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High Helical Propensity of the B-Lactoglobulin with
Non-native a-Helical Intermediate: A Spectroscopic Approach
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It is generally considered that intermediates of protein folding
contain partially formed native-like secondary structures. To under-
stand the mechanism that stabilizes the non-native intermediate, it
was characterized by circular dichroism the equilibrium unfolding
transition of B-lactoglobulin induced by sodium dodecyl sulfate at
pH 2. B-lactoglobulin is a predominantly -sheet protein, although it
has a markedly high intrinsic preference for o-helical structure. The
far-UV CD spectrum of the intermediate, obtained by global fitting
analysis of the CD spectra in the presence of various concentration
of sodium dodecyl sulfate, was similar to the burst phase intermedi-
ate observed in the refolding thermodynamics and contained non-
native o-helical structures. The effect of sodium dodecyl sulfate on
the structure of native -lactoglobulin at pH 2 was utilized to inves-
tigate the contribution of hydrophobic interactions to the stability of
non-native o-helical intermediate. Addition of different concentra-
tions of sodium dodecyl sulfate increased the helical content of the
equilibrium intermediate, although the protein still assumed the
native structure in the absence of sodium dodecyl sulfate. This indi-
cate that because of the high helical preference of the amino acid
sequence of PB-lactoglobulin, the helical region protrudes into the
boundary between the native and unfolded state, resulting in non-
monomeric accumulation of the helical intermediate upon equilib-
rium unfolding of the native B-sheet structure. The present results
suggest that a non-native o-helical intermediate accumulates during
equilibrium unfolding of a predominantly 3-sheet protein.
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INTRODUCTION

Although the two-state protein folding model suggested that no frag-
ments should remain structured when isolated, several residual structures
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have now been observed in peptide fragments corresponding to regular
secondary structures from native proteins'?. The current consensus is that
when these peptides are structured, they form secondary structures consis-
tent with those observed in the native structure. This is known as the con-
sistency principle and supports the framework model of protein folding™*.

Kinetic studies using stopped-flow circular dichroism (CD) or amide
hydrogen-deuterium exchange techniques in conjunction with two-dimen-
sional nuclear magnetic resonance (NMR) spectroscopy have indicated
that intermediate structures resembling the equilibrium molten globule state
accumulate before the rate-limiting step of folding™®. In contrast, in a nucle-
ation-condensation model of protein folding’' the rate-limiting step is the
formation of a nucleus and the folding reaction is rapid and approximated
by a two-state transition. Whereas the validity of the nucleation-condensa-
tion mechanism has been argued for several small proteins, it would be
difficult to expect that such a simple mechanism directly applies for a large
protein consisting of multiple subdomains.

B-Lactoglobulin (3-LG) is the major whey protein found in the milk
of ruminants, including cows and sheep and also monogastrics, e.g., pigs,
horses, dogs and cats. It is not, however, found in the milk of humans''.
B-LG is a globular protein with a molecular weight of 18400 Dalton with
each monomer of 162 amino acid residues. The secondary structure of
bovine B-LG is composed of 15 % o-helix, 50 % [-sheet and 15-20 %
reverse turn'?. The tertiary structures consist of nine strands of antiparallel
[-sheet, eight of which form a B-barrel that has the shape of a flattened
cone or calyx'*'*. There is a three-turn a-helix on the outer surface of the
calyx. The interior of the B-barrel is hydrophobic, whereas the opening is
lined with hydrophobic amino acids. The eight-stranded [-barrel is a
major structural motif found in a family of proteins which have the ability
to bind several amphiphilic or hydrophobic ligands'>'® such as retinol"’,
long-chain fatty'® and sodium dodecyl sulfate'*.

The o-helix to B-sheet transition of proteins is a key issue for under-
standing the folding and biological function of a number of proteins®™.
For example, the o.—f transition has been suggested to play an essential
role in various conformational disease, such as prion disease or Alzheimer
disease where the a-helix forms are normal and the PB-sheet forms are
amyloidogenic*>*’. Bovine -LG would be a useful model for clarifying
the mechanism of the o.—f transition, since its folding process is accom-
panied by the a—p transition due to the inconsistency of local and non-
local interactions® 2, Whereas -LG exist as a dimer at neutral pH, it
dissociates into monomer below pH 3, but retains a native conformation,
even in an acidic environment with a pH as low as 2*. During the process
of B-LG refolding from a denaturant-induced unfolded state the ellipticity
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at 219 nm transiently exceeds the native intensity (the overshoot phenom-
enon)*. An intuitive interpretation of this is the accumulation of a a-helical
intermediate, since the circular dichroism (CD) intensity of an o-helix is
greater than that of a B-sheet. Three pieces of evidence indicate that the
amino acid sequence of B-LG has a markedly high preference for an
o-helix conformation®*, The possibility of a helical intermediate is
further reinforced by the observation of a high helical preference for the
B-lactoglobulin amino acid sequence, which was clarified by the addition
of alcohol and also by the reduction of the disulfide bridges. A similar
phenomenon was observed for cellular retinoic acid binding protein®, but
not for other 3-sheet proteins.

Conformational changes and denaturation of many proteins in surfac-
tant solutions have been studied*”**. Protein denaturation occurs in a num-
bers of ways. On the millimolar scale, sodium n-dodecyl sulfate (SDS) at
higher concentrations is believed to be one of the most effective denatur-
ants®™. Moosavi-Movahedi has reviewed the folded and unfolded states of
different proteins in the presence of both low and high concentrations of
surfactant, respectively**. In this paper, we report the formation of a non-
native o-helical intermediate of B-LG induced by n-alkyl sulfates as
anionic surfactants at pH 2. It should be mentioned that in this paper, non-
native o-helical intermediate can be induced by sodium dodecyl sulfate in
B-LG at special condition and it dose not mean that intermediate state can
be induced by surfactant in all proteins. The results indicate the accumula-
tion of an intermediate as non-native o-helical state in B-LG.

EXPERIMENTAL

Bovine B-LG was purchased from Sigma. 1-Anilino-naphthalene-8-
sulfonate (ANS) was obtained by Fluka. Sodium dodecyl sulfate (SDS)
was purchased from Sigma. Other chemicals were of reagent grade. The
concentrations of sodium dodecyl sulfates used in all experiments were
under the critical micelle concentrations (CMC) and critical aggregation
concentration (CAC)**",

Solution preparation: The protein solution was dialyzed against buft-
ers (20 mM HCI, pH 2). The extinction coefficients were used to calculate
the concentration of the native protein at pH 2. If the initial concentration
and volume of the protein solution are [P], and V,, respectively and the
stock ligand concentration is [L]o, then the total concentration of protein
([P]y) and ligand ([L];) can be obtained by accounting for the total volume
of the aliquot (V.) added during the titration experiment™:

[Pl = [P]oVo/(Vo + Vo), [L] = [L]oVo/(Vo + Vo) (D
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Aliquots of n-alkyl sulfate were injected into the B-LG solution at
5 min intervals to allow for equilibration. Each experiment was repeated
three times. The protein concentration was determined from the absorp-
tion at 278 nm using the absorption coefficient of Eys = 9.6%.

Circular dichroism (CD) measurements: All measurements were
carried out at 20 °C with thermostatically controlled cell holders. Far-UV
CD spectra were measured with a Jasco spectropolarimeter (Japan), model
J-720, equipped with an interface and a personal computer. The instru-
ments were calibrated with ammonium d-10-camphorsulfonic acid™. The
data were expressed as molar residue ellipticity [0], which is defined as [0]
= 100 B.ns/cl, where O, is the observed ellipticity in degrees, c is the
concentration is residue mol cm™ and 1 is the length of the light path in
centimetres. Typically, 50 uL of protein solution at a protein concentration
of 1 mg mL™", dissolved in deionized water, was mixed with 450 uL of 20
mM HCI (pH 2) containing various concentrations of sodium dodecyl
sulfates. CD spectra were recorded with a time constant of 4 s, a2 nm band
width and a scan rate of 5 nm min™', were signal-averaged over at least five
scans and baseline corrected by subtracting a buffer spectrum. The CD
spectra were measured with a 1 mm path length cell from 250 to 190 nm.

Fluorescence measurements: Fluorescence measurements were
performed by using a Hitachi 2500 spectrofluorimeter. The intensity at
480 nm was detected after excitation at 350 nm. Sodium dodecyl sulfate
significantly affect the fluorescence of free tryptophan under the experi-
mental conditions used. The temperature of the cell compartments was
kept constant at 20 °C by water circulation.

RESULTS AND DISCUSSION

Circular dichroism (CD): The special positions of the segments with
sequence corresponding to those of the synthetic peptide are shown in Table-1.
The sequences of fragments 1-3 correspond to the A, D and F strands,
respectively. The sequence of fragment 4 corresponds to the helix which
extends from residues 130-140 and is located between strands G and I.
These peptide segments were of particular interest because they were pre-
dicted to have a high helicity by secondary structure prediction methods. It
determined the precise location for our fragments, we chose regions that
include negatively and positively charged groups located at the N and C
terminal, respectively, to counter-balance the macrodipole of the helix. The
far-UV CD spectra of these fragments at pH 2 showed that the peptides
retain residual helical structures even in aqueous solution (data not shown).
The peptide showed similar helical preferences at pH 7. First, the helicity
of fragment 4 which corresponds to the c-helix in the native B-lactoglobu-
lin is about 17 % in water. This value is larger than those observed for the
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peptides corresponding to the helices of myohemerythrin. It is, however
smaller than the helicity of the 15-residue peptide corresponding to the
C-terminal helix of cytochrome c or the C-peptide of RNase A, which
exhibit especially high helicity even in aqueous solution. Thus, the residual
helicity in fragment 4 is high but not exceptional.

TABLE 1
SEQUENCES OF BOVINE 3-LACTOGLOBULIN B FRAGMENTS

Fragment 1 Ac-DIQKV AGTWY'SLAMA”ASD-NH,
(11-28)

Fragment 2 Ac-WENGE”"CAQKK"ITAEK” TK-NH,
(61-77)

Fragment 3 AcD"ALNEN"KVLVL”DTDYK"™K-NH,
(85-101)

Fragment 4 Ac-YEVVD"EALEK®"FDKAL"™KA-NH,
(127-142)

The sequences of the four peptides are shown with residue numbers
corresponding to those of the intact B-lactoglobulin. An additional tyrosine
residue has been added to the N terminus of fragment 4 for concentration
determination.

Fig. 1 shows the effects of sodium dodecyl sulfate on the far-UV CD
spectra of the native state of 3-LG at pH 2. The native structure of B-LG is
stable as a monomer even at pH 2*. In the absence of sodium dodecyl
sulfate in 20 mM HCI, the far-UV CD showed a spectrum with a minimum
at 218 nm, consistent with the abundance of -sheets (Fig. 1, curve 1). The
addition of sodium dodecyl sulfate at different concentrations induced
substantial a-helical structure as seen by the lower minima (lower [0]s,
[6]2) at 208 and 222 nm relative to the native spectrum (Fig. 1, curve 5).
A highly cooperative $-sheet to o-helix transition, with an isodichroic point
at 203 nm was seen for the four panels. This suggests that B-sheet to
o-helix transition is a two state process®. The CD spectra also show the
non-native a-helical intermediate (o) state for 3-LG upon the addition of
SDS (0.25 mM). When sodium dodecyl sulfate (SDS) is larger than values,
the baselines increase, due to precipitation (data not shown). The shapes of
the CD spectra are similar to the spectrum of B-LG in the presence of 9.8
% (v/Iv) TFE>®Y .

Considering these findings, the sodium dodecyl sulfate-induced
conformations are not an indication of the ordinary intermediate. In fact,
they are regarded as ol states of the protein with different secondary struc-
tures. The helical content in the native state of 3-LG is 7 %, on the basis of
the ellipticity values at 222 nm as calculated by the method of Chen
et al.”®. The helical content of the al state of B-LG induced by sodium
dodecyl sulfate (SDS) is 90.3 % according to this method.
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Fig. 1. Far UV CD spectra of B-LG (ellipticity, [0]) as a function of sodium
dodecyl sulfate concentration at pH 2 and and 20 °C. 1, 0 mM SDS
(native state at pH 2); 2, 0.05 mM SDS; 3, 0.1 mM SDS; 4, 0.2 mM
SDS; §, 0.25 mM SDS. Protein concentration was 27 uM

Fluorescence spectra: As in previous studies, changes in the accessi-
bility of hydrophobic regions, changes in the accessibility of hydrophobic
regions of the molecule were monitored through the binding of the fluo-
rescence hydrophobic probe ANS. Fig. 2 shows the effect of SDS on the
fluorescence spectra of the B-LG-ANS complex at pH 2. According to Fig. 2,
the addition of different concentrations of SDS to the 3-LG-ANS complex
causes an increase in the fluorescence intensity. Here, the interaction of
B-LG-ANS complex with SDS at different concentrations is consistent with
the results obtain for B-LG in the presence of TFE as previously reported
by Hamada et al.™.

Thermodynamic analysis of non-native a-helical intermediate (o)
formation: Fig. 3 shows the sigmoidal curves (drawn by a numerical
analysis method, called qubic-spline in the MATLAB program, version
6.1) for the native (N) to the non-native a-helical intermediate (o) of
B-LG upon the addition of sodium dodecyl sulfate. B-LG is a small protein
with a single subunit. Therefore, a two-state analysis based on the Pace
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theory was performed™. It is now possible to obtain equilibrium constants
(K) for the N-al states and to calculate the corresponding Gibb's free
energy changes (AG®°) as follows:

AG® = -RT In (Ao — AN)/(Acr — Aobs) (2)
where R is the gas constant, T is the absolute temperature, Ax, Aol and Aps
are the physical parameters of molar ellipticity and fluorescence intensity
of ANS in the presence of N, al and any observed states, respectively.
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Fig. 2. Fluorescence spectra of 250 uM ANS in the present of following: 1, free
ANS at pH 2; 2, native state of B-LG at pH 2; 3, B-LG upon the addition
of 0.05 mM SDS; 4, B-LG upon the addition of 0.1 mM SDS; 5, B-LG
upon the addition of 0.25 mM SDS. The ratio of molar concentrations
[ANS]/[protein] = 250/1

Fig. 3 shows the plot of AG® against total sodium dodecyl sulfate
concentration ([sodium dodecyl sulfate] .. = [sodium dodecyl sulfate ] +
[sodium dodecyl sulfate]youna). The free energie of ol formation in the
absence of sodium dodecyl sulfate, AG° (H,O), was calculated by the least-
squares method from the following equation’:

AG°® = AG° (H,0) — m [sodium dodecyl sulfate] 3)
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where m is the slope of linear curve reflecting the cooperativity and also
hydrophobicity of the transition state. The m-value correlates strongly with
the amount of protein surface exposed to the solvent upon unfolding™ . A
similar dependence on accessible surface area has been found for the heat
capacity change (AC,), which was confirmed for a set of proteins®*®. The
m-values and heat capacity changes correlate well with each other and also
AC, of the protein is linearly related to the fraction of hydrophobic resi-
dues®. Thus, for proteins that undergo a simple two-state unfolding mecha-
nism, the amount of surface exposed to solvent upon unfolding is a main
structure determinant for m-values, AC, and hydrophobicity. The free
energy value shown as the dotted linear line in Fig. 3.

50
45 |
40 |
5 35+
£ I
NFO L
£ 30 f g
9 _ L
& i T C
NEVARE 2 r
s I = 0
: 20 j 2 L
215t 5[
1 r O 1
10 F
I 0 02 0.4
ST [SDS] / mM
0 1 1 1 1 1 1 1
0 0.25 0.5
[SDS] mM

Fig. 3. Plots of molar ellipticity ([0].2) vs. concentrations of SDS at pH 2 and
20 °C. Inset: Free energy values (AG®) vs. concentrations of SDS

The similar order was reported for the alcohol-induced o-helix forma-
tion of B-LG™. Alcohol-induced denaturation of proteins has been consid-
ered to arise from the low polarity of the solvent which decreases the
hydrophobic interactions stabilizing the compact native structure of pro-
teins. Therefore it is plausible to expect that variation of the effectiveness
of alcohol may be related to the polarity of the solvent. In solvents of low
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polarity, hydrophobic interactions stabilizing the native structure are weaken
and simultaneously the local hydrogen bonds are strengthened, resulting
in denaturation and stabilization of the extended o-helical structures. The
far-UV CD spectra in the presence of various concentrations of n-alkyl
sulfates show that, whereas -LG is unfolded at pH 2, the addition of
sodium dodecyl sulfate stabilizes the helical conformation. This indicates
that the denaturant of a sodium dodecyl sulfate is closely correlated with
its potential for stabilizing the helical conformation in the -LG. Although
the anionic head of sodium dodecyl sulfate is an important factor deter-
mining the SDS effects, we consider that the direct interaction between
hydrophobic tails of SDS and hydrophobic groups of proteins is respon-
sible for the SDS effects. When SDS at high concentrations as denaturant
ligands interact with native state of 3-LG, the interior hydrophobic groups
of protein expose to solvent, then the polarity around the B-LG will
decrease. This leads to stabilization of the interamolecular hydrogen binds
and consequently the formation of a helical conformation. Strengthening
the hydrogen bonds is responsible for the n-alkyl sulfate effects on the
helix formation of proteins, suggesting that the mechanism of the n-alkyl
sulfates-induced helix formation of proteins are distinct from that of the
n-alkyl sulfates-induced denaturation of proteins in which hydrophobic
effects arising from n-alkyl sulfates molecules are important.

It is known that globular protein polypeptide chains include both
hydrophilic and hydrophobic side chains. Moreover, the secondary struc-
ture of proteins forms cluster from hydrophobic side chains that, in turn,
from the hydrophobic core of globular proteins. Some of the native
proteins have a stronger affinity to ANS because they have hydrophobic
sites exposed to the solvent (for example, active centres and sites for heme
or substrate binding)®**". Fig. 2 represents the fluorescence spectrum of
ANS in the presence of B-LG at different concentrations of SDS. The
affinity of ANS to the B-LG increases significantly when the rigidity of
protein tertiary structure is disrupted, therefore the addition of SDS at
different concentrations to the native state of B-LG at pH 2 cause an
increase in the fluorescence intensity.

The spectroscopic properties of the ol state strongly support the view
that SDS at different concentrations stabilize the al state of B-LG. The al
state in contrary to native state of 3-LG shows highly amounts of a-helix.
The spectroscopic properties of the ol state closely resemble the ones, as
reported by Hirota et al.”’, thus implying a close structural similarity. In
conclusion, we show that the helical propensities of 3-LG in the presence
of sodium dodecyl sulfate is not related to its native structure. Further-
more, the helical propensity of the 3-LG in the presence of sodium dodecyl
sulfate must be related to the intrinsic helical propensity as was observed
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for proteins™. The results suggest a case of non-hierarchical protein fold-
ing, in which the o-helical intermediate accumulates during the formation
of the native [-sheet structure.
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