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Importance of polypeptide chain length for the correct local folding of a
β-sheet protein
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►Anα-helix is converted into aβ-structure
during equine β-lactoglobulin folding.

► This α→ β transition can be induced by
the unstructured polypeptide chain.

► The longer the chain, the more stable the
β-structure.
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Equine β-lactoglobulin is a 162-residue β-sheet protein. A partially folded form of equine β-lactoglobulin
contains a β-hairpin and an α-helix. The β-hairpin converts into non-native α-helices at temperatures b0°C.
CHIBL, a truncated equine β-lactoglobulin (residues 88–142), contains the low-temperature α-helical structure
even at room temperature, indicating that the interactions responsible for the stability of the β-hairpin reside in
non-CHIBL residues. For the study reported herein, we characterized two truncated mutants and their
leucine103→ proline103 variants to identify residues that stabilize the β-hairpin. The dependence of their cir-
cular dichroism spectra on chloride ion concentration and temperature revealed that the ability to transition
from the non-native α-helices to the β-hairpin depends on the polypeptide chain length and improves as the
chain length increases despite the apparent absence of any ordered structure in the extended sequences.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The inherent propensities of individual amino acid residues within
peptides and proteins to form particular types of secondary structures,
e.g.,α-helices and β-sheets, vary according to the chemical and confor-
mational characteristics of the amino acids [1]. The frequency of an
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amino acid in a given type of secondary structure depends, in part, on
its inherent propensity. However, accurate prediction of secondary
structures using only the inherent propensities of amino acids is
difficult because secondary structure formation is also affected by
context-dependent effects, i.e., non-local interactions. For example,
the secondary structure of the 11-residue chameleon sequence depends
on its location within the sequence of the IgG-binding domain of pro-
tein G, indicating that its secondary structure is determined by tertiary
interactions [2]. As a second example,α-helix→ β-sheet (α→ β) tran-
sitions occur during the folding of certain proteins, e.g., β-lactoglobulin
[3,4] and SH3 domains [5], indicating that the secondary structures of
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those sequences are determined by the inherent propensities of their
residues at early stages of folding and by context at later stages.
For the study reported herein, we characterized factors that affect the
α → β transition in analogs of equine β-lactoglobulin (ELG) folding
intermediates.

ELG is a major whey protein of 162 residues and has two disul-
fide bonds (Cys66−Cys160 and Cys106–Cys119), an eight-strand
(strands A–H) antiparallel β-barrel, an α-helix in its C-terminal region,
(C-terminal α-helix), and an off-barrel β-strand (strand I), also in the
C-terminal region [6]. Its acid-denatured (A) state (Fig. 1A) is a partially
folded, compact globular structure with a native-like β-hairpin and a
nonnativeα-helix [7,8]. The A state and the ELG burst-phase folding in-
termediate appear to be identical, or nearly identical, in structure [4].
The A and native states of ELG also undergo similar cold denaturation,
resulting in expanded, chain-like conformations containing additional
nonnative helices (the C state, Fig. 1B) [9]. This suggests that the struc-
ture in the A state is stabilized by hydrophobic interactions, because
cold denaturation results from the preferential hydration of nonpolar
groups at low temperature [10].

The native structure of a mutant ELG (C66A/C160A), in which
Cys66 and Cys160 are replaced with alanines, is similar to that of
native ELG [11]. Under acidic and high salt conditions (0.1M HCl/
KCl, pH 1.5), C66A/C160A assumes a structure similar to that of the
ELG A state (Fig. 1D) [11]. However under low salt and acidic conditions
(0.1M H3PO4, pH 1.7), C66A/C160A assumes a conformation similar to
the C state of wild-type ELG (Fig. 1F) [12], whereaswild-type ELGmain-
tains the A-state conformation under the aforementioned conditions
(Fig. 1C). Notably, Goto and coworkers found that the A states of
Fig. 1. Schematic of the A- and C-state transitions in wild-type ELG (A, B, C) and C66A/C160A
The sequences containing the native F and G β-strands are labeled F and G, respectively. Th
longnon-native helix, labeledHC.Hatched areas represent hydrophobic environments. Positive
secondary structures of wild-type ELG are assumed to be similar to those of C66A/C160A.
apomyoglobin and cytochrome c are stabilized in acid by anion-induced
reduction of electrostatic repulsions between positively charged resi-
dues [13]. Furthermore, they showed that the effectiveness of anions
for A state stabilization varies with the type of anion [13]. Given the
behavior of C66A/C160A, Cl− (0.1M HCl/KCl, pH 1.5) probably de-
creases the electrostatic repulsion so as to maintain the A state in acid,
although the equivalent concentration of H3PO4 cannot do so because
only 38% of the acid is dissociated and phosphate ion is not as effective
as Cl− [11,12]. Additionally, even in the presence of 0.1M Cl−, the A
state (Fig. 1D) of C66A/C160A is transformed into the C state at lower
temperatures (Fig. 1E) [14]. Therefore, electrostatic repulsion or attenu-
ation of the hydrophobic effect at low temperatures causes the C66A/
C160A chain to expand (summarized in Fig. 1).

The secondary structures present in the A and C states have been
characterized using hydrogen exchange [6] and proline-scanning
mutagenesis [8]. In the A state, a β-hairpin in the sequence containing
the F and G strands is present. Conversely, the same regions form non-
native helices in the C state. In both states, the H-strand sequence
adopts a non-native helix, and it is merged with the native C-terminal
α-helix forming one long helix [15]. Therefore, the anion- or
temperature-induced compaction of the chain is responsible for the
α → β transitions in the F- and G-strand region.

An ELG fragment (residues 88–142) that includes the sequences for
the F, G, and H strands, and the C-terminal helix (denoted CHIBL, Fig. 2)
has a structure under all ionic strength and temperature conditions
(see below and Ref. [14]) similar to that found for the C state of C66A/
C160A, indicating that residues outside CHIBL are necessary for the
α → β transitions of strands F and G.
(D, E, F). The β-strands and α-helices are shown as arrows and cylinders, respectively.
e H β-strand and the C-terminal helix found in the native conformation are shown as a
ly charged residues and Cl− anions are labeledwith a plus sign and as Cl−, respectively. The



Fig. 2. Schematics of the CHIBL, 60–162, 30–162, and 1–162 sequences. Residue numbers
correspond to those of ELG. The 20-residue, N-terminal tags are indicated by broken lines.
The sequences that adopt secondary structures in native ELG are shown at the top of the
figure (strands A–I and the C-terminal helix).
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For the study reported herein, we characterized truncated forms
of C66A/C160A that contain residues 30–162 or 60–162 (Fig. 2) to
identify residues that stabilize the β-hairpin in the A state. The forma-
tion of the β-hairpin in the F- and G-strand region was assessed, using
circular dichroism (CD) spectroscopy, by answering the following
questions. (i) Do the conformations of the mutants undergo a
temperature-dependent change that is cooperative (sigmoidal shaped)
as has been observed for C66A/C160A [14]? (ii) Does Cl− affect their
conformations under acid conditions? (iii) Does a Leu103→ Pro substi-
tution (in the G-strand sequence) cause a conformational change, as has
been observed for C66A/C160A?
2. Material and methods

2.1. Truncation mutants

TheN-terminal truncated C66A/C160Amutants 30–162 and 60–162
and the C-terminal truncated mutant 1–87 were constructed by PCR
with suitable primers and the plasmid containing the C66A/C160A
gene as the template [11]. The proline mutants 30–162_L103P and
60–162_L103P were constructed by site-directed mutagenesis using
QuikChange kit reagents (Stratagene). DNA sequencing used an ABI
PRISM 3100-Avant sequencer to confirm the sequences of the mutant
genes. After sequence confirmation, the genes were individually
inserted into pET 15b vectors, which were then separately transformed
into Escherichia coli BL21 (DE3) samples. Similarly, the genes of C66A/
C160A and its corresponding L103P mutant [8] were also transferred
from pET 3c to pET 15b, so that all expressed proteins in this study con-
tain the 20-residue N-terminal tag including hexahistidine.
2.2. Expression, refolding, and purification of deletion mutants

Proteins were expressed, refolded, and purified as described for
CHIBLΔF, a truncated CHIBL sequence [15]. The purities of the pro-
teins were confirmed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and analytical reverse-phase high performance liquid
chromatography.
2.3. CD spectroscopy

CD spectra were recorded using Jasco J-720 and Applied Photo-
physics Chirascan spectropolarimeters. Unless otherwise indicated, pro-
tein concentration, as determined by ultraviolet spectroscopy, was
0.2mg/mL. The extinction coefficients for the truncated mutants were
calculated using the extinction coefficients of tyrosine (1280M−1cm−1)
and tryptophan (5690M−1cm−1) [16]. An extinction coefficient of
12,000M−1cm−1 was used for 1–162 and C66A/C160A [7]. Cuvettes
with path lengths between 1 and 10mm were used. The dependence
of the CD on temperatures below 0°Cwasmonitored using supercooled
solutions.
2.4. Sedimentation velocity

Sedimentation velocity experiments were performed using a
Beckman XL-I analytical ultracentrifuge and an An-50 Ti rotor at 20°C
at 40,000rpm. The solution condition was 0.1M HCl/KCl (pH 1.7).
Sedimentation of the proteins was monitored at 220–230nm and
1-min intervals using a radial-step size of 0.003cm. Protein concentra-
tionswere 0.05–0.35mg/mL. Data were analyzedwith SEDFIT 12.1 [17].

2.5. Fluorescence spectroscopy

8-Anilino-1-napthalenesulfonic acid (ANS) fluorescence spectra
were recorded using a Jasco FP-6500 spectrofluorometer. The concen-
tration of ANSwas determined frommeasurements of ultraviolet absor-
bance, using an extinction coefficient of 7800M−1cm−1 at 372nm [18].
The protein and ANS concentrations were 2μMand 10μM, respectively.
The samples were excited at 372nm (band width 3nm) and emission
spectra were recorded from 400nm to 600nmwith a bandwidth 5nm.

3. Results

3.1. The N-terminal tag does not affect the conformation of 1–162

All truncated mutants used in this study contained a 20-residue N-
terminal tag to facilitate purification. To assess the effect of the tag on
the conformations of the mutants, we constructed 1–162, which is a
tagged C66A/C160A. We then compared the conformational properties
of 1–162 and C66A/C160A. The CD spectra of 1–162 and C66A/C160A in
0.1M H3PO4 or in 0.1M HCl/KCl [11] are almost identical (Fig. S1).
Under acidic conditions, the CD spectra of both proteins are similarly af-
fected by Cl− concentration. The mean residue ellipticity ([θ]MRE 222) of
1–162 at 222nm in 0.1M H3PO4 is more negative than it is for 1–162 in
0.1M HCl/KCl (Fig. 3A). The CD spectrum of 1–162 in the absence and
presence of Cl− is independent of protein concentration between 0.05
and 0.5mg/mL (data not shown). For this concentration range, the sed-
imentation coefficient of 1–162 in 0.1M HCl/KCl is 1.6S, which corre-
sponds to a hydrodynamic radius of 30.1Å (Fig. S2) and is a smaller
value than that found for wild-type ELG in the C state (37.1Å) [9] or
for that expected for an unfolded protein of the same length (42.9Å)
[19]. Therefore, at a concentration of ~0.5mg/mL, 1–162 appears to be
a compact monomer. The temperature dependence of [θ]MRE 222 for
1–162 in the absence and presence of 0.1M Cl− is shown in Fig. 3B.
[θ]MRE 222 decreases linearly with decreasing temperature in the ab-
sence of Cl−. A similar temperature dependence was observed for
CHIBL and CHIBLΔF [θ]MRE 222 values [15]. A recent NMR study showed
that the population of the helical conformation in CHIBLΔF is ~50% at
12°C and suggested that the temperature-dependent decrease in
[θ]MRE reflects the increase in the population of helical conformation
[15]. Therefore, the linear change in [θ]MRE 222 (Fig. 3B) probably in-
dicates that the helical population in the region corresponding to
CHIBL increases, whereas other regions remain unstructured. In
0.1M Cl−, however, the change in [θ]MRE 222 as a function of temper-
ature has a slightly sigmoidal shape, and its value coincides with that
for low Cl− and low temperature conditions. The same effects in-
duced by temperature and Cl− concentration were also observed
for C66A/C160A [14].

A prolinewas substituted for L103 in the G strand of 1–162 to assess
its effect on the conformation of the F- and G-strand region because a
proline that replaces a residue residing in a secondary structure
is expected to disrupt that secondary structure [8]. A difference CD
spectrum can report if a disrupted secondary structure is an α-helix
or β-sheet [8]. The L103 → P substitution significantly reduces the
[θ]MRE 222 of 1–162 in the presence and absence of Cl− (Fig. S3). If the
secondary structure(s) in the F- and G-strand region are altered by tem-
perature, the difference spectra at both temperatures (25°C and −5°C)
for 1–162 and 1–162_L103P (Δ[θ]λ=[θ]λ 1−162−[θ]λ 1−162_L103P) should

image of Fig.�2


Fig. 3. CD spectra of 1–162, 30–162, and 60–162. The CD spectra of (A) 1–162, (C) 30–162, and (E) 60–162 in 0.1MH3PO4 (thin lines) or in 0.1MHCl/KCl (thick lines) at pH 1.7 and 25°C.
The dotted line in (A) is CD spectrum of 1–87 in 0.1MH3PO4. The temperature dependence of the [θ]MRE 222 for (B) 1–162, (D) 30–162, and (F) 60–162 in 0.1MH3PO4 (thin lines) or 0.1M
HCl/KCl (thick lines) at pH 1.7.
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differ. In the absence of Cl−, the difference spectra have negative peaks at
222 and 208nm at both temperatures (Fig. 4A), indicating that 1–162
contains α-helices at both temperatures. In contrast, in the presence of
Cl−, the shapes of the difference spectra are not the same at 25°C and
−5°C (Fig. 4B). At −5°C, the shape of the difference spectrum is similar
to that obtained in the absence of Cl−. At 25°C, however, the difference
Fig. 4. Difference CD spectra ([θ]λ 1–162−[θ]λ 1–162_L103P) for 1–162 and 1–162_L103P.
(A) 0.1M H3PO4 (B) 0.1M HCl/KCl each at 25°C (thick lines) or −5°C (thin lines)
and pH 1.7.
spectrum has a very weak negative peak at 215nm, indicating a β-
sheet-type conformation. The conformation of the F- and G-strand region
in 0.1M HCl/KCl therefore probably changes from an α-helix to a
β-hairpin when the temperature increased, as was shown for C66A/
C160A [14]. Because the transitions found for 1–162 and C66A/C160A
under all tested conditions are the same, the tag does not seem to affect
the conformational properties of C66A/C160A.

3.2. Dependency of local secondary structures on polypeptide chain
length

To identify non-local residues that might contribute to β-hairpin
stabilization in the F- and G-strand region, we constructed the dele-
tion mutants 30–162 and 60–162. Fig. 3C and E show the CD spectra
for 30–162 and 60–162, respectively, in the absence and presence of
0.1M Cl− at pH 1.7. The CD spectra of both mutants do not depend
on protein concentration between 0.05 and 0.5mg/mL in the absence
or presence of Cl− (data not shown). In this range of protein concen-
tration, the sedimentation coefficients for 30–162 and 60–162 in
0.1M HCl/KCl are 1.5 and 1.4S, respectively (Fig. S2), corresponding
to hydrodynamic radii of 27.9 and 24.2Å, respectively. These values
are smaller than that expected for unfolded proteins of the same
lengths (for 30–162, 38.9Å and for 60–162 34.3Å [19]), indicating
that both mutants are monomeric at b0.5mg/mL. In the absence of
Cl−, the [θ]MRE 222 for 30–162 was noticeably more negative from
that obtained in the presence of Cl− (Fig. 3C), whereas the difference
in the [θ]MRE 222 values for 60–162, although trending in the same di-
rection, was slight (Fig. 3E). In summary the difference in [θ]MRE 222 in
the absence and presence of Cl− was largest for 1–162 and decreased
as the polypeptide chain length decreased (Fig. 5A). Notably, the CD
spectrum of CHIBL does not depend on the Cl− concentration [14].
In the presence of 0.1M Cl−, the [θ]MRE 222 values for 30–162 and
60–162 (Fig. 3D and F, respectively) decrease sigmoidally as the tem-
perature decreases. Conversely, in the absence of Cl−, the [θ]MRE 222

values for 30–162 and 60–162 decrease linearly with decreasing tem-
perature, and reach similar values as those obtained for 0.1M Cl− at
temperatures below −5°C. By reporting the temperature depen-
dence of the CD using the molar ellipticity ([θ]M) scale, a direct com-
parison of the change in ellipticity for polypeptides of different chain

image of Fig.�3
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Fig. 5. Dependence of local secondary structures on chain length. (A) The Cl−-induced
molar ellipticity change (Δ[θ]M 222) at 25°C and (B) Δ[θ]M 222 induced by the L103 →P
mutation at 25°C are shown as a function of the number of residues excluding those of
CHIBL.

44 M. Yamamoto et al. / Biophysical Chemistry 168-169 (2012) 40–47
lengths can be made. Fig. 6A and B are the temperature-dependence
of molar ellipticity at 222nm in the absence and presence of Cl−,
respectively. The difference between them, Δ[θ]M 222, (Fig. 6C) was
calculated by subtracting the [θ]M 222 in the absence of Cl− (Fig. 6A)
from those in the presence of Cl− (Fig. 6B). Clearly, the cooperativity
of the transitions in the presence of 0.1M Cl− is largest for 1–162 and
decreases with decreasing polypeptide length (Figs. 3 and 6B, C). The
[θ]MRE 222 for CHIBL exhibits a linear temperature dependence that is
independent of Cl− concentration (Fig. 6A–C).

To confirm that the F- and G-strand regions in 30–162 and 60–162
assume a β-hairpin in the presence of 0.1M Cl−, we examined the CD
spectra of their L103 → P mutants and found that the replacement
reduced the [θ]MRE 222 values for 30–162 and 60–162 in the presence
and absence of Cl− (Fig. S4). The difference spectra for all polypep-
tides and their corresponding L103P mutants when Cl− is absent
are nearly identical and have negative peaks at 222 and 208nm
(Fig. 6D), indicating that L103 is part of an α-helix that is disrupted
by the proline substitution. The fractional helicity of CHIBL at 25°C
is possibly ~50% because the helical population of CHIBLΔF is ~50%
at 12°C [15]. If the helical structures in CHIBL are stabilized by
non-CHIBL residues, the intensities of the difference spectra should
differ according to the chain lengths. Because the difference spectra
are all identical (Fig. 6D), the helices present in CHIBL do not appear
to be stabilized by non-CHIBL residues. Instead, the observed differ-
ences for [θ]M at 222nm for the polypeptides in 0.1M H3PO4 at 25°C
(Fig. 6A) could reflect the CD in the non-CHIBL regions of the
polypeptides.

Conversely, the shapes of the difference spectra for the L103-
containing polypeptides and their corresponding L103P mutants in
0.1M Cl− at 25°C (Fig. 6E) are remarkably different. Although the
difference spectra for CHIBL and CHIBL_L103P in the presence and
absence of 0.1M Cl− are identical (Fig. 6D, E), the difference spectra
of 1–162 and 1–162_L103P in the presence and absence of 0.1M
Cl− differ significantly with the shape of the spectrum in Fig. 6E
indicative of β-hairpin involving L103. The shapes of the difference
spectra for the polypeptides in 0.1M Cl− change from spectra sug-
gestive of α-helices to one suggestive of a β-hairpin as the length
of the polypeptide increases. Fig. 5B shows how the chain length af-
fects the L103→ P-induced Δ[θ]M 222. As observed for the Cl−-induced
change, Δ[θ]M 222 depends linearly on chain length. Therefore, as
suggested above, the secondary structures in the F- and G-strand
regions transition from α-helices to β-hairpins as the chain length
increases from 55 residues (CHIBL) to 162 residues (1–162).

3.3. Dependency of molten-globule characters on polypeptide chain
length

Besides the local secondary structure in the F- and G-strand
region, the global structure is different between the A and C states.
The molecule in the A state is compact like as molten globule,
whereas in the C state it is expanded and chain-like [9]. Although
the sedimentation coefficients shows that the Stokes radii of
1–162, 60–162, and 30–162 are smaller than the value calculated
for random-coil polypeptide of the same chain length, experimental
error in sedimentation coefficients and uncertainty in partial specific
volumes make it difficult to conclude that the truncated mutants are
compact.

Other characteristics of the molten globule state are its binding of
hydrophobic probe ANS and its substantial fluorescence enhance-
ment [20]. Therefore, we measured the fluorescence spectrum of
ANS in the solution of a series of truncated mutants in 0.1M H3PO4

or 0.1M HCl/KCl at pH 1.7 (Fig. 7). The shortest fragment, CHIBL,
slightly enhances the ANS fluorescence intensity and shifts the maxi-
mum emission wavelength (λmax) to shorter wavelength both in
0.1M H3PO4 and 0.1M HCl/KCl (Fig. 7A and B, respectively). The spec-
tra of ANS bound to CHIBL under two conditions are identical,
suggesting that the conformation of CHIBL is independent of Cl− con-
centration and that the fluorescence properties of ANS do not depend
on Cl− concentration. With increasing the chain length, ANS fluores-
cence intensities increase and λmax shifted to shorter wavelength
(~480nm in 1–162) in 0.1M H3PO4 (Fig. 7A, C). This may be due to
the additional binding sites present in non-CHIBL sequence or may
be due to increased affinity of binding sites present in CHIBL region.
To clarify this, we expressed a polypeptide chain corresponding to
residues 1–87 of C66A/C160A with N-terminal tag. The CD spectrum
of 1–87 shows that this fragment does not have remarkable second-
ary structures (Fig. 3A). The ANS fluorescence spectrum of 1–87 has
the maximum at ~500nm and its intensity is less than that of CHIBL
(Fig. 7A, B). Therefore, the chain-length-dependent fluorescence
enhancement is not simply due to the additional binding sites in
non-CHIBL sequence, but is brought about by the collaboration between
CHIBL and non-CHIBL sequences. Furthermore, the enhancement is
much more pronounced in 0.1M HCl/KCl relative to that in 0.1M
H3PO4 (Fig. 7A–C), suggesting that the conformational difference be-
tween in 0.1M HCl/KCl and in 0.1M H3PO4 plays an important role in
ANS binding and fluorescence enhancement. Clearly, more extensive
hydrophobic regions are developed in 0.1M HCl/KCl. This is similar to
the observation that the molten globule formed at acidic pH and high
salt concentration shows intense and blue-shifted ANS fluorescence in
comparison to the acid unfolded state under low salt conditions at the
same pH [21].

4. Discussion

The study reported herein shows that the β-hairpin in the CHIBL se-
quence in C66A/C160A is stabilized by non-CHIBL residues. This stabi-
lizing effect seems to depend on the chain length in one of two ways
as follows. Residues located in the three absent sequences (1–29,
30–59, and 60–87 plus 143–162) may interact specifically with CHIBL
residues and contribute additively to the stability of the β- hairpin. In
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Fig. 6. Temperature dependence of the CD and difference CD spectra. Temperature dependence of the CD spectra for 1–162 (orange), 30–162 (blue), 60–162 (red), and CHIBL (cyan)
in (A) 0.1M H3PO4 or (B) 0.1M HCl/KCl at pH 1.7 and (C) difference between (A) and (B). Difference spectra for the L103-containing polypeptides and their corresponding L103P
mutants in (D) 0.1M H3PO4 or (E) 0.1M HCl/KCl at pH 1.7 and 25°C. The color coding is the same in the five panels. Note that molar ellipticity values are reported.

45M. Yamamoto et al. / Biophysical Chemistry 168-169 (2012) 40–47
the A state (high Cl− concentration and 25°C), themolecule is compact,
which increases the effective concentrations of the interacting residues,
thus stabilizing the β-hairpin. Conversely, the compact globularity may
be the result of such specific interactions. However, no ordered struc-
ture has been detected in residues 1–87 and 143–162 by hydrogen–
deuterium exchange [6] and proline-scanning mutagenesis [8].

Alternatively, the non-CHIBL residues may provide a hydrophobic
environment for the β-hairpin in the CHIBL sequence. If a native-like
β-hairpin can form in the F- and G-strand region, spatially nearby
hydrophobic residues may form hydrophobic patches surrounding
the β-hairpin. Conversely, when the F- and G-strand region assumes
a non-native α-helix(s), the hydrophobic side chains are spatially
dispersed. Therefore, the hydrophobic surface of the β-hairpin
would be more readily sequestered from water by stochastic contacts
with non-CHIBL hydrophobic residues. To sequester hydrophobic side
chains that are widely distributed, many hydrophobic clusters must
be made simultaneously, which seems unlikely and suggests that
the β-hairpin will more likely be stabilized when an amphiphilic
polypeptide is attached to the CHIBL sequence. The probability of
stochastic hydrophobic contacts will be greater for a longer chain if
the average content of the hydrophobic residues is a constant value
throughout the chain. If we define Val, Leu, Ile, Pro, Met, Phe, Tyr,
and Trp as hydrophobic residues, then 1–29 and 30–59 contain 10
and 14 hydrophobic residues, respectively. For 60–87 and 143–162,
which are present in 60–162, but absent in CHIBL, the number of
hydrophobic residues is 16. Thus, the fractional content of hydrophobic
residues is 0.34 (10/29), 0.47 (14/30), and 0.33 (16/48) for 1–29, 30–59,
and 60–87 plus 143–162, respectively. Although 30–59 contains rela-
tively more hydrophobic residues (0.47), the other regions have similar
hydrophobic contents (~0.34). Therefore, as the chain length increases,
the absolute number of hydrophobic residues that may contact the hy-
drophobic surface of the β-hairpin in the CHIBL sequence increases.
This is reflected in the chain-length dependence of ANS fluorescence
(Fig. 7). With increasing the chain length, ANS fluorescence increases
because it is more probable that hydrophobic residues apart on the
sequence (such as CHIBL and non-CHIBL residues) make a binding site
together. The dependence is more pronounced in 0.1M HCl/KCl
(Fig. 7C). Under such conditions, electrostatic repulsions between posi-
tively charged amino acid residues are suppressed so that the polypep-
tide chain assumes a compact conformation. As a result, the effective
concentration of hydrophobic residues becomes high, and ANS binding
sites are made easier. In this scenario, the hydrophobic interactions are
nonspecific. That the tag does not affect the A-state conformation
(Fig. S1) may be a consequence of its low hydrophobic residue content
(4 of 20 residues).

The partially folded state of apomyoglobin contains a native-like
subdomain including formed A, G, and H helices [22] and both specific
[23,24] and nonspecific [23,25] intra-subdomain interactions seem to
stabilize its structure. The acid state of α-lactalbumin has a native-like
subdomain [26]. A sequence-minimization experiment suggested that
nonspecific hydrophobic interactions may be sufficient to stabilize the
native-like fold in the subdomain fragment [27]. However, the same
authors also showed some specificity in the side-chain packing in the
core of the subdomain [28]. For ELG, the subdomain formed by CHIBL
sequence contains nonnative structures. Therefore, it is unlikely that
native-like intra-subdomain interactions stabilize suchnonnative struc-
tures. It will be interesting to determine if the interactions between
residues located inside and outside the subdomain are specific or
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Fig. 7. Fluorescence emission spectra of ANS. The fluorescence emission spectra of ANS
with 1–162 (circle), 30–162 (square), 60–162 (triangle), CHIBL (diamond), and 1–87
(dotted line) in (A) 0.1M H3PO4 or (B) 0.1M HCl/KCl at pH 1.7 and 25°C. The thick
lines represent the spectra of ANS only. (C) The ANS fluorescence intensities at
480nm in 0.1M H3PO4 (circle) or 0.1M HCl/KCl (square) are shown as a function of
the number of residues excluding those of CHIBL.
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nonspecific because the incorrect structure in the subdomain is
corrected by such interactions. This questionwill be addressed in future
studies.
5. Conclusion

We used CD spectroscopy to study the α → β transition in partially
folded truncated forms of ELG. The α → β transition depends on the
length of the polypeptide chain even though ordered structures have
not been detected in regions not involved in the α → β transition.
Dependence on chain length represents a previously uncharacterized
means by which an unstructured polypeptide chain can promote local
folding.
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