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ABSTRACT: A hierarchical pathway of protein folding can enable segmental unfolding by design. A
monomeric insulin analogue containing pairwise substitution of internat Bl cystine with serine
[[Seré,Sef1l AspPlo LysB28 Prd29insulin (DKP[A6—A11]5¢)] was previously investigated as a model

of an oxidative protein-folding intermediate [Hua, Q. X., et al. (1996Mol. Biol. 264 390-403]. Its
structure exhibits local unfolding of an adjoining amphipattibelix (residues AT+A8), leading to a
2000-fold reduction in activity. Such severe loss of function, unusual among mutant insulins, is proposed
to reflect the cost of induced fit: receptor-directed restoration ofotfieelix and its engagement in the
hormone’s hydrophobic core. To test this hypothesis, we have synthesized and characterized the
corresponding alanine analogue [[AtaAla”!, AspP10 LysB28 Prd®29insulin (DKP[A6—A11]A4%)]. Unteth-

ering the A6-Al1l disulfide bridge by either amino acid causes similar perturbations in structure and
dynamics as probed by circular dichroism ahtiNMR spectroscopy. The analogues also exhibit similar
decrements in thermodynamic stability relative to that of the parent monomer as probed by equilibrium
denaturation studiesA\AG, = 3.0 + 0.5 kcal/mol). Despite such similarities, the alanine analogue is 50
times more active than the serine analogue. Enhanced receptor bindi®~ 2.2 kcal/mol) is in accord

with alanine’s greater helical propensity and more favorable hydrophobic-transfer free energy. The success
of an induced-fit model highlights the applicability of general folding principles to a complex binding
process. Comparison of DKP[A6A11]%¢"and DKP[A6-A11]A2 supports the hypothesis that the native
A1—A8 a-helix functions as a preformed recognition element tethered by insulin’s intrachain disulfide
bridge. Segmental unfolding by design provides a novel approach to dissecting striactivey
relationships.

Protein folding and recognition define central problems three disulfide bridges1@, 19). A combination of total
in biochemistry and biophysic4). Important insights have  protein synthesis20—22) and biophysical characterization
emerged from classical studies of amino acids and theiris used to test the hypothesis that biological activities mirror
conformational propensities2{4). Application of such the thermodynamics of induced fit. Our results illuminate
principles to actual systems is often made difficult, however, the function and evolution of insulin’s intrachain disulfide
by the diversity and complexity of protein structur&s. (An bridge.
example of broad interest is rational design of ligands for  |sylin is a small globular protein containing two chains,
cellular receptors, a problem that ordinarily requires detailed designated A (21 residues) and B (30 residu@s).(The
consideration of molecular structure, dynamics, and solvation nqrmone is stored in the pancrediicell as a ZA"-stabilized
(6). Such features are relevant since the stability of an poyamer and functions in the bloodstream as & Zree

interface (like that of a globular protei) reflects differ-  onomer p4). The structure of such a monomer in solution
ences between large and opposing thermodynamic driving 19 25 26) resembles the crystallographic T state (Figure

forces @). In this article, we suggest that two general ja. 7 which has been defined at high resolution in a
properties of amino acids, empirical thermodynamic Scalesvariety of crystal forms 28, 29). Despite its small size,

of hydrophobicity 9, 10) and conformational propensity jnqyjin contains representative features of larger proteins,

(11—-15), can rationalize relative activities of a special class including canonical elements of secondary structure and a

ofinsulin analogues. These analogues, designed by analogy,e|1ordered hydrophobic core. The native protein contains
to protein-folding intermediated.§, 17), lack one of insulin’s three disulfide bridges, one within the A chain (AB11)

T This work was supported by grants from the extramural diabetes a_nd the others between chains (AB7 and AZQ_B:!-Q;
program of the National Institutes of Health to M.A.W. and P.G.K.  Figure 1A). Our study focuses on the AB11 disulfide
*To whom correspondence should be addressed at Case Westerrbridge, which is situated in the hydrophobic core between
gﬁgg‘{%}}’&ggﬁ%%ﬁh@ﬂg’f Medicine (M.A.W.) or the Mount Sinai 5jinhatic side chains of both chains (Figure 1B). These
* Case Western Reserve University School of Medicine. neighboring residues (1€, Val*, Leu, and Led") are

8 Mount Sinai School of Medicine. invariant among vertebrate insulins and insulin-like growth
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Ficure 1: Structure of insulin. (A) Stereo ribbon representation of the T state protomer of porcine insulin ig thestal structure

(two-Zn molecule 1 in Chinese nomenclature; PDB entry 4INS). The A chain is shown in red and the B chain in blue, and disulfide bridges
are shown in yellow (balls and sticks). Sulfur atoms are shown with radii that are 40% of the van der Waals radius. The solution structure
of DKP-insulin is similar to the crystallographic T stat27). (B) Ball-and-stick stereo model of side chains illustrating the nonpolar
environment of the A6A11 cystine in the hydrophobic core of the T state. The-87 cystine exposed at the protein surface is also
shown. Coloring scheme as described for panel A.

factors @3). The A20-B19 disulfide bridge is likewise  Table 1: Design of Insulin Analogu®s

buried, whereas the A7B7 cystine lies on the protein substitution location purpose
surfac_e. (_)xujatlve refolding of prom_sulm_and_ |nsul|_n chain B10 His— Asp surface ofhelix _destabilize trimer
combination in each case lead to native disulfide pair#®) (28 pro—Lys surface off-strand destabilize dimer
30—-32). B29 Lys— Pro surface oB-strand destabilize dimer

A6 Cys— Alaor Ser internal SS bridge destabilize AA8 helix

Insulin’s receptor-binding surface has been extensively 11 e alaor Ser internal SS bridge ~ destabilize A8 helix

investigated by mutagenesi&/( 33—41). Although residues OKP-neul tains the three B chain suUbsttULB8)(wh

H H H H P a -Insulin contains the three B chaln supbstitutl wnereas
Ir! bo.th chains are. req“'.red for high aCtIVItY’ Such analyses DKP[A6—A11]42 and DKP[A6-A11]%¢" contain five substitutions; the
highlight the particular importance of residues in the N- |atter analogues retain native AB7 and A20-B19 disulfide bridges
terminal region of the A chain (Gfy, lle*?, and Vaf; 33, (19). The B28-B29 inversion was motivated by homology to IGF-I
34, 40). The Val® — Leu substitution, for example, reduces to destabilize insulin’s classical dimer interfacf),

the level of receptor binding by 500-fold, a decrement larger ] o

than that of analogous mutations in the B chaifihis in the B chain on receptor bindin@%, 27, 32, 36, 38, 39,
mutation (designated insuliWakayampcauses a rare mono- 43, residues AT+ A3 appear to function within the native
genic form of human diabetes mellitus with hyperinsulinemia @-helix (shaded in Figure 2A)10, 44, 45).* This model is

(42). Although conformational changes are proposed to occur Supported by characterization of a two-disulfide analogue

lacking the A6-Al1l cystine (9). Pairwise substitution of

— — Cys¢ and Cy$™ with serine in a monomeric analogue
1 Examples of anomalous low-affinity analogues are substitution of (DKP[A6—A11]5¢" see Table 1) leads to segmental unfolding

lle”? with norleucine 83) or allo-isoleucine 40). Although their A . . .

structures have not been described, it is expected that insulin's Of the A1—A8 a-helix in an otherwise native subdomain

hydrophobic core could accommodate such similar aliphatic side chains. (Figure 2A). The analogue exhibits a 2000-fold reduction
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Ficure 2: Outline of the experimental design. (A and B) Cylinder
models of the engineered insulin monomer (DKP-insulin, panel A)
and the two-disulfide analogue (DKP[AG\11]5¢, panel B) (9).
The NMR structure of DKP-insulin1Q) is similar to that of the
crystallographic T state?{). The black square in panel A indicates
the position of the PH&* side chain, drawn explicitly in panel B.
The effects of detachment of the AR8 fragment (dashed line in
panel B) contrast with the effects of substitutions at®hevhich
anchors the B chaifi-strand against the centrathelix. Its direct
involvement in receptor binding is unlikely as substitution with
D-Phe andp-Ala enhances activity to equal extent36). (C)
Induced-fit model proposes receptor-directethelical folding of
the disordered AT A8 segment of two-disulfide analogues and its
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The study presented here seeks to compare the effects
of alanine and serine substitutions in insulin’s -A&11
disulfide bridge. Would DKP[A6-A11]*2 also undergo
segmental unfolding, and if so, would the two partial folds
exhibit similar decrements in thermodynamic stability?
Comparison of DKP[A6-A11]%¢" and DKP[A6-A11]A2
promises to extend the BPTI paradigm and in addition to
provide an opportunity to investigate a second problem: the
relationship between peptide folding and induced fit in
hormone-receptor recognition. Is the marked loss of activity
exhibited by DKP[A6-A11]5¢"a necessary consequence of
its segmental unfolding or due to the particular properties
of serine? Because insulin’s native structure is presumably
regained in the variant hormoneeceptor complex, we
propose that the thermodynamics of binding reflect the
thermodynamics of folding of an amphipathiz-helix.
Accordingly, we hypothesize that the free energy penalty of
induced fit has two components (Figure 2B), that due to an
induced coil— helix transition AAG;) and that due to
repacking of the serine side chains in the hormone’s
hydrophobic coreAAG;). This hypothesis predicts that the
corresponding alanine analogue would, if otherwise similar
to the serine analogue in structure and stability, exhibit
enhanced biological activity. Further, the extent of enhance-
ment would be determined by intrinsic differences between
serine and alanine in helical propensit1{13) and
hydrophobic-transfer free energg<4, 10). The magnitude
of these differences may readily be estimated by empirical
thermodynamic scales.

To test these predictions, we have synthesized DKP{A6
Al11]*2, probed its structure by circular dichroism (CD) and
2D H NMR, and assessed its thermodynamic stability by
equilibrium-denaturation studies. Our results indicate that the
efficiency of chain combinatiord(l), the distinctive pattern
of chemical shifts 19), and the decrement in stability are

re-engagement within the hormone’s hydrophobic core. Such each similar to those of DKP[A6A11]%¢" Such cor-

induced fit would in principle incur costs in free energy associated

with the coil— helix transition AAG;) and changes in solvation

(AAG;; hydrophobic-transfer free energies). The values of these

respondence, which stands in contrast to the disparate
properties of BPTI disulfide analogued4&-48), suggests

residue specific penalties are estimated in parts A and B of Table that segmental unfolding of the AJA8 a-helix is due to

2, respectively.

in biological activity (L9), a decrement more severe than that
ordinarily associated with point mutatioR?). Because A%+

untethering of the disulfide bridge rather than to the polarity
of the serine side chains. Although protein folding is in
general a cooperative process, in this case a segmental coil
— helix transition is coupled to formation of an adjoining

A3 and other putative receptor contacts are retained in thedjsulfide bridge and uncoupled from formation of native
analogue’s primary structure, its inactivity was ascribed to structure elsewhere in the molecule. Further and in striking

the free energy penalty of refolding the AA8 a-helix on

accord with an induced-fit model of receptor recognition,

receptor binding. The internal disulfide bridge was therefore pKP[A6—A11]A% is 50-fold more active than DKP[A6

proposed to tether the native-helix as a preformed

Al11]%¢"in both receptor binding and metabolic signaling.

recognition element. It was not established, however, whethersuch enhanced function (i) highlights the applicability of

segmental unfolding in DKP[ABA11]5®"is a consequence
of untethering the disulfide bridge or of the polar serine

substitutions employed. The importance of this issue has been
emphasized in analogous studies of bovine pancreatic trypsi

inhibitor (BPTI)2 The choice of serine or alanine in pairwise
substitution of internal cystines leads in BPTI to marked

general principles of protein stability to the formation of a

2 Abbreviations: BPTI, bovine pancreatic trypsin inhibitor; DG,

Mdistance geometry; DKP-insulin, monomeric insulin analogue containing

three substitutions in the B chain (A8f Lys®?8, and Pr§%°; see Table
1); DKP[A6—A11]*2, insulin analogue containing two substitutions

stability (46—48). Because native structure is retained in two-

DKP[A6—A11]5%, insulin analogue containing two substitutions in the
A chain (Sef® and Seft'') and DKP substitutions in the B chain; DQF-

disulfide BPTI analogues containing pairwise substitutions cosy, double-quantum-filtered correlated spectroscopy: IGF-1, insulin-
in the 30-51 cystine, for example, the substituted side chains like growth factor I; NMR, nuclear magnetic resonance; NOE, nuclear

lie in hydrophobic environments. As a consequence, the
serine analogue exhibits a greater decrement in thermo-

dynamic stability than does the alanine analogd®).(

Overhauser enhancement; NOESY, NOE spectroscopy; rmsd, root-
mean-square difference; RP-HPLC, reverse-phase high-performance
liquid chromatography; SA, simulated annealing; TOCSY, total cor-
related spectroscopy; 2D NMR, two-dimensional NMR.
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complex hormonereceptor interfaces—8), (ii) rationalizes Biological AssaysFor binding studies using rat insulin
the otherwise surprising nonconservation of ymnd Cy$ receptors, plasma membranes were purified from rat liver.
among invertebrate insulin-like sequence€aenorhabditis [*A]Insulin and [3°H]glucose were purchased from Dupont
elegang49, 50), and (iii) supports the hypothesis that among NEN. Assays were performed as described previoukly (
vertebrate insulins the A6A11 cystine serves to tether a 41) with relative activity defined as the ratio of porcine
preformed recognitiona-helix. Segmental unfolding of  insulin to analogue required to displace 50% of the specifi-
insulin thus exploits its hierarchic pathway of disulfide cally bound f23]insulin. Relative activity in the lipogenesis
pairing to dissect a relationship between structure andassay is defined as ratio of porcine insulin to analogue
activity. required to achieve 50% of the maximal conversion ocHB-

MATERIALS AND METHOD glucose to organic-extractable material (glycogen).
S ODbS SpectroscopyH NMR spectra were obtained at 600 MHz

Materials 4-Methylbenzhydrylamine resin (0.6 mmol of at 25°C in 50 mM potassium phosphate (pH 7) and in 20%
amine/g; Star Biochemicals, Inc.) was used as a solid supportdeuterioacetic acid (pH 1.9) as described previougly);(
for synthesis of the A chain analogudl-butoxycarbonyD- the protein concentration was 1.5 mM. Resonance assignment
benzyl)threonine-PAM resin (0.56 mmol/g; Bachem, Inc.) was based on 2D NOESY (mixing times of 100 and 200
was used as a solid support for synthesis of the B chainms), TOCSY (mixing times of 30 and 55 ms), and DQF-
analoguetert-Butoxycarbonyl amino acids and derivatives COSY spectra. Spectra in,8 were obtained using pulse-
were obtained from Bachem and Peninsula Laboratories;field gradients and laminar-shaped puls&9)(CD spectra
N,N'-dicyclohexylcarbodiimide ani-hydroxybenzotriazole  were obtained using an Aviv spectropolarimeter equipped
(recrystallized from 95% ethanol) were from Fluka. Amino with a thermister temperature control and automated titration
acid analyses of synthetic chains and insulin analogues wereunit for guanidine denaturation studies. CD samples con-
performed after acid hydrolysis; protein determinations were tained 25-50 uM insulin or analogue in 50 mM potassium
carried out by the Lowry method using native insulin as the phosphate (pH 7); samples were diluted tou® for
standard. Chromatography resins were preswollen micro-equilibrium denaturation studies (Figure 3C). Data were fitted
granular carboxymethylcellulose (CM-cellulose; Whatman by nonlinear least squares to a two-state model as described
CM52), DES3 cellulose (Whatman), and Cellex E (Ecteola previously £2).
cellulose; Sigma); solvents were HPLC grade.

Peptide SynthesisThe general protocol for solid-phase RESULTS
synthesis is as described in rf&f. The C-terminal Asn in Al )
synthesis of the A chain was incorporated into the solid PKPIA6—A11]** was prepared by total synthesis (see
support by couplingert-butoxycarbonylaspartic acid benzy! Materials and Methods). The analogue contains two substitu-

ester with 4-methylbenzhydrylamine resin. After the final tons in the A chain and three in the B chain (Table 1). The
deprotection, the Asp residue was converted to an Asn protein design is based on an engineered insulin monomer

residue.(i) Synthetic A Chain S-SulfonatBeptidy! resin (53—_5?). Resp_ectivg sub_stitutions in the B chain destabilize
(1.23 g), after deblocking, sulfitolysis, and chromatographic Insulin’s classical dimer interface (P8 — Lys and Ly$*®
purification (19, 41), yielded ca. 186 mg of purified ~~ Pro) and hexamer contact (HiS— Asp) and so provide
S-sulfonated A chain (AR and AlgY). (ii) Synthetic B a monomeric template with enhan(_:ed b|olog|cgl activity
Chain S-SulfonateAfter deblocking, sulfitolysis, and chro- ~ (PKP-insulin; 56). Use of a monomeric template simplifies
matographic purification, 610 mg of peptidyl resin yielded PioPhysical analysis by preventing confounding effects of
ca. 125 mg of purified S-sulfonated B chain. Amino acid nsulin self-association1@). Chain combination yielded
analyses were in agreement with expected values. native disulfide pairing (A7B7 and A20-B19 cystines)
Peptide Purification Crude S-sulfonated A chain was With an efficiency similar to that observed in the total
purified by chromatography on a Cellex E column (1.5 cm synthgss_of DKP[A6-A11]%¢"and native insulin. Non-_ngtlve
x 47 cm) as described previousti, 41), dialyzed against dlsulf]de.lsomerls 22) were not observed. .Such efficiency
distilled water, and |y0phl|IZEd to yleld the puriﬁed and fldell'gy of disulfide palrlng contrast Wlth thE].O-fO'd
[Ala”6 AlaA11]A chain S-sulfonate. Crude S-sulfonated B loss c_>f_y|eld reported_ in syntheses of _msulln analogue_s
chain was likewise purified on a cellulose DE53 column containing other substitutions elsewhere in the hydrophobic
(1.5 cm x 47 cm), dialyzed, and lyophilized to yield the ~COre, such as L& and VaP* (41).
[AspB10,LysB28 Prd*29B chain S-sulfonate. Alanine and Serine Analogues Exhibit Similar Partial
Chain RecombinatianChain recombination employed Folds. CD spectra of the two-disulfide analogues at@
S-sulfonated A and B chains (approximately 2:1 by weight) €xhibit similar attenuations of helix context (Figure 3A)
in 0.1 M glycine (pH 10.6) in the presence of dithiothreitol relative to the parent DKP-insulin monome®)( Similar
(30). The insulin analogue was isolated from the combina- results are obtained at 2% (not shown). The extent of
tion mixture as described previousl§gq 41) and purified attenuation is consistent with a helix coil transition
via 0.9 cm x 23 cm CM-cellulose chromatography and affecting A1-A8 as reported in the solution structure of
RP-HPLC on a Vydac 218 TP column (0.46 con25 cm); ~ DKP[A6—A11]5*at 25°C (19). The CD results exclude a
the latter used a flow rate of 0.5 mL/min with a 20 to native folding transition at low temperatures.
80% linear gradient of 80% aqueous acetonitrile containing TheH NMR spectrum of the alanine analogue at pH 7.2
0.1% trifluoroacetic acid over the course of 80 min. Re- and 25°C is similar to that of the serine analogue (Figure
chromatography of this material on RP-HPLC under the same 4B,C); each exhibits incomplete but nonrandom dispersion
conditions gave a single sharp peak. Amino acid analysis of chemical shifts relative to the spectrum of DKP-insulin
and mass spectrometry gave the expected values. (Figure 4A). Despite their similarities in chemical shift,
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A resonances are in general broader in the spectrum of DKP-
[A6—A11]"2 than in the spectrum of DKP[ABA11]5,
suggesting partial self-association. 2B NMR spectra in
201 . - Ser Model 7 each case contain 51 unique spin systems. Detailed analysis
L * . © Ala Model 1| of the spectrum of DKP[A6A11]A2 is as described for
y the serine analoguel9, see the Supporting Information).
As in the spectrum of DKP[A6A11]%¢, resonances from
the native-like domain exhibit chemical shifts similar to those
in the parent monomer, whereas the majority of resonances
in or near the AXA11 segment exhibit attenuated secondary
i shifts (i.e., perturbations toward random coil). Examples
e’ are provided by the upfield aliphatic resonances of?lle
parent lleA10, LelB!, and Le®'® (right-hand panel of Figure 4).
* monomer The B chain methyl resonances retain high-field chemical
shifts (reflecting aromatic ring currents in the native-like
subdomain), whereas the A chain methyl resonances regress
toward random-coil values (near 0.9 ppm).

An overview of chemical shift differences between DKP-
[A6—A11]"2 and DKP-insulin is shown in Figure 5A; chain-
and region specific perturbations are coded by color. The
1 predominant sites of perturbation are in the-A411 segment
(red). Conversely, the structural similarity between alanine
- and serine analogues is indicated by corresponding patterns
of chemical shifts and secondary chemical shifts (Figure 5B).
- Such detailed correspondence betweertthdlMR spectra
of DKP[A6—A11]%2 and DKP[A6-Al1]%¢" provides a
4 fingerprint of structural similarity. Tables of chemical shifts
and changes in chemical shifts are provided as Supporting
9 F M,...f m%a,:%%e, 4 Information. As expected, complementary analysisaf

R and other diagnostic nuclear Overhauser enhancements
-~ i ] 1 (NOEs) corroborates the fact that the variant A chains in
0 20 40 60 80 100 each case lack helix-related NOEs in their N-terminal regions
temp (°C) (A1—A8) but otherwise retain native secondary structure
C (Supporting Information).

Analogues Exhibit Similar Thermodynamic Perturbations
The native DKP monomer exhibits a cooperative thermal
unfolding transition as monitored by ellipticity at the helix-
sensitive wavelength of 222 nm [Figure 3@){; the apparent
midpoint (T, is near 60°C. In contrast, the two-disulfide
analogues each exhibit incremental and progressive attenu-
ation of ellipticity with increasing temperatures. Thermal
unfolding curves of DKP[A6-A11]4'2 and DKP[AG—-A11]%e
(O and—, respectively) are distinguishable but exhibit similar
overall features (Figure 3B). An analogous trend is observed

10

[6] x 103

(6l,,, x 10®

-8 .+ parent on analysis of protein unfolding in the denaturant guanidine-
TS * monomer HCI (Figure 3C). Whereas DKP-insulin exhibits a coopera-
Lt tive and apparent two-state transition witl\&, of 4.3 +
1 L 1 1 L 1 1 0.3 kcal/mol, the two-disulfide analogues exhibit a marked
0 1 2 3 4 5 6 7 8 thermodynamic destabilization (Figure 3C). Unfolding of

DKP[A6—A11]"2 (O) closely follows the unfolding transi-
tion of DKP[A6—A11]%¢ (—). Inferred values ofAG, are

Ficure 3: CD spectra and stabilities of insulin analogues. (A) Far- not statistically different (1.3 0.4 and 1.3t 0.2 kcal/mol,
UV spectra of DKP-insulin [“parent monomer®j], DKP[A6— respectively). The decrement in free energies of unfolding

Al1}*er (=), and DKP[A6-All]*2 (O) demonstrate similar  petween the untethered and native monomers ist3M5

attenuation in helix context in either two-disulfide analogue. For . P :
clarity, the spectrum of the alanine analogue is represented by eVen}«:al/mol. This represents a profound destabilization relative

other point. (B) Thermal unfolding of the serine analogti¢ 4nd to the parent value.

the alanine analoguedj, monitored by ellipticity at 222 nm, is The Alanine Analogue Is More Potent Than the Serine
less cooperative than that of DKP-insulin [parent monon@8i. ( Analogue Biological activity of the two-disulfide analogues
[0]222 values of DKP[AG-AL1]%"and DKP[A6-AL1]*? are similar a5 measured relative to porcine insulin by two comple-

in the range of 425 °C. (C) The guanidine unfolding transition L . ’
of serine agnd alanine anaﬁog)]uesz@r?do) and DKP-insu?in [parent mentary assays. Specific binding to the insulin receptor was

monomer @®)] demonstrates that untethered analogues exhibit @ssessed in a rat liver membrane fraction; signaling through
similarly marked destabilization (see the text oG, values). the insulin receptor was assessed by the ability of an analogue

[Gu-HCI]
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Ficure 4: Structural similarity of two-disulfide analogue€$i NMR spectra of (A) parent DKP-insulin monomer, (B) DKP[AB11]5¢,

and (C) DKP[A6-A11]"2 demonstrate that the two-disulfide analogues exhibit similar dispersions and patterns of chemical shift perturbations.
Assignments of selected aliphatic spin systems are shown at the right. Aliphatic spin systems are shown in expanded form at the right; A
chain assignments are highlighted in red and B chain assignments in black. Assignment of selected downfield amide resonances of (a) A11,
(b) B8, (c) B9, (d) B6, (e) B7, (f) B19, (g) B5, (h) B7, and (i) B19. Spectra A and B were obtained&@ 28d pH 7.0 (pD 6.6), whereas
spectrum C was obtained at obtained at’82and pH 8.0 (pD 7.6). The spectrum of DKP[AB11]42 is somewhat broader than that of
DKP[A6—AL11]%® presumably due to partial self-association mediated by the more apolar disorderdd Asegment. Spectra in 90%

H,O were obtained by selective excitation without solvent presaturation.

to stimulate lipogenesis in isolated rat adipocytes. Whereasnucleate the hydrophobic core or specify the orientation

DKP[A6—A11]%¢"was previously reported to exhibit relative
activities of 0.1% in each assay, DKP[A&11]A2 exhibits
relative activities of 5% (Figure 6A,B). At saturating

between chainsl@). The very low biological activity of the
analogue was interpreted as evidence that the native Al
A8 segment functions as a preformed recognitichelix.

concentrations, stimulation of lipogenesis is in each case This conclusion is of interest in light of models proposing

identical to that of native porcine insulin (Figure 6B). This
indicates that when the hormoneeceptor complex is

formed, it achieves native potency in metabolic signaling.

DISCUSSION

reorganization of the B chain in the hormorceptor
complex @5, 27, 32, 36, 38, 39, 43).

Our original study 19) left open the possibility that
segmental unfolding of DKP[A6A11]%¢" is particular to
serine and not a general consequence of untethering the

The importance of insulin’s three cystines (Figure 1A) is disulfide bridge. This possibility was suggested by the
demonstrated by the inactivity of the hormone on reduction polarity of the serine side, which would be expected to be
and by the low activities of synthetic analogues containing less compatible with a hydrophobic environment (Figure 1B)

elongated, rearranged, or broken disulfide bridgss 22).
The particular role of the A6A11l cystine has been

than would aliphatic substitutions. Our concern was accentu-
ated by analogous studies of analogues of BRIBH438).

investigated through the synthesis and characterization of anLike insulin, BPTI is a small globular protein containing

analogue lacking this disulfide bridgd9). The analogue

three disulfide bridges (Figure 7A). Pairwise substitutions

contained pairwise substitution of a polar side chain in an of cystines in BPTI with serine were found to be more

engineered monomer (DKP[ABA11]5®). The analogue’s
structure at 25°C exhibits segmental unfolding of the
N-terminal A chaina-helix (- - - in Figure 2B). Because
chain combination occurred with native efficiency and
fidelity, the native AL-A8 o-helix is not required for
specification of the remaining disulfide pairing (A2819
and A7-B7). The structure is otherwise native-like, further
suggesting that the A1A8 segment is also not required to

destabilizing than substitutions with alanine4648).
Characterization of the divergent properties of BPTI ana-
logue$ has motivated the present reinvestigation of the
A6—A11 cystine in human insulin using pairwise alanine
substitutions. Given that the previous study of DKP{A6
All]erwas restricted to 25C, how robust is its finding of
segmental unfolding? Surprisingly, we have observed that
DKP[A6—A11]%¢"and DKP[A6-A11]*? exhibit essentially
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Ficure 5: NMR footprints. (A) Large differences itH NMR chemical shifts between (A) DKP[A6A11]A2 and DKP-insulin reflect the

site and magnitude of structural changes in alanine analogue relative to parent monomer. (B) Small diffeféhbi#gRichemical shifts

between DKP[A6-A11]A2 and DKP[A6-A11]%¢"(A) demonstrate similarities between alanine and serine analogues in structure and dynamics.
Each comparison has four parts: (a) chemical shift amide resonances and secondary shifts) oHHmethylene (c), and aromatic and

methyl (d) resonances. Secondary shifts are calculated as the difference between observed chemical shifts and tabulated random-coil values.
The A1-Al1l segment is shown in red, the remainder of the A chain in green, and the B chain in black. Outlying points are assigned as
shown. Tables of chemical shifts and secondary shifts are provided as Supporting Information.

identical physical properties and further that partial unfolding intrinsic stability of the AXA8 a-helix and hence a
occurs even at a low temperature {€). Nevertheless, requirement for covalent tethering. Thishelix contains a
although the two analogues each exhibit reduced levels ofhigh proportion of3-branched amino acids (fig Val*3, and
receptor binding (Figure 6), DKP[ABA11]*2 does not Thr8), which have low intrinsic helical propensitie$1~
exhibit the severe decrement in activity described previously. 13, 57). Further, the AT-A8 helix is least regular in structure
The alanine analogue’s higher relative affinity and potency among different insulin crystal form27—29), and (unlike
have important implications as discussed in turn below.  the other helices in insulin, B9B19 and A12-A18; Figure
The A6-All Cystine Tethers a Preformed Recognition 2A) fails to exhibit protected amide protons in@®solution
o-Helix. Comparison of CD andH NMR spectra demon- (19, 25, 26). BPTI in contrast exhibits significantly greater
strates that the structure of DKP[AB11]*2 is similar to intrinsic physical and thermodynamic stabilit48j. The
that of DKP[A6—A11]%®". Segmental unfolding of the A1 extent of thermodynamic destabilization of DKP[AB11]A
A8 a-helix in the two-disulfide analogue is thus not a and DKP[A6-A11]®"is surprising given that a predomi-
consequence of polarity per se. Its occurrence in an alaninenance of native-like structure is in each case retained.
analogue (a nonpolar side chain with high helical propensity) Detailed interpretation of the presehG, andAAG, values
suggests that the A6AL11 cystine functions to tether this is limited by the inequivalence of denatured states (i.e.,
a-helix and to ensure its integration within the hydrophobic containing two or three disulfide bridges and different
core. Pairwise substitution with alanine or serine also leadsresidues at A6 and Al1l) and by the unavailability /Al
to similarly profound decrements in overall stability (Figure andAS values.
3B,C). We imagine that the similar physical properties of DKP[A6—A11]%" and DKP[A6-A11]*2 each exhibit
DKP[A6—A11]42 and DKP[A6-AL11] reflect the low reduced biological activity (Figure 6). Although the extent
of perturbed function differs (see below), their shared
3An example is provided by single-disulfide BPTI analogues impairment supports the hypothesis that the-AB segment
containing the 555 disulfide bridge, an internal cystine that can be fynctions as a preformed recognitionhelix (19, 44, 45).
formed early in one branch of the folding pathway. Whereas the alanine ; : :
analogue exhibits only native structure at temperatures3if°C and C.onS|de.rabIe mutational gyldence has accpm_ulated that the
under these conditions functions to inhibit trypsin stoichiometrically Side chains of AX-A3 are critical to receptor binding whereas
(47), the serine analogue is partially folded af@ and unfolded at A4, A5, A7, and A8 are not33, 34, 40, 58). In themselves
25 °C, Ithte temperatire. at4(‘5’;’h'§h 'tlhel CO”eSp‘t’”d'r_‘g '”te.rme‘j'fate such studies do not distinguish whether the substituted side
accumulates during folaing . Slmilarly, an extensive series o . . . . . . P .
thermodynamic measurements was performed comparing IoairWisecham contributes directly or indirectly to bioactivity, i.e., as
substitutions of the 3651 cystine 48). The C30A/C51A variant was & receptor contact or overall structural element. Nor do such
found to be 2.8 kcal/mol more stable than the C30S/C51S variant as studies address the structural context in whict léend Vafs
probed by equilibrium denaturation. Such differences in structure and function, i.e., within the native-helix or as part of a novel
stability are ascribed to the polarity of serine, which unlike alanine o . L .
would resist native folding events that bury cysteine side chains at Secondary structure induced on receptor binding. These issues
neutral pH 47). are pertinent as the hormone’s active structure is unknown.
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A. Receptor Blndlng Unlike the B chain 28, 29), the A chain exhibits a single

canonical structure containing two helices (Figures 1A and
2A). Although some variability can occur in its positioning
relative to the B chain and in the details of side chain packing
100 | ] in the hydrophobic core6(Q), the A chain’'s secondary
structure and overall orientation relative to the B chain
remain essentially unchanged. This orientation ensures that
20 | ] the side chains of Ifé¢ and Vaf*® contact the nonpolar surface
of the B chain’s C-termingb-strand. Although such contacts
would ordinarily be expected to render Ateand Vaf®
&0 - | inaccessible to the insulin receptor, the side chains are
exposed in an active truncated analogdespentapeptide-
(B26—B30)insulin; 61—63] and shielded in an inactive
04 | single-chain analogue (in which a peptide bond joins?ys
and GIy; 43). Together with mutational studies, structures
of these modified molecules have led to a model in which
20 | | detachment of the B chain’s C-termin&ktrand on receptor
binding exposes If¢ and Vaf® for interaction with the
insulin receptor Z5). This model rationalizes the exquisite
ol m ./. , , sensitivity of receptor binding to seemingly conservative
107 10°8 107 10 10° substitutions at A2 and A3. The extent of the proposed
[COMPETITOR], M detachment is unknown.
The low bioactivities of DKP[A6-A11]5¢"and DKP[A6-
. Al1]42 presumably reflect local unfolding of the AJA8
B. Metabolic POtency segment rather than altered receptor contacts as the A6
All cystine is deeply buried in the native hormone’s
hydrophobic core (Figure 1B). (Even on detachment of the
100 | B chain’s C-termingB-strand in a putative receptor complex,
the A6 and All side chains would be inaccessible to the
receptor.) The analogue’s primary structure otherwise retains
%0 | ] GlyA, lle”?, Val*3, and other receptor-binding residues in
the A and B chains. We imagine that the helical structure of
the A1-A8 segment is restored on receptor binding. In this
60 | model, the decrements in activity would reflect the free
energy cost of refolding the A1A8 segment to restore the
native configuration of receptor contacts. An alternative
model (analogous to that proposed for the B chain’s
C-terminal-strand;25) posits that on receptor binding the
A1—A8 segment detaches from the core of the protein and/
or changes secondary structured?)( In this alternative
scenario, destabilization of the AA8 segment might have
no effect on activity or even result in enhanced activity. The
' latter indeed occurs in the B chain wherein substitution of
10 104 109 100 107 100 Phé24 (an invariant side chain in the hydrophobic core;
[AGONISTL, M Figure 2A) withp-Phe orp-Ala enhances activity36, 59)

FiGure 6: Biological activities of insulin analogues. (A) Stimulation despite destabilizing the B chain’s C-termifiatrand (Q.-

of lipogenesis expressed as a percentage of maximum incorporation<- Hua et al., unpublished results). Like substitutions of the
of tritium from [3-*H]glucose in organic-extractable material A6—A1l cystine,b-amino acid substitutions at B24 cause

(glycogen) as measured in adipocytes. (B) Receptor binding is only segmental perturbations, leaving the preponderance of

assﬁssed reéaiivi to disp'ac?me?"zé“abe'“ por;:ir&ebin%Tlinkln o dhe structure native-like. The opposite functional effects of
each case, aata 1or porcine insulin are represente Yy Dlack circles P . . .
(@), DKP[A6—AL1]*2 by white triangles ¥), and DKP[AG6- such destabizing mutations in the A and B chains suggest

AL1]5 by black squaresm). The serine analogue’s severe that the native AT+A8 segment (unlike the B24B28
impairment of receptor binding precluded saturation of receptor -strand) indeed functions as a preformed recognition
occupancy in experiment A. element.

Principles of Protein Stability Rationalize Biological
The long-range structural reorganization seen in crystal Activities. The qualitative model outlined above has quantita-
structures (allosteric transitions among, MsR;, and R tive implications. We propose an analogy between the low
hexamers27—29) highlights the potential for conformational  peptide folding activities of DKP[A6A11]°¢ and DKP[A6-
change in the B chain. Detachment or reorganization of the A11]42: The enhanced relate activity of the alanine
B chain’s C-terminaB-strand on receptor binding is further analogue arises exclugly from its enhanced compatibility
suggested by the anomalous properties of molecules modifiedwith the bound structure of the hormorighis hypothesis
in this region 86, 38, 39, 43, 59). assumes that (i) native and variant receptoormone

inHiBiTIoN oF 12 liNsuLIN BINDING
(% of Maximum)

STIMULATION OF LIPOGENESIS
(% of Maximum)

20
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ILP-al VRFL |C|ATKAVKHIRKYV |C| PDMCLTG EVEVNE |F}iC| KMG | ¥} SDSQIKYI |C| CPE
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B-chain A-chain

Ficure 7: Ribbon models of (A) BPTI and (B) IGF-1 (PDB entries 1BPI and 2GF1, respectively). Asterisks indicated the respective
solvent-exposed disulfide bridges (238 in BPTI and 6-68 in IGF—I; the latter corresponds to A7 in insulin), which play contrasting

roles in respective oxidative refolding pathwag&<70). Further, whereas alanine and serine substitutions at the intern&l136ystine

in BPTI lead to marked differences in thermodynamic stabildt§) (analogous substitutions in insulin’s internal A811 cystine (4752

in IGF-I) lead to similar stabilities. Images were generated using Molscript. (C) Comparison of the sequence of human insulin with putative
insulin-like peptides encoded in the genomeMfelegans(49, 50). Cysteine residues are boxed; arrows indicate*Cgsd Cy$1! in

vertebrate insulin. Variant residues in nematode insulin-like sequences are indicated in bold. Disulfide pairing schemes and structures of
worm peptides have not been established.

complexes are essentially identical in structure, (ii) segmentalthe empirical utility of a hydrophobicity scale. A critical
unfolding of the AL-A8 segment in the two analogues assessment of such scales has been described by P. A.
affects in the same way other functional surfaces of insulin, Karplus (0) and has led to the definition of a “pure”
and (iii) the induced fit of the A+A8 segment is indepen-  hydrophobicity scale that captures the essence of Tanford’s
dent of binding processes elsewhere in the hormoeeeptor concept (see the footnote of Table 2B). We imagine that the
interface. By focusing on thalifferencesbetween the present analogues, on receptor binding, transfer the A6 and
analogues, the model also enables shared and poorlyAll side chains from a solvated environment to the bound
characterized features of receptor binding (such as possiblehormone’s hydrophobic core. Hydrophobic-transfer free
conformational changes in the B chain) to be neglected. energies thus provide an estimate of this component of the
These assumptions simplify the complex process of hormone differential free energy of the induced fit between DKP{A6
receptor recognition to a more tractable and well-studied A11]%¢" and DKP[A6-A11]*2 as given in Table 2B. The
problem, the thermodynamics of a ceit helix transition relevant values are provided by the side chain specific
(11—-13; Figure 2A and Table 2A) and its engagement in a estimates given in the bottom line of the table. Because two

hydrophobic core (Figure 1B and Table 2B). serine or alanine side chains are proposed to transfer from

A simple calculation builds on the fundamental distin- solvated to apolar environments on receptor binding, the
guishing properties of amino acids, hydrophobici-4, estimated “purely hydrophobic” contribution to relative
9, 10) and intrinsic conformational propensitli—13). receptor affinity AAG; in the scheme outlined in Figure

Kauzmann originally proposed that hydrophobic interactions 2B) is given by 2\ or 1.6 kcal/mol.

between nonpolar side chains make a predominant contribu- Protein stability is also influenced by conformational
tion to the stability of globular proteins and protein interfaces preferences of particular amino acids fothelix, 5-sheet,

(2). A hydrophobicity scale was developed by Tanford and or 3-strand (1—15). Empirical thermodynamic scales (rela-
co-workers that was based on the free energy of transfer oftive to the random-coil state) have been defined on the basis
amino acids from organic solvents to wat@j.(Although of the relative stabilities of variant peptides containing a
the thermodynamics of such partitioning depends on the “guest” amino acid in a well-defined “host”, such as an
solvent used and in any case fails to capture the heterogeneityalanine-richa-helical peptide 11, 13) or coiled-coil dimer

of actual protein interiors9), a wealth of experimental and (12). Representative values are given in Table 2A. We
theoretical studies support Kauzmann’s propo44) @nd imagine that the present analogues, on receptor binding,



15438 Biochemistry, Vol. 39, No. 50, 2000

Table 2: Predicted Thermodynamic Differences between Alanine
and Serine

Weiss et al.

activities correlate with derived residue-specific local thermo-
dynamic parameters and not with changes in the analogue’s
global thermodynamic stability relative to the parent insulin

(A) Helical Propensities (kcal/mdt)
A

Ala Ser model monomer AAG, ~ 3 kcal/mol in each case).
—188 ~1.10 078 peptide mononter Peptide Models of Protein-Folding IntermediatBgcause
-0.77 —-0.35 0.42 coiled-coil dimér the isolated A and B chains contain sufficient information

to specify the folding of proinsulin2(, 31, 32, 61), the
present partial folds suggest an analogy to peptide models
of protein-folding intermediates6d). BPTI intermediates

(B) Hydrophobic-Transfer Free Energies (kcal/rfiel)
Ala Ser A 2A model

:g"l‘é _10"?05 8'7457 f'594 ég:ggggg: (@rgtgai burisl) that are well-populated at neutral pH exhibit native structure
—10 -020 080 1.6 kO— octanol (side chain burid) (47, 68—70). Large kinetic barriers among such folded

intermediates lead to a preferred final step: formation of an
external disulfide bridge between solvent-exposed loops
(asterisk in Figure 7A). Although proinsulin’s oxidative
refolding pathway is not well-characterized, that of a
homologous protein [insulin-like growth factor | (IGF-1)] has
been studied in detaibs—67).5 Insulin’s disulfide bridges
are conserved in IGF-I (Figure 7B); the AB11 cystine
corresponds to the 4%52 cystine in IGF-I (arrow in Figure
7B). Unlike BPTI, IGF-1 exhibits a hierarchical pathway in
acid was placed af position X (underline “pure” hydrophobicit which successive intermediates exhibit stepwise increases
scale Waspproposeg by P. A. Karplug) to regolve tr¥e cc?ntributign In Stru.Ctur.al orggn|zqtlon. Because the-62 cystine is t.he

of hydrophobicity from confounding effects such as hydrogen bonding laSt disulfide bridge in IGF-I to form&5—-67), the partial

and local details of protein structure2A is calculated as twice the  folds of DKP[A6—A11]%" and DKP[A6-A11]*? suggest
difference in values between alanine and serine; the factor of 2 arisesthat an exposed face of the corresponding intermediate’s
from the pairwise_substitutions (A6 and Aliyalues were taken from hydrophobic core provides an internal template for the
Fauchere and Plisk&); these represent raw data in solvent-transfer A1—A8 coil — helix transition (9), i.e., as an “internal

studies of amino acids without correction for apolar surface area. . . . o
9Values include correction for apolar surface ared).(" Values were  template” to align the A6 and A1l thiolates for specific
disulfide pairing®

obtained from previous line by subtraction of value of glycidé)(
Evolution and Divergence of Insulin-like Sequencés.

transfer the A6 side chain from a random-coil state to an Native insulin, side chains from the AR11 segment form
a-helical configuration. We neglect the cost of transfer of an integral part of the hydrophobic core (Figure 1B). Indeed,
the A1l side chain to th@ region of the Ramachandran long-range contacts are observed from this segment to each
plot4 The empirical helical propensities of serine and alanine ©f the remaining elements of secondary structure. Segmental
in monomeric and dimeric peptides thus provide upper and unfolding of the two—d|§u!f|de analogues neverthgless sug-
lower estimates of this component of the differential free 9€Sts that the ATA8 helix ismodular, regardless of its local
energy of the induced fitXAG; in the scheme outlined in state of organization, native-like structure is elsewhere

Figure 2B). These values are 0.78 and 0.43 kcal/mol maintained. Comparison of R and T state protomers in insulin
respectively (Table 2A, lines 1 and 2, colum. " hexamers likewise suggests that the segmental structure of

The sum of predicted hydrophicity- and helix-related terms reSidues BXB8 is likewise modularZ7—29). Unlike the
thus predicts that the alanine analogue would exhibit higher A1—A8 a-helix, the variable B+B9 segment (strand in the
affinity for the insulin receptor and that the extent of | State and helix in the R state) is extrinsic to the
enhancement would lie between 2.0 and 2.6 kcal/mol. The Nydrophobic core of the monomer. _
50-fold tighter binding of DKP[A6-A11]*2 relative to DKP- The surprising modularity of the A1A8 o-helix and the
[A6—A11]5¢ corresponds to a free energy difference of 2.2 relative increase in the activity of DKP[A(SA\l'l]A'a raise
kcal/mol, which is in the middle of this range. In the absence the question of why Cy$ and Cy$'* are invariant among
of additional data, it is possible that this agreement is Vertebrate insulins and insulin-like sequences (IGF-I, IGF-
fortuitous. Given the simplicity of our model and the likely I, @nd relaxin;23). After all, an increasing number of native
complexity of the insulir-receptor complex, however, the ~Proteins are now known to be unfolded in part or in whole
agreement seems remarkable. In any case, the observed lev@nd to undergo folding transitions on binding to substrates
of activity of DKP[A6—A11]2 validates a critical prediction O other macromolecules. One can readily imagine that an
of the local induced-fit model and its implication for native insulin-like sequence can evolve to exhibit high affinity (in
insulin: that the A1-A8 segment ordinarily functions as a  absolute terms) without preformed structure in the-A8

preformed recognition elemeritis noteworthy that relative ~ S€gment. Such sequences may indeed be present in the
recently completed genome of the nemat@delegang49,

a Differences ino-helical propensities estimate the free energy
cost of an induced A1A8 a-helix on receptor binding. Of the sites
of substitution, only residue A6 participates in the putativéelix;
the configuration of Cy8! lies in the 8 region @7).°Values
were obtained by Baldwin and co-worker3) at 273 °C using a
modified Lifson—Roig theory applied to peptides of the form Ac-
YGGKAAAAKAXAAKAAAAK-CONH » wherein the guest amino
acid was placed at position X (underlineél)/alues were obtained by
O’Neil and DeGrado 12) on the basis of urea-induced equilibrium-
denaturation studiesAG, measurements) of the coiled-coil Ac-
EWALEKKLAALEXKLQALEKKLEALEHG wherein the guest amino

41In the two-Zn T crystal form @7), the A11¢ andy values are
—150 and 150 and—144° and 163 in the two independent monomers, 5Because insulin’s active conformation is unknown, “native”
respectively. That this transfer term is likely to be negligible is indicated structural elements may not correspond to the hormone’s structure in
by (i) the distribution of allp andy values in the ensemble of solution  a receptor complex.

structures 19) already lies in theS region, (ii) tabulateds-sheet
propensities are inapplicable as A11 does not participatefirslzeet,
and (i) in any case the lattgt specific AAG values between serine
and alanine are small and context-dependEnaid references therein).

6 Pairwise substitution of the 4752 cystine in IGF-I (see Figure
7B) with Ala results in similar attenuation of CD-derived helix content
and 3% affinity for the type | IGF receptor relative to native IGF-I
(16).
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50; Figure 7C). Although the structure and receptor-binding
properties of such putative insulin-like proteins have not been
characterized, some of the sequences lack cystineAda

but

retain the A#B7 and A20G-B19 cystines and other

conserved insulin side chains (arrows in Figure 7C). It is
possible that the homologous AR8 segment in such
proteins is nonethelesshelical due to optimized side chain
packing in respective hydrophibic cores. Alternatively, these
proteins may provide naturally occurring examples of
segmental induced fit. We speculate that the invariance of

the A6—A11 cystine among vertebrate sequences reflects the

combined effect of multiple selective constraints. These
include not only receptor affinity but also the protein’s
thermodynamic stability to reduction in an organelle and in

the

proteolysis, and self-assembly in storage or binding to partner

bloodstream &7), dynamical stability in relation to

proteins 24). These constraints may be relaxed or inoperative
in the nematode’s simplified body plan.
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SUPPORTING INFORMATION AVAILABLE

Three figures showing sequential assignments and amide

and

aliphatic regions of the NOESY spectrum of DKP{AG

All]Ma at 600 MHz in relation to spectra of DKP[A6
A11]%¢" or DKP-insulin and four tables givingH NMR
resonance assignments of DKP[AB11]42, secondary
chemical shifts (relative to tabulated random-coil values),

and
and

differences in chemical shifts relative to DKP-insulin
DKP[A6-A11]%®. This material is available free of

charge via the Internet at http://pubs.acs.org.
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