diabetes patients increase dramatically

According to the criteria listed above, the global
number of people with diabetes will rise from 150
million in year 2000 to 220 million in 2010, and 300
million in 2025 . Most cases will be of type II
diabetes due to recent sedentary lifestyle and obesity.
Now 85 million people in Asia { exclude middle-Asia)
is suffered from the diabetes and the patients will
increase with as high as 57% to reach to more than
130 million in 2010. Even in North America and
Europe, where the prevention, control and therapy of
diabetes were well established, the diabetes patients
will increase with rate of 24% to reach to 50 million in
2010. Among them diabetes in children and youth are
now increasingly commeon. Within the past two decades
diabetes patients were threefold increase in prevalence
in certain areas of China'”. The number of diabetes
patients in China now reach to 40 millions. The World
Health Organization predicts a doubling in diabetes’s
incidence in next two decades. Scientists now spend
more efforts to study diabetes from its genetically
programmed defects to insulin  signaling, from
mitochondrial funetion in diabetic B-cells to new drug
targets for type Il diabetes. There are seven series
papers of diabetes published in journal * Nature”
{ Insight) in December 2001,

1.3 History of insulin study and why does study
of insulin continue?

Insulin is a small globular protein containing two
chains ( A chain, 21 residues and B chain, 30
residues). Two disulfide bridges { A7-B7 and A20-
B19) link A- and B-chains, whereas the third disulfide
{ A6-Al11) is intra-A-chain bond. Stored as a Zn®" -
stabilized hexamer in the human B-cell, the hormone
functions as a Zn’*-free monomer'”’. The history of
insulin oceupies a unique position in the evolution of
understanding of protein and peptide hormones. The
determination of the amino acid sequence of insulin by
F. Sanger in 1953 is a landmark in biochemistry
because it is the first study to show that a protein has a
precisely defined amino acid sequence. Table 1
summarized a series of notable “firsts™ in variety

fields.

Table 1 History of insulin study

Year Event Investigator( s)
F. G. Banting!) and C. Best

1955 Determination of primary sequence F. Sanger”)

1921 Discovery and isolation of insulin

Shanghai research group

D. F. Steiner and R. Chance
D). Crowfoot-Hodgkin"
Beijing research group

W. Rutter and H. Goodman

1965 Organic synthesis of insulin
1967  Discovery of proinsulin
1969 Determination of crystal structure
1969  Determination of crystal structure
1979  Cloning of insulin gene

Y Received Nobel Prize.

A variety of dimeric and hexameric  crystal
structures of insulin have been determined. Structures
of insulin in different crystal forms'®™™ provided a
pioneering example of long-range conformational
change in a protein as shown in Figure la. Among
them, E.N.Baker et al.'™ described the insulin
structure in monomer, dimmer and hexamer in detail,
the paper can be called the “bible” of the insulin
structure. Crystal structure of native insulin contains
three helices { B9-B19, A2-A8 and Al3-Al19,
designated to be helix-1, -2 and -3 respectively}, one
B-turmn { B20-B23) and one B-strand { B24-B28) . Two
distinet  crystallographic  protomers are observed,
designated T and R state. Residues B1-B8 exhibit
variable secondary structure, either extended { T-state)
or helical { R-state} . The insulin receptor provided the
first example of metabolic regulation via a receptor
tyrosine kinase'" . Despite these landmarks, several
central questions remain to be answered: How does
insulin bind to its receptor? What is the relationship
between insulin structure, stability and function? What
is the solution structure of insulin and its diabetes-
mellitus mutants? Why are some residues important for
receptor binding and the others don’t? What is the
structure of insulin folding intermediate, which coupled
with disulfide pairing during the synthesis of nascent
polypeptide? To answer these questions the study of
insulin continues that thereby will fill a critical gap in
our knowledge of insulin.

1.4 NMR is the unique technique to determine the
three dimensional structure of macromolecule in
solution

Determination of structure of macromolecules is a
key to open the door for exploring the exquisite
functions of the molecules. After more than one
century’ s development, X-ray diffraction now is a
mature method to determine the structure for single
crystal at atomic level. Using X-ray diffraction one can
determine large molecule with more precise detail, but
lots molecules can’t be crystallized, especially for the
proteins with flexible segments. Nuclear magnetic
resonance  spectroscopy { NMR )} is a  powerful
technique, which can determine the solution structure
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of molecule at atomic level (A). Now 3 172 (or ~
16%} atomic coordinates of total 20 800 in the Protein
Data Bank had been determined by NMR { http: //
www. resh. org/pdb/, May 2003). X-diffraction and
NMR are two most important complementary methods to
determine the structure of macromolecules either in
crystal or in solution. NMR provides the knowledge of
structures in agueous solutions, which mimic the
physiological conditions. It can be applied to those
proteins that single crystals are difficult to be obtained,
typically of molecules with disordered and highly
flexible parts. NMR might be a unique technique, for
which Nobel Prize awarded four times to NMR
scientists due to their great contributions. In 1946
Purcell and Bloch discovered NMR as a physical
phenomena and they won Nobel Prize in 1952, In 1991
Nobel Prize in Chemistry awarded to Swiss scientist
Emst for his contribution of development of multi-
dimensional NMR in theoretically and practically. In
2002 Nobel Prize of chemistry awarded to Wuthrich in
ETH, Switzerland for his contribution to use of NMR in
structural genome. Now ( 2003} The Nobel Prize in
Physiology and Medicine gave to Dr. Lauterbur at The
University of Illinois at Urbhana, US and Sir Mansfield
at The University of Nottingham, UK for their
discoveries concerning Magnetic Resonance Imaging
{MRI}. That is very rare for one technique shown such
an importance and rapid development. NMR signals
{ chemical shifts, coupling constants etc.) contain
information about the chemical environment of the
nucleus studied. The nuclear overhauser enhancement
effect ({ NOE)} provides structural information ahout
inter-atomic distances between nuclei close in space,
which is proportion to the minus sixth power of the
inter-proton distance, while the coupling constant is
related to dihedral angle, so that NMR became an
important technique to determine the conformation of
bio-molecules in solution. Now NMR can be used for
protein with molecular mass normally around 300 ku
and sometimes up to 800 ku for GroEL"™ by use of
transverse relaxation-optimized spectroscopy { TROSY)
and cross-correlated relaxation-enhanced polarization

transfer { CRINEPT) ",
2 Insulin and its receptor binding

2.1 DPI and HI exhibit a similar structure of
crystal insulin

Des-pentapeptide { B26-B30} insulin { DPI} is the
first insulin analogue, whose structure was determined
hy NMR in solution. The difficulty to solve the solution
structure of insulin is the complicated aggregation
hehavior. Insulin is easy to form dimer by anti-parallel
B-sheet in between C-terminal of B-chain of two
molecules. Lacking of five residues at C-terminal of B
chain, DPI is a monomeric insulin analogue that gives

nice dispersion of amide peaks among a variety insulin
derivatives. Its receptor binding affinity retains ~20%
relative to native insulin. The sequential resonance
assignments were completely finished both in 20%
deuteric acetic acid and in 10% DMSO at pH 2",
consequently, the assignments of native human insulin
{ HI) were also solved™ . Figure la shows 14 crystal
structures of T-state insulin at different crystal forms,
which exhibit very similar “insulin fold™ with slightly
conformational differences, while NMR ensemble of 10
native insulin structures in Figure 1b show very similar
fold with flexible terminals of B chain.
2.2 DKP- HI and GIu®™-HI are engineered
monomeric insulin

To circumvent the self-association of insulin in
solution, which precluded 2D NMR study under
physiological conditions, an engineered insulin
monomer Asp’, Lys™, Pro™ -insulin ( designated
DKP-HI) was designed. The substitution of B10 from
His to Asp prevents the formation of trimmer, whereas
the switch of Pro and Lys at position B28 and B29
destabilizes the dimer. DKP-insulin with three amino
acid substitutions keeps receptor binding affinity as
high as 160% ~ 200% relative to native insulin. At a
protein concentration of 0. 6 mmol/L and pH 7, DKP-
HI is still monomeric according to  analytical
ultracentrifugation assay'™*”. The NMR structures of
DKP in Figure 1c¢ { PDB entry: 1LNP} were calculated
from NMR data in five different solution conditions: pH
6.8 and 25°C, pH 8.0 and 25°C, pH 8.0 and 32,
pH 2 and 25, and 20% deuteric acetic acid and
25C. These NMR data were complementary and ne
any contrary. The DKP substitutions were normally
used as a monomeric template for additional
substitution, so that these insulin analogues can be
tested at physiological conditions. Kaarsholm et al.
{Novo research group) used Glu™° substitution to
prevent the aggregation at pH 2.4 Tis NMR
structure is shown in Figure 1d. Consequently they
published the NMR structure of { B1, B10, Bl6, B27)
Glu, des-B30 insulin {4E-insulin} at pH 6.5 and
34°C. This four Glu mutant retains only 47%
biological potency of that of native insulin and it is
used as monomeric template  for their  further
mutagenesis' ). The NOE restraints used for DKP-
insulin is 749 including 555 inter-residue NOE, while
that of Glu™, des-B30 insulin is 479 inter-residue
NOE, which is the “hbest” structure from their
group™ . The average root mean square ( rms)
deviation of the 20 structures of DKP-insulin is
0.34 A, whereas that for 25 calculated structures of
Glu™, des-B30 insulin is 0. 42 A for backbone atoms
{A2 ~ A19 and B4 ~ B26). Ignoring the
conformational differences in detail, the NMR structure
of native HI, DKP-insulin and Glu™®-insulin shown in
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Figure 1b ~ d is quite similar and also similar to the
crystal structure in Figure la.

Fig.1 14 crystal structures of T-state insulin from different
crystal forms (a) and ensemble of 10 NMR structures of
native insulin (b, and that of 20 Asp™ , Lys™ , Pro™ -

DKP-insulin { ¢} and that of 20 Glu®™ -insulin (d)
The A chain is shown in red, B chain in blue. Coordinates in {a) were
obtained from the Protein Data Bank (identifiers 4INS, 1APH, 1BPH,
1CPH, 1DPH, 1TRZ, 1TYL, 1TYM, 1ZNIL, 1LPH, 1G7A, 1EVS, and
1ZNIy. PDB ID in (b}, (¢) and (d) is 2HIU, 1LNP and 1HLS
respectively.

2.3 Three insulin mutants with diabetes mellitus:
Ser™_HI, Leu®-HI and Leu®*-HI

There are three mutants human insulin associated
with diabetes mellitus: Ser™ -HI (insulin Los Angeles,
where patient was found }, Leu™-HI ( insulin
Wakayama[m]) and Leu®*-HI { insulin Chicago[x]).
What are the conformations of these mutated insulins?

The NMR study of Ser™-HI exhibits the paradoxical
and function™. Ser™-HI
conformation of native insulin mainly, nevertheless its

biological activity is reduced by ~ 15-fold. Among

vertebrate insulin Phe™ is invariant. Most substitutions

structure retains the

of PheB24 lead to inactive species, but glveine or
D-amino acids are well tolerated in this position. The
B24 aromatic ring appears to anchor other putative
receptor-binding residues either in crystal structure of
insulin or in NMR structure of insulin and DKP-
insulin. From conventional 2D NMR and also the
edited-NOESY spectrum of selected “C labeled Ser™ -
HI, the NOE between TyrB26 and Val®™” or Leu™ are
It seems that the

substitution from Phe to Ser at B24 position destroy the

restored as in native insulin.

local binding environment between insulin and the
receplor. NMR study of Leu®-HI and Leu®™ -HI also

exhibit the similar structural characters: retaining the

major conformation of native insulin { un-published
data}, but losing binding-affinities dramatically. In
A3 is Val, and B25 is Phe. Gly
substitution at A3 position causes the binding affinity
decreased to 0. 15% , while Ser or Leu substitution at
B25 causes the binding affinity dropping down to
0. 13% . Presumably the corresponding site of A3, B24
and B25 of receptor require the critical conformational
fitting. The side-chains of these mutants prevent or

native insulin,

break such precise fitting.
2.4 GIy*™.-HI: a structural switch exposes key
residues for receptor binding

What is the “active” conformation of insulin when
it binds to receptor? The best map to get insight into
the “active”™ insulin structure is to solve the complex
structure of the receptor with its ligand, insulin. But to
date neither the NMR
structure of such complex has been sclved due to the
large size and complicity of the cross-membrane
receplor.  Derewenda et al, reported the crystal
structure of B29-Al covalent linked single chain

insulin without receplor potency[s’zﬂ .

co-crystal structure, nor

Surprisingly the
structure of such mini-proinsulin is nearly identical to
that of native T-state insulin as shown in Figure 2a,
which imply that C-terminal of B chain “closed”
against the central helix of B chain represents the
“Inactive” conformation. This chservation allows us to
propose the hypothesis that the conformational change
at C-terminal of B chain has to occur on receptor

binding™*'. The NMR structure of Gly™-insulin
provided the first experimental evidence of this
hypothesis™*" . The Phe to Gly substitution at position

B24 is tolerant for receptor binding, it retains as high
as 80% of that of native insulin.
“opened” at C-terminal of B chain as shown in Figure
2b, which indicates that the “closed” B chain in native

state is “inactive”, whereas the “opened” B chain may

Its structure is

(@)

C-cap to edge of
o A4 A8 TepePloT =y
A chain
N ‘

“closed” .7///
B chain w

B24' T N
aromatic

anchor B

un-anchored

FPhe B24

Native state Active state
Fig.2 Cylinder representations of insulin
{a) “Closed” model of the insulin in solution. (b) proposed model of
active “open” conformation shows partial detachment of the C-terminal p-
strand of B-chain exposes the side chains of Nle®® and Val**( shaded;
asterisk in B) in a recognition w-helix.
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represent an active state. From 'H NOESY spectrum
and “C-edited NOESY of the selected “C labeled
Gly™* -insulin the characteristic long-range contacts for
“eloesed” econformation, such as NOE between B26
aromatic to Bl2 and B15 methyl protons in native
insulin, do net retain in the analegue. Or in other
words, there 1s a structural switch at B24 whereby the
C-terminal of B chain moves away on receptor binding
to expose or partially expose underlying A2-A3
residues. Ludvigsen e al. " agreed above conclusion
from their NMR study of Glu®®, Gl™*, des™ -insulin
mutant in 1998, but disagreed the extent of switching.
Their structure shows rearrangement of C-terminal of B
chain, which allows the Phe™ side chain orent inward
to ocoupy the p()siti()n n()rma]]}r taken up by Phe™* in
native insulin. Their restraints for struetural calewlation
Listed more than ten long-range contacts between
residue B25 and B26 to B12, B15, B17, and B28
ete., which were not found in Gly®™-insulin. The
arguments arise from the different solvent used in two
groups from their point of view. NMR study of Gly™*-
insulin was only in 20% deuteric acetic acid in 1991,
which may induce extra flexibility”™?. Te address
whether or not their conclusion is right, recently new
mutant G]ums., C]ym—insu]in WaS prepared and NMR
data were aequired by our group in aqueous sclution at
pH 8.0 and 32°C as Ludvigsen ez & used and also in
20% acetic acid and 25°C. The NMR data were
collected from Vanan 600 MHz and Bruker 800 MHez
instrument. Most long-range contacts between residue
B25 and B26 t¢ B12, B15, B17, and B28 ete. that
had been found from Nove NMR group were not

observed in Glu™®, Gly™-insulin except the NOE
between B26 aromatie proton and B12 methyl group at
200 ms mixing NOESY gpectrum ()n]y (un—pub]ished
d&t&) . We also found that there were m&j()r and minor
conformers for B25 and B26 aromatic resonance. The
long-range NOE between B26 and B12 was actually
from minor conformer of the aromatic B26. Co-solvent
20% acetic acid may affeet the flexibility of the
segment out of the core of the molecule somehow, but
not in very serious. Actually new crystal structure of
DPl-insulin in 209% acetic acid was solved by
G. Diodson recently { personal communication). The
effect of 209 acetic acid on long-range NOE is just
“more or less”, instead of “present or absent” based
on back-calewlated NOESY spectra.

The caleulated structure of G®™®, Gly™ -insulin
( Figure 3b) is more like that of Gly®™* -insulin™!, and
unlike that of Glu™®, GIy*™*, Des®™-insulin ( Figure
3c). There might be two possible reasons to form the
transient NOE: from partial dimer or from segmental
movement of B23-B30 (detached C-terminal of B chain
represents the “open” state, while attached is “close”
state) . The C-terminal of B chain for Gly™" substituted
mutant is still quite flexible: the long-range NOE of
B25 are recorded when 1t moved elose to central
segment of B chain, while it disappeared when it
The residual dimmer

moved away in most time.

contacts alse make the over-estimated long-range NOE.
In Clym—DKP at pH 8.0 and pH 2.0 cenly NOE
between aromatic proton of B25 (miner conformer) and
methyl of B12™ was found,
possibility.

implying a similar

Fig.3 NMR ensemble of DKP-insulin{a), Glu™®, Gly™ -HI (b) and Glu™°, Gly™*, DesB30-HI ()
A chain 3 shown in red, B dhain n blue and B24 residue in black. Stmctures are aligned according to A2-A7, A13-419 and BS-B195.
PDB ID of Gu™®, Gly™, DesB30-HI is 147F.

2.5 “Super-active” insulin mutant: D-Ala™ -DKP
As desenbed above, D-amine acid replacement of
B24 does not decrease the potency. Actually D-Ala™-
DKP has binding affinity 255% relative to that of native
insulin, it is also higher than that of its parent template
DKP (200% ), whereas L-Ala®™*-DKP shows only 4. 3%

relative to native insulin ( Table 2). Cireular dichroism
(C¥) is a simple technique to estimate the secondary
structure and other thermo-dynamic properties in
solution. The CD' wavelength scan of D- and L-Ala
substitution mutants at 4%C and 25°C indicate quite
similar well crdered secondary structure as the parent



5. S SRR RE

Prog. Biochem. Biophys. 2004; 31 (1)

DKP-insulin  does. stabilities
measured by CD guanidine hydrochloride titration;
unfolding was monitored as a function of guanidine
concentration. The denaturant unfolding by 8mol/L
guanidine of these samples shows very similar curves

{ see Figure 4a and 4b},

Thermodynamic were

indicating nearly same

stability. The AG, was calculated according Lo Sesnick
et al'™ . But the NOESY spectra in region of aromatic
protons and long-range methyl protons are very different

as shown in Figure 4c and 4d.

Table 2 Properties of B24 mutants of insulin

Sample AG, AAG, Cria i Potencies
Human insulin 4.4 0.1 = 5.320.1 .84 0. 01 140
DEP-insalin 4.9 +0. — 6.1+0.1 0.84 0.0 8
L-Ala®™* - DKP 4.3 20,05 -0.6 6101 0.71 20. 01 4.3
D-Ala®* . DKP 4.8+0.04 -1 61201 0.78 £0. 01 255
Gl;rm-DKP 4.3 +£0.05 -{.6 66201 (.65 £0. 01 50
Glu™®, Gly™* -HI 3.2:0.04 -1.2 5201 0.61 +0. 01 14.9
{a) {b)
100 R 100 |- o
) ]
B @
20 L) - "
@ﬁ g‘ @5 .l
% 60 - [} = 60 - aﬁ
3 l % ‘39
i oaf ) g 4o A4
& & £ ‘90
¢ §°
20k 1. 201 ﬁ.
sett® L
0 bananenanindtl orastdbedd
1 1 1 1 L 1 1 1 | 1 1 | L L I I
0 1 2 3 4 3 5 ) g 0 1 2 3 4 3 i 7 8
[Gu-HCL{mol - L) [Gu- HCLY{mol - L7
c) {d)
—_ e d ¢ b " s
) 4:7 @ T X A
’;' = ' QD &«
o Lo g% i
691 n m !k 8.9
o > b
3
1 i 3 - 4
D - ¢ 71 O
x* ‘1£ Wi ¥ @ w
b ‘> & ®
73 - -
L 7.3 PP il
34 B oz ¥ 1B we
L-Ala D-Ala
1 1 1 1 1 1
1.0 0.8 0.6 1.0 0.8 0.6
FoT @y
Fig. 4

{ a), (b) Guaniding unfolding CD curves of D-Ala®™ -DKP-insulin {open circles), L-Ala™*-DEP-insulin ( green triangles), and DEP-insulin { red circles)
at4°C (a) and 25°C (b). (¢}, (d) 2D 600 MHz NOESY spectra of D-A1a®*-DKP-insulin { ¢) and L-Ala®*-DKP-insulin (d) at pH 7.6 and 32°C
showing inter-residue NOEs between aromatic protons ( vertical axis) and aliphatic protons { herizontal axis). (¢) NOE contacts for L- Ala™* -DE P-insulin:
(@) B26-H, A2-H ;; (5 B26-H,/B15-Hg ,; (¢ B26-H./B15-Hy ;; () B26-H/BL2-H ;; (&) B26-H, /A2-H™; () Al9-H,/A2-Hy; (g) Al9-
H /AZ-H .; (g") Al9-H _/Bl5-Hgp; (&) Al9-H _/Bl5-Hy,-Al6-H,; (§) BL6-H _/B18-H ;; (j) B16-H /B12Z-H ;; (k) B26-H,/7A2-H .5 (1) B26-
Hy/B15-Hyy: (m) B26-Hy/B15-Hy,; (n) B26-Hy/B12-H ;3 (o) BL6-Hy/B18-H,; (p) BL6-Hy/B17-Hy; (g) BL-Hg/B6-Hg (r) BL-Hy/Al3-
Hgs (s) AlS-Hy/AZ-Hy; (8) AlS-Hy/A2-H . (u) Al9-H,/B15-Hg; (v) AlS-H,/B15-Hy-Al6-H,; (w) B1-H Al3-Hg; () BL-H,/BI18-H ;
() B1-H_/B6-Hy; (2) Bl-H,_/B6-Hy; (o) B1-H, /A13-Hg: (8) B1-H_/A13-Hy,; and () B1-H_/B18-H . (d) NOE contacts for D-Ala™*-DKP-
insulin: (g) AL9-H /A2-H .5 (A) ALS-H_/ALS-H; (&) BL6-H /BI1-Hy; (8') BIE-H /B17-Hg; (p) Bl6-Hgy/Bl7-Hy; (r) Bl-Hy/AI3-Hg;
(e Bl-Hy/Al3-Hy,; (d') B25-H /B12-H ;; (w) Bl-H s7AI3-Hg; (s) AlS-Hy/A2-Hy; () A19-Hy/B15-Hy; (&) AlS-H /AL6-Hy; (a) Bl-
H,/Al13-Hg; (8) BI-H,/A13-Hy; and (f) Bl-H /BS-Hg,.
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CD data were obtained at 4%C. Guanidine
denaturation data were fitted by nonlinear least squares
to a two-state model. I[n brief, CD} data #{x), where x
indicates the concentration of denaturant, were fitted
according to Equation 1:

6(x) = ﬁhl + fgexp[ ( - AfonD - max) /R ()

+exp[ (- A6y, — mx) /RT]

where x is the concentration of guanidine hydrochleride
and where #, and #; are baseline values in the native
and  unfolded These  baselines
approximated by pre- and poest-transition lines 6,(z) =
8,7 + m,x and 6, (z) = 6" + myx. Fitting the
original CD' data and baselines  simultaneously
circumvents artifsets assoelated with linear plots of AG
as a function of denaturant aceording to AG® - (x) =
AG®yy + m %z €y s defined as  that molar
concentration of guanidine HCI associated with 50%
pretein unfolding. The m wvalue ( keal’mol/M) 1s
defined as the slepe in pletting the unfolding free
energy versus molar concentration of denaturant; this
slope 1s often found to be proportional to the protein
surface area exposed on unfelding.

While the long-range contacts in L-Ala nmtant are
nearly identical to those of native insulin (“eclosed”
conformation, Figure 5b), the number of NOEs in
D-Ala mutant are much less, which is similar to Gly
B24 substitution. Only NOEs from B25 to B12 and
Bl5 exist in D-Ala™-DKP implying the *opened?”
conformation { Figure 5¢). The NMR data were
collected from three conditions: aqueous solution at
pH 8.0 and 32C as 5. Ludvigsen et al. used, at
pH 2.0 and 25°C and also in 20% acetic acid and
25°C. Three NOESY spectra of D-Ala™ -DKP are
nearly identical. Comparing Figure 3 with Figure 5 the
structure of D-Ala™ -DKP in Figure 5¢ is really similar
to that of Ghu™®, Gly™-insulin in Figure 3b, both of
which adopt the “open” state.

2.6 Receptor binding related insulin residues

The putative residues for receptor binding has
been extensively studied sinee the report of first
“classical ” binding surface of insulin'™)

states. were

Alanine
scanning mutagenesis and organic chemistry synthesis
are both powerful tools te explore the insulin residue for
its receptor binding™ 1. In general, the following
invariant and eonserved residues of insulin are involved
in receptor binding: four of these invanant residues
(Me*, Val®®, Tyr*® and Phe™") interaet directly with
the receptor and four additionally conserved residues
(Asn™ Leu™, Leu™ and Val®®) and one less
conservative residue ( Phe™ ) are important in
maintaining the receptor-binding conformation. There
are additional residues considered to be important in
receptor binding based upon the crystal structure of
msulin { Glu*, Gln*, Thr**, Leu®™, Tjr'rBlﬁ and

Tyr™%), most of which are less well conserved.

A whain

Li-eauin

Parent oo

L Ala™ sarian.

Fig. 5 Stereo views of NMR ensemble of 20 structures of
DKP-insulin( a), L-Ala™ -DKP-insulin (b), and p-Ala™ -
DEKP-insulin (¢)

The A chain is shown in red and B chain in blue. Phe®™* and its stereo-
specific substimtions (L-A]am4, panel b and - Ala™*, panel ¢} are
shown in black. Stuctures in panels (a} and (b} are aligned aceording
to the backbone of A2-47, A13-419, and BS-B24. Stuctures i panel
(&} are algmed according to the backbone of A2-47, A13-A15, and

BO-BI19.

Recently the CD' and NMR studies of two mutants
at A16 and A2/A3 position'” ™ are quite interesting:
Al6 analogues exhibits good receptor binding potency,
perturbed strueture, stability but bad yield, while A2/
A3 Gly snalogues exhibits good yield, native strueture
with bad potency. The hydrophebic substitutions ( e,
Val and Phe} of a key internal side chain Leu™*
retained moderate receptor-binding activities from 30%
~ 60% (Tal)le, 3) . But the recombination yie]ds of
these mutants were toc low to obtain enough materisl
for NMR 2D experiments. The denaturant stabilities of
these Al6 mutants were lower than that of the parent
DKP-insulin from 1.4 to 3.4 keal/mel ( Table 3).
These chservations suggest that the Al6 side chain
provides an essential structural buttress but unlike
neighboring core side chains, does not itself contact the
receptor’” . Whereas NMR speetra of Gly™*-DKP
exhibit very nice dispersion pesks and demonstrates
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local unfolding of the A1-A5 segment in an otherwise
native-like structure'™ . The RMSD of calculated
structures were only 0.52, 0.97 and 0.60 A for
backbone atoms of a-helix, A chain and B chain
respectively!”™ . Its receptor binding activity is only
0. 04% relative to that of insulin. Table 4 listed the
yields and CD results of Gly substitution at N-terminal
of A chain. The yield of Gly* *-DKP (3G-DKP in

Table 4, due to Gly from Al to A3) is 86% and 78%
relative to that of native insulin at neutral and basic pH
respectively. Basic pH was used due to insulin chain
combination normally carried out at basic pH. More
Gly substitution at A4 and A5 shows similar results:
good yields, less stable insulin  and
essentially without biological activity { Table 4 and
Figure 6}.

than native

Table 3 Properties of insulin mutants at position Alé

Analogue Activity AG, AAG, Coa’ M m/(keal: mol "t M D)

(a) Engineered monomer

human insulin 100 4.4+0.1 5.3+0.1 0.84 +0.01

[ Lys™, Pro™* HI 100 35+0.1 ~0.9+0.2 4.9+0.1 0.71 +0.01

AspHC_ 11 ND 5.0+0.1 0.6+0.2 6.2+0.1 0.80 +0.01

DKP-insulin 161 +10 4.9+0.1 58+0.1 0.84 +0.01
(b) Al6 analogues

1e*-DKP-insulin 64 +19 3.5+0.1 ~1.4+0.2 5.44+0.1 0.66 +0.01

Val*¥*_DKP-insulin 33 48 2.1+0.1 -2.8+0.2 3.7+0.1 0.57 +0.01

Phe*® _DKP-insulin 34 +11 1.5+0.1 -3.4+0.2 3.1+0.1 0.50 +0. 01
{ ¢) control analogues

AspP0-DOI N 4.1+0.1 -0.3+0.2 6.4+0.1 0.65 +0. 01

allo-Tle™ -DKP-insulin 4+0.01 4.9+0.1 0.0+0.2 6.5+0.2 0.75 +0. 02

DOL: des-octapeptide ( B23-B30) insulin.

Table 4 Properties of insulin with substituted Gly at N-terminal of A chain

Protein Yield % AG? AAGHY C g/ MY m/keal: mol . MY
(a) Neutral pH
human insulin 100 4.4x0.1 — 5.3+0.1 0.84 £0.01
DKP-insulin 110 4.9x0.1 — 5.8+0.1 0.84 £0.01
Gly*2 -DKP-insulin 106
Gly** -DKP-insulin (2G) 88 2.9+0.2 -2.0+0.2 5.00.1 0.57 £0.07
3G-DKP-insulin 86 2.8+0.1 -2.1+0.2 4.4 +0.1 0.64 +0. 01
4G-DKP-insulin 107 2.4 +0.1 -2.5+0.2 4.0+0.1 0.61 +0. 01
5G-DKP-insulin 101 2.7+0.1 -2.2x0.2 4.2+0.1 0.63 0. 01
5G-insulin S0 2.0x0.1 -2.4+0.2 4.2x0.1 0.60 +£0.01
DKP-des-[ AG-A11]% © 20 <2.2 > -3.0+0.4 <3.2 0.65 +0. 07
DKP-des-[ A7-B7] ¥ 33 <10 > —4.4x0.2 <1.5 0.46 £0.03
(b) Basic pH
human insulin 100 3.220.1 — 4.3x0.1 0.75 £0.02
DKP-insulin 110 3.0+0.1 — 5.3+0.1 0.73 £0.02
3G-DKP-insulin 78 3.4+0.1 -0.5+0.1 4.6 +0.1 0.74 +0.02
4G-DKP-insulin 96 3.5+0.1 -0.4+0.1 4.6+0.1 0.76 +0. 02
5G-DKP-insulin 101 3.2+0.1 -0.7+0.1 3.5+0.1 0.70 +0. 02
5G-insulin 103 2.5+0.1 -0.7+0.2 3.6x0.1 0.58 +0. 02

D¥ield is defined following purification of analogs by CM-cellulose chromatography. In control synthesis of DKP-insulin a
misture of 60 mg A-chain-S-sulfonate and 30 mg DKP B-chain-3-sulfonate yields 12 mg of monocomponent DKP-insulin. AG,?

G

mid

# and m¥ value are defined in Table 2. AAG, ¥ (keal/mol) indicates difference in AG, values relative to parent structure

( DKP-insulin or bhuman insulin) . Uncertainties in two-state fitting parameters do not include possible systematic error due to non-

two-state behavior. ® Lack of sigmeidicity in transitions makes uncertain fitting of pre-transition base line; only upper bounds to

stability have been estimated.
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Fig. 6 Effect of pH on CD-detected structure and stability
(a) Far-UV CD spectra of DKP-insulin at pH 7. 4 (line) and 10.5 (open circle) at 4°C. (b) Spectra of 5G-DKP-insulin at pH 7. 4
{filled triangle) and 10. 5 (open tiangle) relative to DKP-insulin at pH 7.4 (line) at 4°C. (¢) Guanidine denaturation studies of
DKP- insulin at pH 7. 4 ( filled circle ) and 10. 5 { open circle ) at4°C. (d) Guanidine denaturation studies of 5 G - DKP - insulin at
pH 7.4 (filled triangle) and 10.5 (open wiangle) at 4%C. Inferred thermodynamic parameters are given in Table 4.

Above mutants retain partial folds with efficient
disulfide pairing, which gave rise to the relatively high
yields, suggesting that the native N-terminal o-helix
does not participate in the transition state of the
reaction of chain recombination, or in other words, the
role of A chain o-helix in disulfide pairing is
asymmetric. As we know, lots insulin mutants were
synthesized by combination of isolated mutated A and B
This reaction, designated insulin chain
combination, vields native disulfide pairing”™ . So this
study also provides the information for mechanism of
insulin chain combination,

chains.

which is less understood

during the long period since the method applied in
60's.
2.7 Does mutant with enhanced stability contain
enhanced potency?

Kaarsholm e al. "** reported the potency and
CD results of A8 substituted analogues that the
enhanced potency has been found to couple with
enhanced stability. The potency of Ala, Arg and His
substitution at A8 is 112%, 302% and 309%
respectively, whereas the stability of these mutants is
3.92, 5.01 and 5.52 kecal/mol comparing with

3. 76 kcal/mol of native insulin { Table 5).

Table 5 CD results of A8 analogues of insulin in 1¢ mmol/L Tris at 25°C

Analog Potency” G,/ (keal- mol ™1 Coia’ M m/(keal- mol t- M

Human insulin® 100 3.76 4. 37 0. 86
HisA8 human 309 5.52 5.41 1.02
AlaA8 human 112 3.92 4.51 0.87
ArgA8 human 302 5.01 4. 77 107
DKP-insulin 1617 4. 80 5.80 0.84
GluA8-DKP-insulin 617 5.90 6. 60 0. 39
GlnAR-DKP-insulin 1223 5.00 6.40 0.78

U Potency was measured by insulin-dependent stimulation of ghicose uptake in isolated adipocytes. 2 €D studies of the unfolding
of human insulin represent measurements at a protein concentration of 3 pwmol/L. 3 Placement receptor binding was determined
by relative affinity for the placental insulin receptor; number of assays is given in parenthesis with standard deviations provided.
Under these conditions the K, for native insulin is (0. 48 +0. 06) nmel/L. Contol studies were also performed using His*®-
human insulin ( positive control) and Ala*>-DKP-insulin ( negative conwel) as deseribed in text.
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In comparison with the template structure (4E-
insulin, the His® 4E-insulin mutation enhances the
helical character of residues AZ2-A8. The A8 site
defines one edge of the receptor hinding surface and
delimits the Al-A8 a-helix as shown in Figure 2a. The
enhanced activities of the His*® and Arg’n‘8 analogs
( relative to ThrAS) were ascribed 1o thermodynamic
slabilization of this critical helix because of their higher
helical propensities, including more favorable C-cap
properties. Additional stability may derive from an
electrostatic interaction between the A8 side chain and
M( a potential C-
Whether a correlation between

the negative charge side chain of Glu
capping bhox'*Y 3}
stability and activity is general or limited to these

particular analogs is not known. To test their proposal,
more mutations at A8 ( Glu**-DKP-insulin and Gln**-

DKP-insulin} were prepared and studied™ . CD and
NMR spectra of the DKP analogs were essentially
identical to those of DKP-insulin,
cotrespondence  of

indicating a
Receptor  binding
affinities were determined by competitive displacement

structures.

of " I-insulin from human placental membranes. The

(a]

results in Table 5 show that the analogs receptor
binding affinities are uncorrelated with stability, which
suggest that the receptor binding affinities of AS
analogs reflect local features of the hormone-receptor
interface rather than the stability of the free hormone or
the intrinsic C-capping propensity of the A8 side
chain. Contrary to a previous proposal[4l], the activity
and stability of insulin are uncorrelated among a series
of A chain analogs. The substitutions affect the C-
terminal residue of A chain and putative electrostatic
capping box of a conserved recognition ¢ -helix.
2.8 1R structure and activation mechanism

As discussed above, despite of the central role of
post-receptor signaling pathway in the hormone control
of the metabolism, how insulin binds to and triggers its
receptor are poorly understood. How does insulin binds
to its receptor? What are the contact points between
insulin and the receptor, specific
recognition achieved? How are these structural features
coupled to signal transduction within the hormone-

and how is

holoreceptor complex'® “1? These questions have long
been the subject of speculation.

¢ o
L1
I ICR
L2
. B Fall-1
Fnll-2h —» I
Fall-3 —» i Fnll-2a
Trans & —+] D-e
Juxtamembrane
Kinase
Crtail —\J
Fig. 7

{a) Schematic outline of 022 insulin receptor. L1 and L2: ligand binding domains, CR: Cystein-rich domain, and
Fulll: fibronection domains. (b) Crystal structure of IGFR L1-CR-L2 domains. Polypeptide fold of hIGF-T R
{residues 1 ~45%9) adapted from Ref[45] . Helices are represented by curled ribbons and P strands by broad armows.

Figure 7a shows the schematic outline of «2p2

. . 4548
insulin receptor[ !

. which contains large domain L1
and 12 involving in binding of insulin, cysteine-rich
domain ( CR} and Fnll fibronection domains™® . The
insulin receptor (IR} is a member of a family of a2p2
receptor tyrosine kinases (TK}. The « chain is extra-
cellular and it contains the hormone-binding site( s} .

The [ chain passes through the membrane and contains

the intracellular TK domain. The crystal structure of
insulin receptor is not solved yet; however, that of the
first three domains of its homologue, insulin-like
growth factor receptor, was solved ( PDB ID entry:
1TGR) ™ and shown in Figure 7b. The L. domains
each contain a novel single-stranded right-handed B-
helix capped at each end by o-helices and disulfide

bridges. IR has an additional pair of cysteines relative
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to IGFR. An excellent review paper of insulin and
IGF- 1 receptors detailed
progreses'™ . According to the L1-CR-12 structure of
homologue receptor, IGF-1 receptor, and electron
microscopic reconstructions of the IR undertake the
isolated IR ectodomains with and without bound
insulin”™. In addition of the major { or classical)

receptor-binding surface as mentioned above, the
13

summarized the

minor accessory surface is proposed to contain Leu
and Leu™ "> But what is the binding surface of
IR? The photo-cross-linking and alanine scanning had
been used to explore the surface. Mapping of the para-
azido-Phe-insulin with IR by Steiner™ identified a
novel B25 binding site near the C-terminus of the «
subunit of IR. The alanine scanning mutagenesis' ™
also confirmed the importance of this region { residues
704 ~719}. The IR binding surface and the structure
of bound insulin will be explored by the possible
structural determination of the complex of minimum
receptor binding domain ( L1-CR-L2} with insulin by
crystal diffraction or TROSY -based NMR.

3 Disulfide pairing coupled insulin folding
intermediates

3.1 Disulfide-coupled protein folding pathway
Protein folding study has long been studied in last
three decades since Anfinsen’ s famous assumption
proposed that native structure of protein is uniquely
determined by its primary amino acid sequence!*.
Now the folding study is one of the most fascinating
topics not only in theoretical research, but also in
medicine and in pharmaceutical industry. The central
task to study protein folding is to get insight into the
folding pathway and the kinetically accumulated folding
intermediate, and lead to understand the folding
mechanism. Although the populations of possible
folding conformations are numerous, the kinetics of
folding are relatively simple indicating that many
adopt  the conformation  of

molecules similar

intermediates, following the same folding pathway, and
that relatively few conformations are sampled during the
timescale of folding. The folding pathway of disulfide
bond containing protein can be determined in detail
hecause the disulfide bonds can be used as probes of
protein folding"™ . In particular, the kinetic roles and
importance of most disulfide intermediates can be
determined. The {folding pathway of the following
proteins had been studied and compared extensively.
In BPTI a crucial intermediate is partly folded, in «-
lactalbumin the intermediate tend to adopt to the
molten globule conformation, while in ribonuclease the
early disulfide intermediates are largely unfolded, and
non predominate. However, the slowest step in each
case is the formation of a disulfide bond to be buried in
a stable folded conformation, whereas the most rapid
step is the formation of an accessible disulfide bond on
the surface of the folded state. The most extensively
characterized disulfide folding transition is that of
BPTI, a small protein with three disulfides (30-51,
38-55 and 5-14},
quasi-native species with native conformation is (30-
51, 38-55)} intermediate, but ne 5-14 disulfide bond.
Residue CysS and Cysl4 are completely exposed in

solvent, and quickly to form a disulfide bond without
(57

which is similar to insulin. Its

any conformational rearrangement

What is the folding pathway of insulin? Does the
“quasi-native” intermediate of insulin adopt the similar
conformation just like BPTI does? What is the structure
disulfide  pairing-coupled  folding
intermediate? Because insulin structure was solved well

of  insulin

in solution and three disulfide bridges of insulin
represent a typical protein with disulfide bonds for
folding process, a series of studies of disulfide-pairing
coupled folding intermediates of insulin has been
investigated in our group. Table 6 listed our NMR
structural studied folding intermediates of insulin and

IGF.

Table 6 List of disulfide intermediate models

Insulin

IGF- [

One disulfide bond isomer

SertS-ALL_DKP
Ala*® AL pKP
Ser- B _DKP

Two disulfide bond isomer

Three disulfide bond isomer

[A6-B7, A7-All, A20-BI9]-HI
[A6-A7, A11-B7, A20-BI9]-HI

AlaY 2 Ger® B IGE- |
1GF- | -peptide

Ala* 32 1GF- |

[48-52, 647, 18-61]-1GF- ]
[47-48, 648, 18 61]-IGF- |

3.2 Three disulfide

disulfide isomer-1 and -Il
Folding of insulin in vivo is accomplished by the

gingle-chain proinsulin { HPI'}, which contains a

insulin isomers: insulin

connecting peptide { C peptide) between the (-terminal
of the B chain and N-terminal of the A chain’™?. After
cleavage the C-peptide, insulin was released as

functional molecule to control the blood sugar.
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Oxidative refolding of reduced proinsulin or oxidation of
isolated A- and B-chains (1. e.
recombination} preferentially yields native proinsulin or
insulin respectively with native disulfide pairing in each

insulin chain

case implying that insulin A- and B-chain contains
sufficient information to interact and form the native
(59 -61]
molecule )
The insulin disulfide isomers with three disulfides

can be induced by disulfide exchange in 10 mmol/L

o hatve lnsulin

3 -R1d

dithigthreitol ( DTT}, 6 mol/L guanidine-HC]l and
0.1 mol/L Tris-HCL (pH 8. 3} in room air at 37°C for
23 h'*™ % Figure 8¢ shows HPLC chromatograph
profiles of the products of insulin disulfide reassortment
at denatured condition. Isomer- [ ( insulin-swap} and
isomer- [[ ( insulin-swap2} retain native A20-BI9
disulfide and contain mis-matched ( A6-B7 and A7-
All) ( A6-A7 and A11-B7 )  disulfides
respectively. In all the products ca. 70% of the

and

hilRaulfids daomer |

15 el

[somer |

Native insulin

13 v:hain

Fig. 8
Stractures of native insulin ( a) and insalin-disulfide isomer- T (b) . Cylinder models are derived from NMR studies as described in text. In
each panel disulfide bridges (boxes) are shown in red. 3elected side chains { blue) in the hydrophobic core are as labeled. The structure of
Insulin-swap is remarkable for segmental unfolding of the Al-A8 a-helix and tilting of the A12-Al8 helix in an otherwizse native-like globular
domain. {¢) Reverse-phase HPLC chromatograms showing disulfide reassortment of native insulin( ), purified isomer ] { insulin-swap, 2],
and purified isomer [[ { insulin-swap2, 3] . In chromatogram (1) species a, o, and &" are isolated A chains contaiming internal disulfide
bridges; species b is the isolated [ B7-B19] cyelie-B chain. Isomers | and II are herein designated insulin-swap and insulin-swap2. Their
differences in elution times and breadth of peaks relative to native insulin correlate with trends in CD-defined helix contents { Table 7). (d)
Primary structures and disulfide pairing schemes of insalin-swap2. [nsulin-swap2 contains an unusual AG-A7 vicinal disulfide bridge as well
the AT7-All pairing alss found in insulin-swap and the native A20-B19 disulfide bridge.
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other
products included insulin-swap (3% ~35% of starting
material} , insulin-swap2 (3% ~5%), and isolated A-
and B-chains containing internal disulfide bonds (20%
~ 25%}. The absence of other disulfide isomers
suggests that the observed species exhibit relatively
high stability and/or kinetic accessibility. The NMR

structures of native and

starting material remained as native insulin;

isomer | are showed in
Figure 8a and b respectively.

The metastahle isomer- |
secondary structure and a compact hydrophobic core as

shown in Figure 8b. Comparing with the native insulin

retains  ordered

structure in Figure 8a, although the orientation of A
and B chain of isomer- | is globally rearranged, one
face of the isomer is similar between native and isomer-
l structure, which contains receptor
determinants as shown in Figure 9a. Both isomers
retain 13% ~ 27% of the receptor binding potency
relative that of insulin ( Table 7}. The isomer-]| is
less stable than the isomer- [ . Iis native-like elements
of structure are maintained in the B chain whereas the

binding

A chain is largely disordered. Thermodynamic studies
with guanidine denaturation demonsirale the instability
of the isomers- [l relative to native insulin ( Table 7,
AAG, »3.5 keal/mol} . But the key long-range NOEs
that defined native-like B chain folding existed in
NOESY spectrum: Val®™ to Phe™ and/or Tyr™,
Leu®” to Tyrm‘S 5 1o Tyrﬁlg ete.

Figure 9b. The structural feature like the orientation of
C-terminal of A chain and central o-helix from B9-B18
followed with B-turn of B chain is also retained in
isomer- [| as that in native state. Both insulin isomers

and Leu shown in

El

are caught in kinetic trapping. Insulin isomer- [[ is less
well-ordered due to its stereo-chemically unfavourite
adjacent Cys, which form a disulfide bond ( Figure

)

Y A BY
& ¥

e

8d}; and Al ~ All peptide segment is more flexible in
insulin-swap2.

Insulin-like growth factor- [ (IGF- ]} and insulin
share high sequence similarity in both the A and B
chains of insulin, but IGF- | contains an additional
connecting C-domain and an extension at the C-
terminus known as the D-domain. Both NMR structure
and erystal stucture of IGF- [ reveal its structural
homology with insulin'™ * . While oxidative refolding
of proinsulin or chain combination of insulin yields only
the native disulfide pairing scheme, oxidative refolding
of insulin-like growth factor- [ (IGF-] } and chain
combination of IGF- [ A- and B- domains in each case
yields two products under thermodynamic control:
native IGF-1 and an alternative structure with
“swapped ” disulfide bonds ( IGF-swap}. IGF-swap
contains two non-native disulfides 647 and 48-32
corresponding to B7-A6 and A7-All disulfide bonds
and a native disulfide bond 18-61 (similar to B19-A20
in insulin}®~* . The products of native IGF- [ and
IGF-swap are 60% and 40% respectively, which
indicate that two products are in thermodynamic
equilibrium. Whereas the swapped disulfide pairing
scheme in HPI or insulin corresponds to kinetic trap,
native IGF- [ and IGF-swap exhibit similar stabilities.
NMR study of IGF-swap suggests that the fertiary
structures of IGF-1 and swap are similar in the
neighborhood of their shared disulfide bridge ( 18-61} .
IGF-1 and IGF-swap adopt secondary
structures but distinet tertiary folds Why does
the folding information ambiguous in IGF- [, whereas
it is uniquely in insulin and proinsulin? Is it possible

similar
(57, £8]

that sequence of IGF-1 missed some folding
information? These questions leave the broad
interesting in further study.
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Fig. 9 Long-range interactions of B-chain super-secondary structure

{ &) Superposition of crystal structures ( residues A12-A20 and B9-B26) showing key side-chain contacts among Leu™', Tyr*®, Val®™, Leu®™, Phe™,
and Tyr®™®. Main-chain atoms of the A- and B- chains are shown in gray and black, respectively; side chains of the A- and B- chains are shown in lilag
and red, respectively. AZ20-B19 disulfide bridge is shown as yellow-orange balls ( sulfur atoms) and sticks. Spread of conformations reflects structural
variation among oryetal forms. Coordinates were obtained from the Protein Data Bank (identifiers 4INS, 1APH, 1BPH, 1CPH, 1DPH, 1TRZ, 1TYL,
1ITYM, 1ZNI, 1LPH, 1G7A, 1EV6, and 1ZNJ). (b) NOESY spectrum of insulin-swap2 in 80% D,0-20% deuterivacetic acid showing long-range
contacts between aromatic and aliphatie sidechains. Of particular interest are contaets characteristic of native-like B-chain super-secondary strueture (from
Val®? to Phe™ and/or Tyr™; and from Len™ to Tyr®®) and native-like A16-A19 and B15-A19 contacts. Aromatic resonances of Phe®™-H, and

Tyr™2.H_ overlap at 6. 75 ppm. Assignment of possible Oe™-Tyr™ interaction ( Ia) is provisional due to resonance overlap,
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Table 7 Guanidine denaturation

Analogue AG, AAG, €M m/keal: mol 7' M Potencies/ %
(a) Insulin analogues
Native insulin 4.4+0.1 — 5.220.1 0.84 £0.01 100
Insulin-swap 1.3x0.2 -3.1x0.2 2.2x0.2 0.58+0.04 13 -27
Insulin-swap2 0.5x0.2 -3.9x0.3 1.2x0.1 0.44 +0.03 13 ~27
(b) IGF analognes
Native 1GF- | 2.5x0.1 — 4.220.1 0.58x0.01 100
IGF-swap 3.3+0.1 0.8+0.2 5.1+0.1 0.64 +0.01 10

AL, indicates apparent change in free energy on denaturation in gnanidine-HCl as extrapolated to zero denaturant concentration by

two-state model. AAG, indicates difference in AG, values relative to native insulin {a) or IGF-1 {b). Uncertainties in two-state

fitting parameters do not include possible systematic error due to non-two-state behavior. Insulin potencies (a) are expressed as

percent activity in isolated fat-cell assays and in vive rodent models; IGF- | potencies (b) are defined by percent affinity for the type

[ IGF receptor defined relative to native ligand. For sigmoidal transitions ( native insulin, IGF- 1, and IGF-swap), model employs
simultanecus fitting of slops of pre- and post-transition baseline. See text in detail.

3.3  Two disulfide insulin analogue: Ser®® *!.
DKP, Ala**'DKP, Ala” *-IGF-1 and
Ser*” ¥ -DKP

Two disulfide insulin analogues were prepared by
novel synthetic S-sulphonate A and B chain, followed
by chain combination. The DKP-template makes these
analogues well dissolved at neutral pH as well as in low
pH. To mimic the folding intermediate, an analogue
lacks the A6-All or A7-B7 disulphide bridge; the Cys
is replaced by Ser or Ala. From NMR results of
Ser® *_DKP  and Ala®® *"-DKP, the solution
structure of Ser substitution at A6 and All position is
remarkable for the segmental unfolding of the N-

terminal A-chain g-helix { A2 to A8) in an otherwise
native sub-domain'® . The A6-All disulfide bridge is
buried and surrounded by hydrophobic residues in
native insulin. The Ala substituted analogue retains
same structure with that of Ser analogue™. The
structure suggests that the overall orientation of the A
and B chains is consistent with reorganization of the A-
chain’ s segment. Nevertheless, the
analogue’s low biological activities { Table 8) imply

N-terminal

that this segment functions as a preformed recognition
a-helix. The corresponding two disulfide intermediate
of IGF-T ( Ala™ “-IGF-1) was trapped by acid

quenching' ™.

Table 8 Properties of two disulfide insulin isomers

Analogue AG, AAG, G m/(keal: mol ™t M) Potencies/ %
DKP-insulin 4.920.04 — 5.8£0.1 0.84 20.01 150 +24
Ala*S 41 _DKP 1.4+0.4 -3.5+ 0.5 2.7 £0.4 0.52 0. 08 3
Ser*®AL_DKP 1.9+0.3 -3.0+0.3 2.9+0.3 0.65 +0. (7 0.1
Ser™” ¥ _pKP 0.3+0.6 4.6 0.7 0.7+1.1 0.48 +0.05 0. 002

AAG, indicates the difference in AG, values relative to that of DKP-insulin. Thermodynamic differences between DKP-des-[ A6-A11] Ala and DKP-des-
[A6-Al1] Ser are not significant. Uncertainties in two-state fitting parameters do net include possible systematic error due to non-two-state behavior.

Potencies are expressed as percent affinity for the human placental insulin receptor, defined relative to native human insulin {100%) .

47-52  disulfide  bond
{ corresponding to A6-All in insulin} was associated
with local unfolding of the adjoining a-helix {helix 2;
corresponding to A2 ~ A8 helix in insulin). The
IGF- I intermediate is partially folded and contains
elements with native secondary and tertiary structure.

Removal of  the

Above three intermediates of either insulin or IGF- |
lack A6-A11 hridge {or 47-52 in IGF-1), but keep
similar structural features: native secondary structure
{including helices 1 and 3} is otherwise retained and
defines a folded sub-domain, which likes an “internal
template” in contact with the N-terminal A chain helix
in native insulin. The preference to form a helix in the

N-terminal segment makes it possible to dock into the
“internal template™ by the hydrophobic interaction,
consequently the helix formation may help to link the
disulfide bridge of A6-All. These results support the
hypothesis that folding of the insulin motif is directed
hy a subset of native structural elements and that these
elements form in an early step in the pathway.
Formation of helix 2 { A1-A8} is likely to represent a
late step!™.

The other two disulfides insulin analogue is
Ser®™ P_DKP'™ that lacks the most exposed disulfide
A7-B7 in insulin. CD and NMR results indicate that

this intermediate model has much less well-defined
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secondary structure compating with those of above
models ( Table 8) . The stability of the intermediate is
only 0.3 keal/mel, which is 4. 6 keal/mol lower than
that of native insulin and also 1.1 ~ 1.6 kcal/mol
lower than that of pairwise substitution of internal
cystine A6-A11. Although substantially disordered and
without significant biological activity, this un-tethered
analogue  contains a molten  globule  sub-domain
comprising cystine A20-B19 and a native-like cluster of
hydrophobic side chains. The long-range NOEs such as
Phe™ to Leu™ and Leu™ to Tyr*” as well as B9-B19
helix-1 remain in this molecule.

The A7-B7 bridge provides an exposed tether
between extended strand { B1-B&)} to an g-helix { A2-
AB). Local disorder is observed within un-tethered A
and B chain segment. Remarkably, A and B chains
contribute un-equal to this folded moiety: the B chain
retains native-like super-secondary structure, whereas
the A chain is largely disordered.

These results suggest that the B sub-domain
provides a template to guide folding of the A chain.
Stepwise organization of insulin-like molecules supports
a hierarchic protein folding. Un-tethering the exposed
A7-B7 bridge leads to a 10°-folds decrease in the level
of receptor binding, which may in part reflect
destabilization of the receptor-binding surface, and in
part a change in the environment of cystine A7-B7 on
receptor  binding.  Does receptor require the
environment of A7-B7 change from hydrophilic to
hydrophobic? Is the hydrophilic environment of A7-B7
cystine in T-state not favor for receptor hinding?

Among these intermediates with two disulfides the
conformation of Ser"® *"'-DKP is more similar to that of
native insulin, which is somehow similar to quasi-
native species of BPTI intermediate as mentioned above
in the beginning of the section. But A6-A11 disulfide
bridge is buried, differing from the exposed Cys5-
Cys14 bridge in native BPTI. However the structure of
Ser®” _DKP is much less well folded, though the
disulfide bond of A7-B7 is the most exposed one in
native insulin that is similar to eystine 5-14 in BPTIL.
3.4 One disulfide insulin analogue: IGF-I-peptide

IGF-T analogue model with only ene disulfide
bond, IGF- 1 -peptide, contains total 37 residues and
one disulfide bridge between residues 18-61. The
segment of Gly' to Phe™ of the peptide corresponds to
the segment from B8 to B26 segment in insulin
sequence, while that of Asp™ to Ala™ corresponds to
Al12 1o A21 of insulin and additional D-domain of IGF-
I. NMR study of the IGF- ] -peptide reveals that the
peptide maintains helix 13-18 ( corresponding to B11-
B19 helix in insulin) and short helix 356-61
{ corresponding to A16 to A21 in insulin}. In addition,
NOESY spectrum showed the NOE corresponding to
B26 - B15 in insulin is still retained { unpublished

data) .

Recently Feng et al. prepared a model peptide
[ A20-B19] -porcine insulin precursor { PIP} containing
the single disulfide A20-B197% . Although the yield of
the model peptide from yeast was 2 ~ 3 magnitudes
lower than that of the wild-type PIP, the
physicochemical property analysis suggested that the
model peptide adopts a partially folded conformation.
In vitro, the fully reduced model peptide can efficiently
and easily form the disulfide A20-B19, which suggest
that formation of the disulfide A20-B19 is kinetically
preferred.

3.5 The folding pathway of PIP and HPI

Figure 10a shows the proposed folding pathway of
single chain porcine insulin precursor { PIP) in vitro.
The precurser contains B1-B30 segment and di-peptide
linker { Ala-Lys}, followed by A1-A21 A chain with
total 53 residues. The recombinant insulin precursor
was fully reduced and diluted to buffer for refolding.
Reduction was trapped at different refolding time by
adding iodoacetic acid. Then refolding products were
digested by endoproteinase V8, followed by ESI-MS
analysis. In redox huffer, the yield of native PIP from
fully reduced/denatured PIP can reach as high as
85% . Three predominant intermediates have been
captured and characterized: designated 1SSPIP and
288PIPa and 28SPIPh!™ ., One disulfide intermediate
in up-left comer of Figure 10a is [ A6-All |
intermediate, whereas two intermediates contain [ A7-
B7, A20-B19] and [ A6-B7, A20-B19] or [ A11-B7,
A20-B19].

Although A6-All and A20-B19 disulfide bridges
are each buried, above NMR structural studies of
disulfide pairing intermediate models suggest a
fundamental difference between their environments in a
populated intermediates. The A6-Al1l bridge is very
flexible and poorly ordered as shown in Figure 10b,
whereas the A20-B19 bridge participates in  and
presumably stabilizes a molten sub-domain in Figure
10b and c. A6-All is favored to form in refolding of
reduced PIP because of the sequence proximity of these
sites and instability of altemative local pairing schemes
{a vicinal A6-A7 disulfide bridge and “swapped™ A7-
Al1}. Even if the A6 - A1l disulfide bond formed, it
can not stabilize the whole molecule, the
rearrangement of disulfide may break it and form the
other disulfide bridge. In contrast, although the A20-
B19 is site-distant in the sequence, it is still favored in
refolding because of intrinsic long-range structural
propensities to stabilize the “folding nucleation™. It is
reasonable to deduce that the [ A20-B19] species
represents the first “structural” intermediate, which
contains a stable partial fold with native-like long-range
contacts.
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Fig. 10 Proposed disulfide pathway of porcine insulin precursor ( PIF)
{a} Disulfide intermediates based on hivchemical mapping studies of a proinmlin-like precursor. “U” designates unfolded and reduced
polypeptide; “N™ desimates native state with three disulfide bridges [ AS-ALl, A7-B7 and 420-B19}. Intermediate species are designated
by eystme(s}; e g, [AZ0-B19] indicates a speciss containing one disulfide bodge. Cystine A20-BI19 s highlighted v red in each panel.
Designations “fast™ or “slow™ refer to kinetic study of Feng and coworkers. Becanse technical limitations in peptide mapping precluded
unambiguous assignment of disulfide pairing schemes, pathway is in part hypothetical. (b} and (¢} Cylinder models of two- disulfide insulin
analogs: (b)) DRP-des-[ A7-B7]™ and ( o) DEP-des-[ A6- AL1]%* based on NMR data Dashed lines indicate disordered regions .
Podtions of cystines are indicated by filled circles and bar.
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Te summarize the NMR results of the disulfide-
pairing coupled folding intermediates Figure 11 shows
two intermediates model containing three disulfides in
(2) and (b}, three models containing twe disulfides in
(g) ~ (1) as described shove. Ensembles of NMR
structures of native insulin and DKP-insulin are shown
in {d) and (). An unpublished NMR structural model
of ﬂlenn()—unf()]ding native insulin (with three native
disulfides} is shown in (c¢). The NMR data were
collected from Bruker 800 MHz eryo-probe for native
insulin at pH 2 and 80°C, the 2D NMR spectra were
gequired within one hour to aveid the possible
aggregation in longer time. This solution condition 1s
normally used for insulin fibnllation study. The
structure represents partly thermo-unfolding state of
insulin, or pre-fibril state prior to forming amyloid
fibril. The stueture maintains central «-helix of B9 -
B18 with adjoining B-turns ( B20-B23) and short
helical segment of AL7-A20 with flexible N-terminal of
both chains. A series of © N-HSQC speectra of ** N-

insulin were eolleeted to monitor the time eourse of the

conformational change in same conditions. The © N-
TOCSY-HSQC and NOESY-HSQC  spectra  were
gequired within three hours each, which allow the
assignment of 60% residues in  N-HSQC spectra.
Data indicated that the intensities and chemical shifts
of these peaks were similar before 20 h, after which
fibnil started to form and NMR signal eould not be
acquired due to line-broadening. In spite of the
conformational differences between & variety of the
intermediates in Figure 11, one struetural feature 1s
always remained: a super-secondary strueture as shown
in (e}, which consist of B9-B19 helix, adjoining B23-
B26 segment folded back against the central B chain
and A20-B19 disulfide bond linked B chain with A13-
A19 helix (or more short helix of A17-A20 in thermo-
unfolded insulin) . The super-secondary structure might
be the “folding nucleus” in folding mechanism. Among
three disulfides, A20-B19 is the most important one in
stabilizing the nascent polypeptide in earlier stage of
the folding.
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Fig. 11 Summuary of the structures of insulin disulfide-pairing coupled insulin folding intermediates
(a} An ensemble of 20 NMR structures of insulin disulfide isomer-1 intermediates (PDB ID: 15GL}. (b} Preposed model of nsulin isomer2. ( c}
Thermo-unfolded insulin at 60°C (unpublished data}. (d} An ensemble of 10 NMR stuctures of native insulin (PDB ID: ZHIU} . (e} 14 T-state crystal
stuetures of native meulin ( PDB ID: 4INS, 14PH, 1BPH, 1CPH, 1DPH, 1TRZ, 1TYL, 1TYM, 1ZNI, 1LFH, 1G74, 1EVS, and 1ZNJ}. Only
backbone of 412-A21 and B9-B28 were shown. (f} An ensamble of 20 NMR structures of DRP-insulin (FDB ID: 1LNF}. (g} That of Ser®® *!'-DEP-
ngulin (PDB ID: 1WKT). (k) and (i) proposed models of Ala®S 41 DEP-insulin and Ser™ F-DEP-insulin respectively. A chain backbone or ribbon
are shown in red, that of B chadn m blue. The structures m (ap, (e}, (d} ~ (g} were aligmed respect to the main chain atoms of B9-B19. All the
structures of intermediates were remamed the super-secondary structure shown n (e}

Acid-trapped folding intermediates and produets of
IGF-T reveal that in addition to non-native
intermediates, three native-like intermediates were
identified: a single-disulfide [18-61] intermediate, an
intermediate with 18-61 and 648 disulfide bonds and
another with 18-61 and 47-52 disulfide!™ . The first
populated intermediate [ 18-61] eorresponds to A20-
B19 disulfide in insulin. Recenﬂy Qi&() et al. rep()rted
the folding pathway of human preinsulin!™ . Differing
from the folding pathway of poreine msulin precursor,
ne intermediates with one- or two-disulfide bhonds could
be captured under a wvariety of refolding conditions.
Four intermediates with three disulfide bridges were
isolated and characterized. The different pathway of

HFI reveals that the C-peptide not only facilitates the
folding of HPI, but alsc governs its kinetic folding
pathway of HPL. The formation of disulfide A20-B19
may guide the transfer of the folding information from
the B-chain template to the unstructured A-chain. The
msulin felding pathway study and the NMR structural
models of insulin folding intermediates supports the
proposal that protem folding 18 hoth co-translationally
and post-translationally!™ . The folding of the nascent
chain begins early during biosynthesis and followed by
further eonformational readjustment, especially during
the disulfide pairing and rearrangement.
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4 Other members of insulin super-family,
C. elegans insulin-like peptide and abnormal
insulin analogues

4.1 C elegans insulin-like peptide structurally
resembles HI and interacts with human IR
Recently the first NMR structure of C. elegans
INS-6 (insulin-like peptide, ILP) of invertebrate worm
was reported!”™ . In addition to the role of insulin in
control glucose level in blood, the central role for
growth and aging from insulin was also found. But what
is the function of insulin-like protein {or peptide} in
invertebrate? It is surprisingly reported that there are
insulin-like peptides from €. elegans and its signaling
controls the life span and aging of the worm'™ *7.
After total genomic sequencing of C. elegans was
discovered, Ruvkun ¢f al. found 37 candidate insulin-
like genes by bioinformatic analysis of the C. elegans
genome. These genes are expressed primarily in
neurons, which can trigger dauer arrest and
reproduction. Like insulin receptor for insulin, the daf-
2 receptor is the receptor for C. elegans insulin-like
peptide. The sequence of daf-2 is 35% identical in

sequence of the human insulin receptor and 34%

1 10

identical in sequence of the human IGF receptor™ . Of
course, studies of INS proteins and the daf-2 receptor
are broadly interested to human biology for the
structure, function and evolution of insulin-like
signaling systems and also for relationship between life
span and metabolism.

The C. elegans insulin-like peptide sequences are
classified into three classes: o, B and +y, based on the
pattern of cysteines'™ . a-class proteins contain three
SS bridges, one of which is a novel bridge. But it
lacks an A6-A11 disulfide bridge, an invariant feature
of vertebrate insulins and insulin-like  growth
factors™ . B-class proteins appear to retain insulin’s
three canonical disulfide bridges plus a fourth, whose
location is variable. +y-class proteins contain three
canonical { or pseudo-canonical) disulfide bridges. The
sequence of INS-6 is shown in Figure 12, which is a
50 residues single chain peptide and contains four
disulfide bridges: three are homelogue with those of
human insulin or IGF- ], while the fourth one is at
position of A21 and B23 in sequence of insulin with
underline. The sequence identity between human

insulin and INS-6 is ~26%.

B domain

20 28

INS6 GETRACGRKLISLVMAVCGDLCNPQEGEK
HI FVYNQHLCGSHLVEALYLVYCGERGFFYTPKT
IGF-1] GPETLCGAELYDALQFVCGDRGFYFNEKPT

*

30

*

A domain

50

INS—6 DIATECCGNQCSDDYIRSACCEP
HI GIVEQCCTSICSEYQLENYCN
WGF-TQTGIVDECCFRSCDLRRLEMYCAPLEK

¥k

*

Fig. 12 Sequence of C. elegans insulin-like peptide (INS-6), human insulin and 1GF- T

In Figure 13 the ribbon meodels of NMR structure
of C. elegans INS-6 and erystal structure of human
mini-proinsulin'® are shown. The additional disulfide
26-53 locates at the C-terminal of INS-6. The global
conformation of C. elegans INS-6 is similar to that of
human insulin in general. The structure retains three
helices with some characteristic structural features of
human insulin. Despite of the fact that human insulin
and INS-6 only share 13 residues identity { with six
Cys}, INS-6 binds to human insulin receptor with
weak, but detectable relative affinity'”™. As shown in
Figure 12, the single chain €. elegans INS-6 has B29-
Al ( corresponding to the sequence of human insulin)
amide bond, which causes 1 500 fold reduction of
binding in a mini-proinsulin with B29-A1 linker'®’.
The substitution of a single residue at A3, A19, B24

and B25 impair receptor binding dramatically as
described above. Considering the factors described,
the interaction between INS-6 and human IR is still
significant. The hydrophobic side chains of INS-6
shown in Figure 14 actually compose a new
hydrophobic surface, which include Tle™, Ala™,
Tyr¥, Ile*, Ala™, Leu™, Ile”, Leu”, Val™ and
Val® ( corresponding to A2, A3, Al5, Al6, Al9,
B11, B12, Bl4, BIS and BI8 respectively). Shown
in Figure 14¢ Tyr" in INS-6 { corresponding to A15 in
sequence of HI) seems to occupy the position of A19 in
human insulin, which may retain the receptor binding
characteristics. Such conservation of an insulin-like
fold as well as binding in a C. elegans INS-6 suggests
that the multiple compensating interactions within INS-
6 permit maintenance of an insulin-like fold. Perhaps



2004; 31 (1) kS ElERtE

Prog. Biochem. Biophys. * 10 -

Nz &

Mini posinselin

Fig.13 Ribbon models of () NMR structure of C. elegans

insulin-like peptide INS-6 and (b) crystal structure of mini-

proinsulin( des-B30, B29 - A1 linked single chain insulin,
FDB ID: 6INS

A-demain is shown in red, B-demain in blue, and dhsulfide m hlack.

Four disulfide bridges 1039, 3843, 22.52 and 26-53 ( cormesponding to

B7-47, Af-All, B19-A20 and B23-421 in human insuling B23-A22

does not exist in human insulin} are shown in black.

Fig 14 Structure of INS-6
[a} NMR-ensemble of 20 stuetires of INS-6.  Residue 9-32
{ comesponding to B6-B29 in human insuln} is shown in blue, and
residue 33-34 [ A1-A22 in human insulin} is shewn nored. (b} Ribbon
model of tme solution stucture of INS-6 and side-chain of 10 buried
residues. Color codes are same as in (a}. Side chains of O™ and Tw¥
are shown in 1ed; Ala®, Te® and Ala™ in magenta; Leu'® and Len'™ in
blue and Te'¥, Val'® and VaP! in purple. Disulfide bonds are shown in
black . (¢} Sterzo wiew of the side - chain of these residues of the
ensemble.

the extensive differences between the surfaces of insulin
and INS-6 permit recapitulation of an analogous
signaling conformation. Understanding the molecular
basis of INS-6 activity will require co-erystal structures
of INS-6/def-2 and INS-6/IR complexes.

The study of insulin-like peptide and signaling
system in (. elegans will reveal the structure and
evelution of mammalian signaling systems. According
to the comparison of 80 sequences of members of the
insulin family!™, the most conservative residues are:
six Cys and BY Gly in insulin sequence. These seven
residues alse retain in C. elegans INS6. The fourth
disulfide bridge between A21 and B23 ( corresponding
sequence number in HI) seems not important for
keepig the same folding of €. elegans INS-6. The
distance between these twe residues 1s always clese 1n
NMR or erystal structure of insulin and its analogues.
A fake model caleulation of INS-6, which maintain all
distance and dihedral angle restraints except the A21-
B23 disulfide, showed nearly identical structure of
INS-6 implying that the fourth disulfide is un-necessary
for the request of strueture and disappeared in
evolution.

4.2  Other member of insulin super-family adopt
the “insulin fold”

As descnbed above, insulin and related peptides
have been identified in several phyla of the animal
kingdom. Most have been found i the vertebrates, but
examples have also been identified in proto-chordates,
insects and moellusks. Among the members of insulin
super-family ( insulin, IGF, relaxin, bombyxin and
molluscan insulin-like peptide}, IGFs are elosest to
insulin in sequence and structure. The designation of
IGF 15 due to the faet that they showed mitogenic
effects and exhibited insulin-like effeet in adipese and
musecle tissue and their structures were homologous 1o
that of HPI or insulin'™ . IGF-1 and -1 are single
chain proteins of about 7. 5 ku, and consist of B, C, A
and It domains, in which B and A domains are
sequence and structural hemoelogues of insulin B and A
chain. [GF-1 and -1I share 67% sequence identity.
The NMR structure of IGF-1 and IGF-T both adept
the “insulin fold”, which contain three helices with -
5% The modeling and NMR
structure of [GF- I disulfide isomer ( corresponding to
insulin disulfide somer- 1) is relatively flexible, but
still retains twe helices ( relative to helix-1 and -3 in
human insulin) and internal packing!™ *). A similar
relationship has been deseribed between the structure
of native insulin and a homelogous disulfide isomer,
suggesting that these alternative folds represent general
features of insulin-like sequences. There are two IGE
receptors: IGFR-1 and IGFR-2. Whereas IGF-]
binds to IGFR-2 is a 1 000 fold weaker relative to that
of IGF-1 and IGFR-1, IGF-T binds to IGFR-1

turn 1n B domain
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and -2 with same affinity™ . IGF-] and -II bind to
insulin receptor with lower and tighter affinity
tespectively. The comparison study of insulin and IGF
signaling systems are broad relevant in hormone control
and also in growth and metabolism. The C domain in
IGF is shorter than C-peptide in proinsulin. NMR
structure of min-IGF- T "™ exhibits that the inactive
IGF- I mutant lacking the C domain with enly 57
residues  retains  three helical segments with
conformational change at C-terminus of B domain,
which are important for receptor binding. Thus,
deletion of the C region of IGF-1 results in a
substantial  tertiary structural rearrangement that
accounts for the loss of receptor affinity. As described
in above section, mini-proinsulin, a single-chain
insulin analogue with B29-A1 peptide bond, exhibits
the affinity of the insulin receptor 1 500-fold lower than
that of the two-chain analogue'™ , however these two
structures are essentially identical. Differences are
observed near the site of cross-linking: the adjoining
A1-A8 alpha-helix { variable among crystal structures)
is less well-ordered in mini-proinsulin than in the two-
chain variant. Despite strict conservation of non-pelar
residues in their hydrophobic cores, the structural
differences between mini-proinsulin  and mini-IGF
imply that two homologous proteins provide examples of
homologous  protein encoding  non-
homologous structures

The studies of hybrid insulin-IGF molecules are

sequences
[83]

also interesting for hormone signaling and protein
folding'™ "*1. One hybrid consisting of the B-chain of
hovine insulin and the A-domain of IGF- [ indicated
that its insulin-like activity ( insulin receptor-binding
and stimulation of lipogenesis}) was 0.2%, and its
growth-factor activity was less than 1%, both relative
to natural insulin respectively”™ .  Another hybrid,
consisting of the insulin B and A chains linked with the
C domain of IGF- [, binds with high affinity to beth
truncated soluble insulin receptors and membrane-
bound holo-receptors. The affinity for interacting with
the soluble truncated insulin receptors was 55% ~ 949
relative to insulin, and affinity for membrane-bound
insulin receptors was 113% of that of insulin'™ .
Recently Feng et o, reported two hybrids of
insulin and IGF-1, Ins { A}/IGF-1 ( B} and Ins
{B)/IGF- 1 (A), as well as a mini-IGF- [ ). Both
mini-IGF- T and Ins ( A)/IGF-T { B} fold into two
thermodynamically stable disulfide isomers, while Ins
( BY/IGF-1 { A) folds into ene unique
thermodynamically stable tertiary structure. The results
again imply that the different folding behavior of insulin
and IGF-T is mainly controlled by their B-chain/
domain. The preliminary NMR structure of the hybrid
Ins { B)/IGF- 1 { A) exhibits the insulin-like fold in
general { author’s unpublished data). Further mutation

of hybrid insulin/IGF is expected to explore more
detail in signaling and folding of insulin and IGF.

The: erystal structure of relaxin exhibits insulin-
like folding with three helices despite of the biologically
diverse activities” . Relaxin is a two chain molecule
with 24 residues A chain and 28 residues B chain.
Bombyxin-II from the brain of the silkworm contains
only 20 residues A chain and 28 residues B chain. The
overall main-chain NMR structure of bombyxin- [ is
similar to that of insulin'®™ *.
significant conformational and functional differences in
their C-terminal parts of the B-chain. The B-chain C-
terminal part of bomhyxin- [T adopts an extension of the
B-chain central helix similar to that of relaxin. It

However, there are

suggests that insulin might have evolved the additional
receptor-recognition site in the B chain C-terminal
B-strand to distinguish itself from bombyxin and
relaxin.

The molluscan neuron insulin-related peptide
precursor { MIP-1} has the same overall structure as its
vertebrate counterparts!”” . The common “insulin fold”
is probably adopted in all insulin family members. The
different biological functions and binding affinities for
the various receptors may arise from differences of the
key side chains rather than their structural differences
between the members of insulin super-family. Although
the specificities of receptor binding are different, there
is a possibility of co-evolution of polypeptides and their
receptors[ 1

Although the structures of IGF-[ and -II have
been determined, structure of proinsulin has never
heen reported either by NMR or by X-diffraction. One
technical difficulty is the flexible conformation of C-
peptide with 35 residues in length, which is Gly- and
Pro-rich sequence. The intracellular conversion of
proinsulin to insulin occurs wie cleavage at the two
dibasic sites: Arg31-Arg32, B chain-C-peptide { BC)
junction; and Lys64-Arg65, A chain-C-peptide { CA)
junction, catalyzed by the subtilisin-like prohormone
convertases SPC3 and SPC2 respectively”™ ™. Does
the structure of insulin motif in preinsulin retain same
structure as in separated insulin? Is the conformation of
C-peptide completely random? Is there any special
function or sequence request of C-peptide in the
proteolytic processing from proinsulin to insulin by
SPC2/SPC3? Steiner™ proposed a conformational
change at N-terminal of A chain that the productive
convertase interaction requires extended peptide
conformations in both the CA junction ( residues 62 ~
67, LOQKRGI} and the BC juncton { residues 29 ~34,
KTRREA) and leads to significant perturbations in the
normally helical N-terminal region of the A chain and
the extended C-terminal region of the B chain of the
insulin ~ moiety of  proinsulin.  Recently the
heteronuclear 3D NMR data of “N-DKP-HPI and “*C/
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PN-DKP-HPI were collected and analyzed in our
group. The determination of three-dimensional
structure of HPI and further point-mutagenesis at C-
peptide, { especially in CA or BC functon) will
explore the proinsulin from structure to processing in
detail. Actually some studies of single-chain insulin
are related to HPI study by use of C-peptide { or linker
between C-terminal of B chain and N-terminal of A
chain} with different length. The linker of PIP is
dipeptide { AK)U"* | that of M2PI is nanopeptide
{RRYPGDVKR} "™ and that of hybrid-insulin is C-
domain of IGF- 1. Taken together, these studies
will facilitate to understand the structure, function,
evolution, processing and storage for insulin and IGF-1.
4.3 D-Ala substitutions

D-Ala or other D-isomer amine acids are not
existed in normal cell except in some cell wall of
bacteria. But it is good to be used in conformational
study of protein folding. The D-Ala or D-Trp
substitution at Al position rescues the L-amino acid
replacement  at  same  position  in  receptor
binding"™ ™. The L-substitution perturbed the
binding surface of receptor, whereas the orientation of
the side chain of D amino acids turmms to the other
direction. As described above D-Ala™" substitution
increased the binding affinity from 4. 3 % of L-Ala™ to
255%. The NMR structure of D-Ala®®-Des-( B27-
B30 ) -insulin-amide was reported with 12.5-fold
increase in binding affinity by Wollmer"®,  which
retains the folding of native insulin with truncation of
tetra-peptide at C-terminal of B chain. Interestingly the
potency of D-Ala™- insulin is only 18% related to that
of insulin, implying that the tetra-peptide deletion
exposed the major part of receptor binding surface and
facilitated the binding. The amide C-terminal of B
chain also contributed to the higher potency similar to
DFI-amide (100% affinity} and DPI ({20% potency) .
By the way, from their conformational analysis
Wollmer'® also eriticized the major conclusion of
Ludvigsen'! that the side-chain of B25 Phe is inward
in Glu™, Gly*™ -desB30 insulin.

The NMR structure of D-Ala™ -DKP-insulin retains
identical native insulin folding with only 0. 2% potency
{ unpublished data}. The slowly exchanged amide
INMR experiments exhibited that the B8 D-Ala mutant
is more rigid protein with slower rate of exchange,
which consists with the higher thermodynamic stability
of 6.4 kcal/mol (1.5 kcal/mol higher than that of
DKP-insulin} from guanidine-hydrochloride titration
monitored by CD 222 nm. The receptor binding
affinity, stability of NMR structure of D-Ala™-DKP-
insulin contravenes to the proposal that the potency and
stability of insulin are directly correlated'® *1,

As described above there are two structural switch
of insulin: B8 and B23. B8 Gly is a key residue for

transition between T- and R-state of insulin. To date it
is still not clear that what state of insulin adopts while
it binds to receptor. The NMR structure and stability
D-Ala™ -DKP-insulin imply that at least insulin is not a
T-state in binding.
4.4 B24-B25 ester bond causes inactive

Wollmer also reported NMR structure of insulin
with wild type sequence and B24- B25 ester bond"™™.
The structure looks the same as that of native insulin,
but the depsi-insulin ([ B24-B25 (.0-0] insulin} has
only 3% ~4% potency. The modification broke the H-
bond between the amide proton of B25 and the
cathonyl oxygen of A19, however the C-terminal of B
chain looked no further detachment. The crystal
structural studies of Asn™' substituted by Gly, Ala,
Asp and Gln respectively exhibited the conformational
correlation and eoupled motion between residue AZ21
and B25 side chain'™'. Invariant residue A21 may
affect the receptor binding by interacting with the B25
side chain and the B chain C-terminal segment to assist
the B25 side chain rearranging into the “binding”
cordormation. The lack of H-hond between B25 and
A19 or the replacement of AZ1 both affect the position
of B25 Phe side chain, and consequently affect the
receptor binding. Considering the above observations
together, the local environment of B25 and its
orientation of side chain are very sensitive for receptor
binding.
4.5 Chiral mutagenesis exhibits
interface of receptor binding in detail

The replacement of residue with [(-chiral center,
such as Allo-Tle and Allo-Thr, allow us to understand
the local environment of the side-chain and the contacts

the binding

of the residue in detail. A2 Ile is an invariant residue.
Ala substitution at A2 impairs insulin’s activity by 200
fold™ . Allo-Tle residue exchanges the position of C¥
H, with the C* H, and C*H; methyl group. The Allo-
Ile substitution at A2 causes reduction of binding 50
fold lower™ . The NMR structure exhibits that the
lle™ side-chain inserts within a chiral pocket of the
receptor as part of insulin’s hidden functional surface.
The low activity of the chiral mutant reflects steric
incompatibility between the inverted side-chain and a
chiral pocket in the insulin receptor. From the studies
of AlaA2 and Allo-Tle™ mutants, one can expect that
the chiral pocket of receptor for insulin A2 position
need at least one vy- or §-CH; from *active-insulin™,
and binding will completely lose if only one B-CH,
exists in A2 position of insulin. The NMR study of
Allo-Thr mutagenesis at A3 and B2 position are
underway.

5 Perspectives

As described above, insulin has been extensively

studied by variety methods, but there remains



* 22 VML S YRR

Prog. Biochem. Biophys. 2004 31 (1)

uncertainty  regarding  the  biologically  active
conformation and the structural features that constitute
the receptor-binding domain and other related unclear
issues.
5.1 [Insulin-insulin receptor binding

What is the structure of insulin receptor and its
complex with “ active™ insulin? Is there any
conformational change of IR in binding? What is the
binding surface of IR? The NMR study of “minimum”
binding domain of IR { L1-CR-L2 fragment) with and
without insulin will explore the final structure of the
complex. To initiate the TROSY-based NMR study of
the IR complex with insulin, the complex of © €/ N-
labeled insulin with unlabelled 70 ku minimizing
binding domain of IR will make it possible to address
the structure of “active-binding” insulin. Then NMR
study of ¥ C/” N/°H labeled “minimum” IR domains
allows us to determine its structure, and followed by
the complex study. The 900 MHz cryo-probe may
facilitate  the  measurements. The  additional
mutagenesis of IR or insulin will get insight into the
interaction surface in detail. Using residual dipolar
cotplings in liquid erystalline solutes will dramatically
expand the repertoire of NMR  experimental
constraints' '™ . The partial alignment of the nuclei
allows measurement of inter-nuclear orientations by use
of residual dipolar couplings for nuclei of known
distance, and consequently allows refinement of the
structure of the complex. The new technical progress
for NMR study is segmental isotopic labeling using
expressed protein ligation' '™ | which allows us labeling
N-terminal domain of the multi-domains protein and
explore its interface or monitor the interaction with
other part of the molecule or other proteins (ligand,
inhibitor etc.}. By use of such technique L1-L2
domain might be labeled in intact IR and determine the
binding surface of L1-L2 with insulin, which will
simplify the analysis of intact IR. The second binding
surface of insulin was reported recently that the
hexamer-forming related residue Al13 and B17 also
participate in receptor binding, which is in opposite
side of the “eclassical” binding surface!® 1. The
structural determination of IR/insulin complex will get
insight into these two opposite binding surfaces of
insulin finally. The crystal or NMR structure of the
complex of IR/insulin will allow us to verify the De
Meyts-Schuffer ~ model  of  receptor  binding
mechanism'® | and further understand the signaling of
insulin and design of insulin-receptor agonists, as well
as antagonists.
5.2 C. elegans insulin and other invertebrate
insulin-like peptide

The reported NMR structure of C. elegans INS-6
{insulin-like peptide} of invertebrate worm is the first
step in study of invertebrate insulin-like peptide!™ .

There are other classes of insulin-like peptides with
different disulfide bonds. The structural study of the
peptides and comparison of the vertebrate insulin make
it possible to know more about the insulin evolution.
The over-expression of def-2 and other receptors, and
following NMR study of the complex allow compare the
binding and signaling of human insulin and its
receptor. The functional study of €. elegans INS
proteins will test the hypothesis of the signaling
mechanism of the nematode family.

Insulin receptors are expressed in most tissues of
the body, including classic insulin-sensitive tissues
{( liver, muscle, and fat}, as well as “insulin-
insensitive” tissue, such as red blood ecells and
neuronal tissue of the central nervous system { CNS}.
The C. elegans INS-6 are expressed in neurons, which
provides a model for the action of insulin in brain. This
represents another frontier of diabetes research. Insulin
is an important neuro-modulator, contributing to
neurobiological particular  energy
homeostasis and cognition Further study in
brain { or CN3)} insulin will allow us understand the
multi-functional insulin in detail.

5.3 Insulin fibrillation

Fibrillation study of insulin is an old project,

which was first reported in 19400 ©9

processes, in
[111,112]

, however now
insulin fibrillation study is also a frontier one. When
insulin solutions are subjected to acid, heat or
agitation, the normal way of insulin assembly ( dimmer
to  hexamer} is disrupted. The
changes lead to an

to  tetramer or
conformational alternative
aggregation pathway and formation of insoluble amyloid
fibril. The factors effected the fibril formation are:
sequence of the molecule, disulfide bond breaking or
mis-matched, ionic strength, pH, temperature,
concentration of protein, stirring speed, organic solvent
and seed. Two solution conditions were nommally used
for fibril study of insulin: pH 2 and 55C ~70C, or
pH 7, 45°C with 60% ethanol. The fibrillation study
of insulin is an important issue for three reasons: (1)
the fibril formation is one of the major problems that
limit high yield in pharmaceutical industry, {2} the
fibril related amyloid disease is type-II diabetes
related, {3} the conformational conversion from helix-
rich structure to well-organized B-sheet-rich structure is
an interesting project in protein folding. The inherent
toxicity of aberrant aggregates of insulin or proinsulin is
a general feature of protein misfolding disease. The
yield of chain combination is a key factor for
pharmaceutical chemistry. The correct disulfide pairing
is always coupled with folding of reduced proinsulin.
The kinetic competition between productive folding and
off-pathway aggregation { particularly irreversible B-
chain aggregation leading to fibrils) determines the
yield of insulin. Mutation at some key position can
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block the productive pathway, as described example:
Leu™® mutants. Also the mismatching of disulfide
bridges  will  lead to  off-pathway.  Mapping
thermodynamic determinants of disulfide pairing and
mapping kinetic determinants of foldability both will
enable us to understand how to increase the productive
folding and avoid the ofi-pathway fibrillation.

The Akita mouse insulin is natural mutant of
Cys" to Phe, which induced from mutation of insulin-2
gene! ™™ % The Akita diabetic mouse is a good model
for diabetes research. Another model for diabetes
mouse is Octan-degu, a small mouse-like rodent in
South American, in which adult onset diabetes mellitus
is associated with insulin-specific islet amyloidosis'"™ .
The His™™ in native human insulin is replaced to Asn.
The His™ is a key residue for zine binding hexamer
formation. The disruption of the formation of stable
storage state is a possible reason to form the fibril.
5.4 PDI assistant HPI folding

Protein folding requires the assistant of chaperone
and foldase. Protein disulfide isomerase ( PDI} is a
very important foldase for correct folding of many
disulfide-bonded proteins. Although extensive studies
had been carried out to understand the catalytic
functions of PDI, little is known about its substrate
binding. PDI is a multi-domains large protein. The b’
domain of human PDI is essential and sufficient for the
binding of small peptides'"™. While the principal
peptide-binding site of PDI is provided by b" domain,
all domains contribute to binding of partially folded
proteins. The yields of insulin chain combination and
oxidative folding of proinsulin are ordinarily limited in
vitro due to aggregation of the unfolded polypeptide { or
B} chains. PDI enhances the yield of proinsulin
folding in part through its catalytic activity and in part
through its chaperone activity' ™. PDI is both an
oxidoreductase and a chaperone'™ . Tt would be
interesting to study the interaction between the b’
domain of PDI and its substrate protein { HPI or its
segment) as the initial site and template for the folding
of human proinsulin. The structural study of the
interaction between PDI { or its isolated b’ domain} and
its substrates will further get insight into the initiate
state of protein folding in witro and in vivo. These
studies and characterization the b’ domain and its
mechanism of binding to peptides will not only shed
light on how PDI enhances the folding of preinsulin,
but also provide general insight into structure-activity
relationships in PDL The results thus promise to fill a
critical gap in the present state of knowledge in this
field.

Last decade the NMR technical developments and
other methods brought us more extensive insight into
the folding, binding and stability of insulin and the

related proteins. This review just summarized the major

points of the subjects, which will be useful for the
further study, so that the remaining questions can be
answered and the ultimate solution to the problem of
insulin folding and binding can be at least envisaged.
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