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ABSTRACT: Bovine â-lactoglobulin (âLG) provides an excellent model protein system forâ-to-R
conformational change, but its behavior varies when the change is induced by alcohols, surfactants, or
lipid vesicles. Here the interaction and orientation ofâLG in association with various artificial lipid vesicles
at neutral and acidic pH have been studied by use of several complementary spectroscopic techniques.
Circular dichroism (CD) and Fourier transform infrared (FTIR) spectra demonstrated thatâLG acquires
a non-nativeR-helical structure upon binding with anionic lipids, while zwitterionic lipids do not have a
significant effect on its conformation. The degree of inducedR-helix depends on the lipid concentration
and is strongly affected by the charge of the protein and lipids as well as the ionic strength of the solution.
Near-UV CD and Trp emission spectra revealed that the tertiary structure of lipid-boundâLG is highly
expanded but not completely disrupted. Fluorescence quenching together with a Trp emission blue shift
showed that the Trp residues remain largely shielded from the solvent when interacting with DMPG,
which would be consistent with at least some portions ofâLG having been inserted into the lipid membrane.
The orientations of theR-helix andâ-sheet axes in membrane-boundâLG were found to be parallel and
perpendicular, respectively, to the membrane film normal, as determined by use of polarized attenuated
total reflection (ATR) FTIR spectra. Our findings reveal that the lipid-inducedâ-to-R transition inâLG,
accompanied by a substantial disruption in tertiary structure, is mainly driven by strong electrostatic
interactions. Once the tightly packedâLG is disrupted, hydrophobic residues become exposed and available
for insertion into the lipid bilayer, where hydrophobic interaction with the lipids may play a role in
stabilizing the helical components.

Bovineâ-lactoglobulin (âLG)1 is a member of the family
of so-called lipocalins or lipocalycins, which are widely
valued by the food industry for emulsifying and emulsion-
stabilizing properties (1). âLG is a globular protein with a
monomer molecular weight of approximately 18 300 and
exists in various oligomeric states as a function of pH,
temperature, concentration, and genetic variant. In the native
state,âLG has a predominantlyâ-structure, consisting of
one R-helix and nine antiparallelâ-strands, forming a
flattenedâ-barrel core (2), which provides a binding site for
a wide variety of amphiphilic or hydrophobic ligands,
including surfactants, fatty acids, many small alkanes,
aliphatic ketones, and a number of simple and complex ions
(as reviewed in ref1). This binding ability has been related
to a possible physical function ofâLG as a carrier of retinal
and fatty acids, thereby preventing inhibition of preduodenal
lipases and facilitating the digestion of milk fat (3).

Intriguingly, secondary structure algorithms predict a
significant propensity for someâ-strand segments, particu-
larly the three N-terminal strands, in theâLG sequence to
form helices (4). Non-native helical structure was observed
during an early stage ofâLG folding (5, 6). On the basis of
similar observations, the nonhierarchical folding hypothesis
has been suggested for the folding ofâLG (7, 8). Therefore,
âLG is an excellent model protein for studying internal
structural rearrangement pathways as opposed to direct
folding pathways from the denatured state. The nature of
these transitions and the stability of anyR-helical intermedi-
ates are dependent on the mechanism for inducing them, as
we will demonstrate. Finally,âLG is a good model for
understanding the conversion from short-range interactions
between nearby amino acid residues stabilizing theR-helical
structure and long-range interactions between secondary
structures stabilizing theâ-sheet structure.

Consistent with its high helical propensity,âLG is known
to exhibit a high level of non-native helical structure in the
presence of alcohols (9), ionic surfactants (10), and lipids
(11). It has been recognized that alcohol-inducedR-helical
formation follows two processes: disruption of the native
state as a result of weakening of nonlocal interaction through
hydrophobic interaction between micellelike assembled al-
cohols and the native state and induction of anR-helical
conformation as a result of enhancement of the local
hydrogen bonds (12). Nevertheless, the TFE-induced non-
nativeR-helical structure is unstable and converts readily to
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an intermolecular antiparallelâ-sheet aggregate through a
gradual and time-dependent process (13). Likewise, ionic
surfactants also can induce non-nativeR-helical structure in
âLG; however, such non-nativeR-helical structure is more
stable toward thermal and chemical denaturation than the
native state (10). It has been suggested that surfactants may
cause a reduction in the extent of hydrogen bonding between
the protein molecule and the solvent water due to the
shielding of hydrogen bonding entities of the protein by the
bound surfactant molecules. Then the protein molecule tends
to form intramolecular hydrogen bonds, thereby promoting
the formation ofR-helices (14).

Phospholipids, in general, are important constituents of
biological systems in which the phospholipid bilayer forms
the basic element of the cell membrane. They are commonly
found in foods. For example, milk fat globule membrane
consists of 27% (w/w) phospholipids (1). Because it is one
of the major milk proteins, interaction ofâLG with phos-
pholipids is therefore of great importance. Some studies on
the interaction betweenâLG and phospholipids at the air-
water interface have been reported (15-17). It was postulated
that the mechanism for the interaction ofâLG with a
phospholipid monolayer consisted of a three-step process.
First, theâLG adsorbs onto the membrane surface; second,
the protein binds to the phospholipids, and finally, some parts
of the protein insert into the monolayer (16). The interaction
betweenâLG and phospholipids at a liquid interface was
found to depend on both the headgroup and the hydrophobic
chain of the phospholipid (17). The interaction ofâLG with
phospholipids in the gel and liquid-crystalline phases has
been studied by using infrared spectroscopy (11, 18). Mutual
interactions were found between anionic membrane andâLG;
however, zwitterionic lipids had little effect on the confor-
mation ofâLG, and in turn, they are less affected byâLG.

Despite previous work carried out on this protein, the role
of hydrophobic and electrostatic interactions in binding of
âLG with membranes remains unclear. In particular, the
evolution of secondary and tertiary structure, the structure
of lipid-bound âLG, the structural requirements forâLG
penetrating into lipid membrane, and the preferable orienta-
tion of âLG within the lipid membrane are still poorly
understood. In this study, complementary equilibrium spec-
troscopies were used to address these questions by using one
type of artificial lipid with different headgroups to form
model membranes. Circular dichroism (CD) and Fourier
transform infrared (FTIR) spectra together with Trp fluo-
rescence were used to determine the dependence of secondary
and tertiary structure on the protein-lipid interactions, as
well as other perturbations, while fluorescence quenching
and polarized attenuated total reflection (ATR) FTIR were
used to demonstrate incorporation ofâLG into and its
orientation within the membrane. Different non-native
R-helical states induced by alcohols, surfactants, and lipids
are compared in the analysis of our results.

MATERIALS AND METHODS

Materials. BovineâLG, crystallized and lyophilized three
times, was purchased from Sigma (catalog no. L 3908, St.
Louis, MO) and used without further purification. Dimyris-
toylphosphatidylglycerol (DMPG) and dimyristoylphosphati-
dycholine (DMPC) were obtained from Avanti Polar Lipids,

Inc. (Alabaster, AL). Organic solvents (methanol and chlo-
roform, spectral-grade) and sodium phosphate (analytical-
grade) were purchased from Sigma, and deuterium oxide was
purchased from Cambridge Isotope Laboratories, Inc.

Preparation of Lipid Vesicles. Fresh small unilamellar
vesicles (SUVs) were prepared by sonication using literature
techniques just before being used (19). The required amount
of dried lipid was then dispersed in the desired buffer (10
mM phosphate buffer for pH 6.8 or 4.6) and then vortexed
extensively. The resulting multilamellar liposome suspension
(MLV) was then immersed in a bath sonicator (Branson
2200, Bransonic) until the MLVs were dispersed into a clear
suspension of SUVs, typically after∼30-90 min. The
temperature of the bath sonicator was kept less than∼10
°C above the lipid transition temperature via exchange of
cool water. For binary lipid mixtures, the lipids were
dissolved in a chloroform/methanol mixture (3:1, v/v) for
various ratios of DMPC to DMPG, and the resulting lipid
solutions were dried under a mild stream of N2 while being
shaken gently to form a thin film on the vial wall. The film
was then hydrated by adding the desired buffer. The hydrated
suspension was vortexed, frozen and thawed, and then
dispersed by use of a bath sonicator until the solution was
clear to form SUVs.âLG was incorporated into the vesicles
by slowly adding it to the aqueous lipid vesicle solution,
and then the resulting solution was mixed well. Binding of
âLG and vesicles was allowed to equilibrate for 1 h prior to
the study of the protein-lipid complexes that formed. For
IR measurements, large unilamellar vesicles (LUVs) prepared
by extrusion were used. Efforts to determine vesicle size by
means of dynamic light scattering and TEM were inconclu-
sive but suggested the resultant vesicles were larger than
expected for SUVs, presumably due to formation of a lipid
membrane network caused by melting in the temperature
range used for dynamic light scattering measurements (20).

Circular Dichroism. CD spectra were measured on a J-810
spectrometer (Jasco, Easton, MD) using quartz cells with
path lengths of 1 mm and 1 cm for protein concentrations
of 0.2 and 2 mg/mL, respectively, in the far- and near-UV
CD. Typically, a scanning rate of 50 nm/min and a bandwidth
of 0.5 nm with a time response of 2 s were used to obtain
CD spectra as an average of four scans. The final spectra
were obtained by subtracting a background spectrum obtained
on just buffer or vesicles without protein in the same cell.
The fractional secondary structure of the samples was
estimated from the CD spectra by use of the SELCON 3
method, which is part of the CDPro software package (21).
Scattering could be a problem with CD measurements on
lipid vesicle samples (22), but our results for DMPC and
âLG measured over a wide concentration range that show
quantitative agreement with theâLG CD spectrum suggest
that light scattering is not a problem for the SUVs used in
this work.

Oriented CD measurements were performed following
methods described previously (23, 24). Oriented CD spectra
were recorded every 22.5° of rotation of the sample holder,
and then the 16 resulting spectra were averaged.

FTIR and ATR-FTIR Measurements. FTIR measurements
were performed as previously described (25, 26). Briefly,
âLG was dissolved in 10 mM deuterated PBS buffer to a
final concentration of 3 mg/mL in the absence and presence
of 27 mM DMPG LUVs. Then the samples were transferred
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to a homemade demountable cell composed of two CaF2

windows separated by a 100µm Teflon spacer clamped
together in a brass holder. The FTIR spectra were recorded
at a nominal resolution of 4 cm-1 by averaging 512 scans
obtained on a FTS60A spectrometer (Digilab, Randolph,
MA).

ATR-FTIR experiments were carried out on a FTS60A
spectrometer using a MIRacle ATR accessory (PIKE Tech-
nologies, Inc., Madison, WI), equipped with a three-reflection
ZnSe ATR Universal Plate. Approximately 10µL of a âLG/
DMPG mixture was pipetted onto the recessed ZnSe plate
and then dried under a gentle stream of nitrogen gas to form
a thin film on the surface. To obtain polarized ATR spectra,
a wire grid polarizer was placed in front of the sample and
spectra were recorded for 0° and 90° polarizations of the
incident light beam. The dichroic spectra were obtained by
subtracting a spectrum recorded with light polarized in a
parallel fashion from that recorded with light polarized in a
perpendicular fashion, using a weight coefficient,Riso, defined
as the ratio of integrated absorbance of the lipid carbonyl
band in spectra measured with parallel polarization of the
incident light to the absorbance measured with perpendicular
polarization of the incident light (27, 28).

Fluorescence Measurements. Fluorescence measurements
were performed on a Fluoromax-3 spectrofluorometer (Jobin
Yvon Inc., Edison, NJ). The excitation wavelength was 295
nm, and the emission was scanned from 300 to 450 nm. In
all experiments, background spectra, either the buffer alone
or the buffer containing vesicles, were subtracted from the
corresponding sample spectra. The concentration ofâLG for
all fluorescence measurements was kept at∼0.2 mg/mL. For
fluorescence quenching experiments, small aliquots of a 5
M acrylamide stock solution were added to theâLG in the
absence or presence of lipid vesicles, and the fluorescence
emission spectra were recorded at an excitation wavelength
of 295 nm to reduce contributions from the absorbance of
acrylamide (λmax ∼ 280 nm). The data were analyzed
according to the Stern-Volmer equation,F0/F ) 1 + ksv[Q],
whereF0 andF are the fluorescence intensities in the absence
and presence of the quencher, respectively, whileksv is the
Stern-Volmer quenching constant, which is a measure of
the accessibility of acrylamide to Trp residues (29).

RESULTS

Lipid-Induced Conformational Change ofâLG. CD, FTIR,
and fluorescence were used to probe secondary and tertiary
structural changes inâLG upon interaction with lipids. As
shown in Figure 1A (dotted line), the far-UV CD spectrum
of âLG in aqueous solution at neutral pH exhibits a wide
minimum around 216 nm, a feature typical ofâ-sheet-
dominant proteins. With the addition of anionic DMPG
vesicles, however, CD spectra ofâLG change in a manner
characteristic of a transition fromâ-sheet toR-helix (Figure
1A, solid lines), developing two minima at∼208 and∼222
nm. The inset in Figure 1A traces the change in ellipticity
at 222 nm as a function of DMPG concentration. At neutral
pH, the ellipticity at 222 nm increased linearly with the
increase in the DMPG concentration to 0.4 mM, and
thereafter, it reached a plateau (saturated) relatively inde-
pendent of any further increase in the concentration of
DMPG. The estimated secondary structure changes [deter-

mined using SELCON 3 (21)] as a function of DMPG
concentration are presented in Figure 1B. It was found that
the content of DMPG-inducedR-helix at neutral pH reached
a plateau (∼36%) when the DMPG concentration was>0.5
mM. Moreover, an increase in theR-helix fraction was
correlated with a decrease inâ-sheet content; i.e., the
formation ofR-helix was at the expense ofâ-sheet, clearly
indicating a transition from nativeâ-structure to lipid-bound
non-nativeR-helical structure. At the low concentration of
DMPG, theâ-to-R transition is highly cooperative.

Likewise, at pH 4.6, DMPG can also induce the formation
of non-nativeR-helix in âLG. As depicted in Figure 1C,
when the concentration of DMPG is below 0.25 mM, the
content ofR-helix increased proportionally with an increase
in DMPG concentration, and theR-helix forms at the cost
of â-sheet. With the further increase in the concentration of
DMPG, however, theR-helix increase depletes unordered
structures, which is in contrast to the results at pH 6.8 (Figure
1B). Compared with the DMPG-inducedR-helix (∼36%)
at pH 6.8, moreR-helix (∼53%) was induced at pH 4.6,
indicating a strongerâLG-DMPG interaction resulting in
a full change of theâLG conformation. When the DMPG
concentration is close to 0.5 mM, at pH 4.6, the secondary
structure content reached a plateau at>53%R-helix bute5%
â-sheet, values that must be considered approximate only,
since these more extreme secondary structure ranges are often
difficult to predict accurately for globular proteins (30). At
higherâLG concentrations, thisR-to-â transition occurs at
a higher DMPG concentration (see below).

As an independent control, FTIR spectroscopy was used
to confirm the lipid-induced conformational changes ofâLG.
Figure 2 shows FTIR spectra (bottom panel) and inverted
second-derivative spectra (top panel) of 3 mg/mLâLG in a
10 mM PBS/D2O solution (dotted line) and in a 27 mM
DMPG/D2O solution (solid line). The major peaks in the

FIGURE 1: DMPG-dependent conformational transition ofâLG
measured by far-UV CD (mean molar ellipticity per residue). (A)
Representative far-UV CD spectra of 0.2 mg/mLâLG in the
absence (‚‚‚) and presence of various concentrations of DMPG at
pH 6.8 (s). The inset shows the change in the ellipticity at 222
nm as a function of DMPG concentration. (B and C) Estimated
fractional secondary structures as a function of lipid concentration
at pH 6.8 and 4.6, respectively.
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second-derivative FTIR spectra (plotted to be positive), at
1633 and 1622 cm-1 in the spectrum ofâLG in PBS buffer
(pH 6.8), are assigned toâ-sheets, whereas the one at 1650
cm-1 is related toR-helix and unordered structures (18). By
contrast, the second-derivative FTIR spectrum of DMPG-
boundâLG is composed of three broad components, located
at 1632, 1650, and 1673 cm-1. A clear transition from
â-structure (features at 1634 and 1622 cm-1) to R-structure
(relative growth at 1650 cm-1) is induced by binding ofâLG
to DMPG vesicles as evidenced by changes in the relative
intensity and bandwidth for each component, consistent with
theâ-to-R transition observed above with far-UV CD spectra.

Lipid-induced changes inâLG secondary structure are
accompanied by tertiary structural changes evidenced as a
decrease in the near-UV CD intensity (Figure 3B). The
spectrum of native protein in buffer (pH 6.8, trace 1) shows
two sharp negative bands centered at∼292 and∼284 nm
that can be ascribed to tryptophan vibrational fine structure,
while the two bands located at∼277 and∼265 nm depend
mainly on tyrosines (31). With an increasing DMPG
concentration (traces 2-4), the structured peaks of the near-
UV CD at ∼292 and∼284 nm (Trps) and∼277 and∼265
nm (Tyrs) collapse to a broad negative band between 2.5

and 9 mM DMPG. However, even in the presence of 9 mM
DMPG, the magnitude of the CD signal is greater than that
of âLG in 6 M GdnHCl (trace 5). While this may indicate
restricted motion, the lack of definition in the spectra is
consistent with the overall loss of tertiary structure. The near-
UV CD may have a contribution from the disulfide bonds
as well, which normally give rise to broad weak signals
throughout the near-UV spectra (32). The apparent higher
stability of the Trp-Trp interaction as seen in near-UV CD
is an effect of concentration. If the far-UV CD (helix content)
dependence on DMPG were measured at this higherâLG
concentration, a higher DMPG concentration would be
required forâ-to-R conversion. However, if the ellipticity
changes were plotted versus the lipid:protein ratio, the traces
at bothâLG concentrations would reach the maximum at
virtually the same lipid:protein ratio (data not shown). These
results indicate that the change from a dominantâ- to
R-secondary structure is correlated with tertiary structural
loss, which must have important mechanistic consequences
for unfolding.

As an alternate probe of tertiary structure change, fluo-
rescence spectra ofâLG in various concentrations of DMPG
vesicles were measured (Figure 3A). In the absence of
DMPG (dashed line), the fluorescence maximum (λmax) was
∼336 nm, indicating the emitting tryptophan residues might
be in a shielded hydrophobic environment. With the addition
of DMPG (solid lines), the fluorescence intensities increased,
suggestive of a decreased level of quenching due to increased
motional flexibility for Trp61, which in the native state is
highly quenched by a nearby disulfide group (33). Mean-
while, there is a small blue shift (∼4 nm), suggesting that
Trp19 and/or Trp61 becomes increasingly shielded to some
extent by insertion into the lipid membrane. As shown in
the inset of Figure 3A, the normalized fluorescence intensity
reached a maximum at∼0.5 mM DMPG, in good agreement
with the far-UV CD data (obtained for the same samples),
again suggesting the tertiary structural changes are correlated
to the secondary structural changes.

In contrast to DMPG, zwitterionic phospholipids (DMPC)
alone induce neither non-nativeR-helix nor significant
tertiary structure (data not shown) in the test concentration
range. These results indicate that zwitterionic lipids alone
have much weaker interaction withâLG, insufficient to
induce a significant perturbation in theâLG conformation.
The far-UV spectra of these samples were virtually constant
with an increase in DMPC concentration from 0 to 2 mM,
additionally confirming that our experimental results are
relatively free of scattering artifacts.

DriVing Force for Binding ofâLG to DMPG Membranes.
To investigate the role that electrostatic interactions play in
the association ofâLG with lipids, some governing variables,
such as protein charge, lipid charge, and ionic strength, have
been examined through their impact onâLG far-UV CD
measurements.

The net charge can be manipulated by changing the pH
to protonate or deprotonate the proteins in solution.âLG
has a net charge of approximately-8 at pH 6.8, and between
8 and 10 at pH∼4.4, with an isoelectric point of 5.5 (34).
Figure 4A depicts the changes in secondary structural
fractions of DMPG-boundâLG as a function of pH. Clearly,
a lower pH favors the formation of non-nativeR-helix,
indicating that electrostatic interaction between lipid vesicles

FIGURE 2: FTIR (bottom panel) and inverse second-derivative
spectra (top panel) of 3.0 mg/mLâLG in deuterated PBS (pH 6.8,
- - -) and in the presence of a 27 mM DMPG/D2O solution (pH
6.8, s).

FIGURE 3: DMPG-dependent tertiary structure change measured
by (A) fluorescence of 0.2 mg/mLâLG (λexc ) 295 nm) in the
absence (-‚-) and presence of various concentrations of lipid at
pH 6.8 (s). The inset shows the normalized fluorescence intensity
atλmax as a function of lipid concentration. (B) Near-UV CD spectra
of 1.3 mg/mLâLG in the presence of 0 (curve 1), 1.0 (curve 2),
2.5 (curve 3), and 9.0 mM DMPG (curve 4) and 6 M GdnHCl
(curve 5) at pH 6.8.
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and proteins plays a key role in the lipid-induced formation
of non-nativeR-helix. At pH values above its isoelectric
point, âLG can still bind to anionic DMPG, which in turn
disturbs its conformational structure. However, the magnitude
of the perturbation is decreased as compared to that
evidenced at low pH, suggesting that the interaction ofâLG
with lipid is highly dependent on pH and consequently on
the net charge of the protein.

To further confirm the importance of electrostatic forces
in the interaction betweenâLG and lipid membranes, the
net mean charge of the lipid vesicles was varied by adjusting
the ratio of DMPG to DMPC in the lipid mixture while
maintaining a fixed total lipid concentration. This approach
keeps a constant hydrophobic component but varies the
charge. The fractional changes inâLG secondary structures
with an increasing proportion of DMPG are summarized in
Figure 4B, showing the content ofR-helix increases with
an increasing lipid charge (increased DMPG concentration).
The existence of DMPC in the mixture cannot facilitate a
further increase in theR-helix content, implying that, whereas
the electrostatic interaction plays a key role in the interaction
betweenâLG and DMPG vesicles, hydrophobic interactions
must have a minor role.

The effect of ionic strength was examined in further
investigating the role of electrostatic interactions. Generally,
if electrostatic interactions are important for the binding,
increased ionic strength would weaken the binding ofâLG
to the negatively charged membrane surface. Figure 5 shows
the changes in ellipticity at 222 nm, characteristic of helix,

for âLG in the absence and presence of lipids as a function
of an increasing NaCl concentration at pH 6.8 and 4.6. At
both pHs, the increasing NaCl concentration has a negligible
effect on the pureâLG (0). However, for 0.2 mg/mLâLG
in 1.0 mM DMPG at pH 6.8 (O), the addition of NaCl (>0.1
M) sharply decreased the helical content (monitored by
[θ]222), and thereafter, it reached a plateau. At pH 4.6, by
contrast, addition of NaCl (<0.2 M) had a negligible effect
on the lipid-induced helix, indicating that the DMPG-âLG
complex is relatively stable at lower pH (4). High concen-
trations of NaCl (>0.2 M) did result in a decrease in
ellipticity. These data suggest that the addition of NaCl
largely dissociatesâLG from the negatively charged lipid
at neutral pH, while at acidic pH, higher concentrations of
NaCl are required and the dissociation is less complete. Thus,
the interaction with lipid is not complete with only charge
neutralization, but it provides a mechanism of attaining
access to the hydrophobic core of the bilayer. It is interesting
to note that at both pHs, the addition of more NaCl (up to
0.5 M) did not completely dissociateâLG from DMPG,
which is consistent with at least a portion of theâLG being
inserted into the bilayer.

Thermal Stability of the Lipid-âLG Complex.Figure 6
compares the thermal stability of the lipid-boundâLG
complex to that ofâLG alone at pH 6.8 and 4.6, studied by
the change in the far-UV CD spectra. With an increase in
temperature,âLG underwentâ-to-coil transition with aTm

of ∼68 °C, as monitored by the ellipticity at 204 nm (0).
By contrast, for aâLG-DMPG complex at both pH 6.8 (O)
and 4.6 (4), the ellipticity at 222 nm decreases with an
increase in temperature without showing a clear transition.
However, theâLG-DMPG complex conserves a high degree
of helical structure (28 and 46% for pH 6.8 and 4.6,
respectively) even at 85°C as compared to the native protein.
The decrease in the level of helical structure caused by
temperature may be due to dissociation of the DMPG-bound
âLG or due to unfolding of theâLG-DMPG complex. The
temperature-dependent intrinsic fluorescence intensity shows
quite similar traces with decreasing intensity for bothâLG
and theâLG-DMPG complex, while theλmax of âLG and
theâLG-DMPG complex changes quite differently. Whereas
λmax shows a significant change for the nativeâLG, there is
no significant change inλmax for theâLG-DMPG complex
at both pHs when the temperature is above 60°C (data not

FIGURE 4: Charge-dependent secondary structural fractions mea-
sured by far-UV CD via changing pH (A) and lipid charge (B).
âLG (0.2 mg/mL) in the presence of 1.0 mM DMPG (A) and a 1.8
mM DMPG/DMPC mixture with varying DMPG:DMPC ratios (B),
estimated by SELCON 3 of CDPro.

FIGURE 5: Effect of ionic strength on the binding ofâLG to DMPG
followed by far-UV CD: 0.2 mg/mLâLG in 10 mM PBS (0) and
0.2 mg/mLâLG in 1.0 mM DMPG at pH 6.8 (O) and 4.6 (4).

FIGURE 6: Thermal stability followed by the ellipiticity of far-UV
CD at 204 and 222 nm for 0.26 mg/mLâLG alone (0) and 0.26
mg/mL âLG in the presence of 1 mM DMPG at pH 4.6 (4) and
6.8 (O).
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shown). This result suggests that the decrease in the level
of helical structure caused by varying temperature is mainly
due to the unfolding ofâLG rather than the dissociation of
the âLG-DMPG complex. The level of recovery of the
âLG-DMPG complex is 95 and 83% for pH 6.8 and 4.6,
respectively, suggesting that the insertion may increase the
possibility of the complex unfolding with an irreversible
component under thermal perturbation.

Binding and Insertion ofâLG into Lipid Vesicles. Fluo-
rescence quenching is often used to assess the shielding of
tryptophan residues from the solvent as proteins fold or insert
into lipid membranes (29). Figure 7 shows Stern-Volmer
plots of the quenching of the Trp fluorescence inâLG by
acrylamide, recorded in the absence and presence of DMPG
vesicles at different pHs. Increasing the concentration of
quencher resulted in a decrease in the fluorescence intensity
in both media. However, this effect is almost the same in
the presence of vesicles at pH 4.6 and 6.8 as in buffer alone,
indicating that the accessibility of the fluorophore did not
change substantially throughâLG expansion as induced by
interaction with DMPG. In addition, the binding ofâLG to
DMPG resulted in 4 and 6 nm blue shifts in the fluorescence
λmax at pH 6.8 and 4.6, respectively, indicating that the Trp
residues remain shielded, presumably by the lipid bilayers.

Polarized ATR-FTIR was employed to determine the
preferred orientations ofâLG segments interacting with
DMPG bilayer films on a surface. ATR-FTIR difference
spectra are shown in Figure 8 forâLG associated with
DMPG (250:1 DMPG:âLG ratio) at pH 4.6 and 6.8. The
difference spectrum was obtained by subtracting the 0°

polarized spectrum from the 90° polarized spectrum using a
weight coefficientRiso of 1.21 (see Materials and Methods)
(23, 27, 28). In Figure 8, theγw(CH2) progression bands in
the region of 1350-1180 cm-1, arising from wagging
motions of the lipid methylenes, appear as positive difference
peaks, and the CH2 scissoring band contributes a negative
difference band at 1467 cm-1, indicating that the lipid
membranes have their hydrocarbon chains oriented prefer-
entially along the normal to the plate. In the amide I region
(1700-1600 cm-1), the dichroic spectra for the DMPG-
boundâLG at both pHs showed two positive bands at 1654
and 1637 cm-1, which can be assigned to the helix and
â-sheet components, respectively. For anR-helix, the amide
I stretching vibration is oriented parallel to the helix axis,
and therefore, the net positive peak at∼1654 cm-1 indicates
a preferred orientation of the helix axes perpendicular to the
membrane surface at both pHs. Our method was tested by
reproducing published results for melittin (23).

This interpretation has support from our oriented CD
results (not shown). The CD spectrum of DMPG-boundâLG
in solution exhibits two negative bands at 222 and 208 nm,
a feature typical of helical structure. ForâLG bound to a
DMPG film, whose surface is perpendicular to the propaga-
tion of the circularly polarized light beams, a helical CD
pattern is again observed; however, the 225 nm feature
becomes more negative, while the 207 nm feature becomes
less negative than that in solution. This is consistent with
the helix having an orientational preference perpendicular
to the membrane surface (23).

By contrast, for theâ-sheet, the CdO stretching vibration
is oriented perpendicular to theâ-sheet strand direction, and
therefore, the net positive feature observed for theâ-sheet
component of amide I′ at ∼1637 cm-1 indicates that the
â-strands have a preferred orientation parallel to the mem-
brane surface at both pHs. Due to the lack of resolution of
the R-helix and â-sheet components and to the distinct
possibility of there being several segments at different angles
in this protein-vesicle complex, it is not sensible to analyze
these spectra more quantitatively. Thus, we determine a
propensity for the average orientation but do not determine
an angle.

DISCUSSION

Interaction Force GoVerning the Association ofâLG with
Lipids. Interactions between proteins and lipids are different
from chemical reactions in that typically no covalent bonds
are involved. Instead, the association of a protein with a lipid
membrane corresponds to a physical adsorption process
through either electrostatic interaction, nonspecific interaction
like hydrophobic interaction, or both (35). With regard to
the governing forces between proteins and lipid membranes,
some previous studies have concluded that the association
of water-soluble proteins with lipids is primarily dependent
on the overall electrostatic forces (36), while others implied
that the hydrophobic interaction plays a main role (37) or
that both electrostatic interaction and hydrophobic interaction
are important (38, 39). Clearly, this is not a settled area of
research, and in particular, a general mechanism may not
apply, which is apparent from the conflicts that prevail in
the âLG literature (16, 17, 40).

Our CD and IR studies on systematically preparedâLG
with lipid vesicles are consistent, both techniques showing

FIGURE 7: Stern-Volmer plots for acrylamide quenching of Trp
fluorescence for 0.2 mg/mLâLG in the absence (0) and presence
of 2.5 mM DMPG at pH 4.6 (O) and 6.8 (4).

FIGURE 8: Polarized ATR-FTIR difference spectra (90°-0°
polarization) of DMPG-boundâLG (250:1 DMPG:âLG molar ratio)
at pH 4.6 (bottom trace) and 6.8 (top trace). For clarity, the spectra
were offset.
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a clearâ-to-R transition upon addition of anionic DMPG to
âLG (Figures 1 and 2), accompanied by a substantial
expansion of the tertiary structure (Figure 3). On the other
hand, zwitterionic DMPC alone did not induce significant
changes in the secondary or tertiary structure ofâLG,
consistent with the previous studies (11, 18). Addition of
DMPC to a preformedâLG-DMPG complex actually
reduced the DMPG-inducedR-helix content. Consistent with
this, decreasing lipid charge (decreased DMPG fraction)
greatly decreased the level of lipid-induced non-native
R-helix in DMPG and DMPC mixtures with a fixed total
lipid concentration and, hence, hydrophobic concentration
(Figure 4B). These results show that dramatic changes in
âLG secondary structure can be induced only by negatively
charged lipids. Zwitterionic lipids alone cannot induce the
conformational change at least under our experimental
conditions, nor can they further increase the level of
preformed DMPG-inducedR-helix. Clearly, our results
demonstrate that whereas the electrostatic interaction plays
a major role in the lipid-induced non-nativeR-helix, the
hydrophobic interaction plays a minor role. Extension of
lipid-induced non-native helical structure and maintenance
of theâLG structure in the lipid state may be dependent on
the hydrophobic nature of the lipid bilayer since the salt alone
cannot induce any induction ofR-helix (see below).

Our pH study shows that anionic lipids can induce non-
nativeR-helix for âLG at both acidic and basic pH (Figure
4A). When the pH is above theâLG isoelectric point of 5.5,
the formation ofR-helix appears to be a simple transition at
the expense of theâ-sheet fraction (Figure 1B). If the pH is
lowered to 4.6, the fraction of DMPG-induced non-native
R-helix can be increased further at the expense of both
â-sheet and unordered fractions (∼36% at pH 6.8 and∼56%
at pH 4.6; Figure 1C). Such a behavior can be ascribed to
the increase in positive charge at lower pH, further confirm-
ing the electrostatic driving force betweenâLG and the
DMPG vesicles. Bergers (36) pointed out that significant
adsorption of the proteins to negatively charged liposomes
was found at only pH values where there was a net charge
of +3 or more. This situation would obviously apply for
âLG at pH 4.6, where the charge ofâLG is approximately
+8 or more. However, it immediately poses the question of
how âLG can interact with negatively charged DMPG at
pH 6.8 where the protein is negatively charged (net charge
of approximately-10). Inspection of the three-dimensional
structure ofâLG shows thatâLG has an inhomogeneous
charge distribution (34). As a result, a region rich in
positively charged residues on theâLG surface could
preferentially come into contact with the negatively charged
bilayer surface. That interaction could lead to a destabiliza-
tion of theâ-barrel or calyx-shell structure, relax the tertiary
structure to allow insertion of segments into the bilayer, and
thereby promote formation of an added helical component.

Ionic strength has always been employed in investigating
how important the electrostatic interaction is in the associa-
tion of proteins with lipids. Generally, screening of the charge
of both the protein and lipids by adding salt results in
reduction of the electrostatic interaction impact. In this study,
binding of âLG to DMPG at pH 6.8 can be reversed to a
great extent by increasing the NaCl concentration, whereas
at pH 4.6, theâLG-DMPG complex shows resistance to
dissociation by NaCl (Figure 5). This might be explained

by the stronger interaction at lower pH, due to the higher
positive charge accompanying protonation ofâLG, resulting
in more penetration ofâLG into the lipid bilayers at lower
pH. It is worth noting that at both pHs theâLG-DMPG
complex cannot be completely dissociated by salt addition,
further supporting the model in which portions ofâLG are
incorporated within the lipid bilayers.

Taken together, our results show that the binding ofâLG
to lipid membranes is primarily dependent on the overall
electrostatic attraction between the lipid surface and protein-
associated charges. The intermolecular electrostatic interac-
tions may weaken the intramolecular forces that stabilize the
native structure and eventually induce a significant perturba-
tion in the âLG conformation. Since salt alone does not
induce a change in theâLG structure, the hydrophobic aspect
of the lipid indeed must play a role in the conformational
transition, but these data do not speak to it directly. Our
results forâLG-vesicle interaction are in good agreement
with the previous LB trough studies of lipid monolayers at
the air-water interface (17). An initially electrostatic interac-
tion between polar groups is followed by hydrophobic
interaction, which is enhanced through conformational
changes that expose hydrophobic groups ofâLG. However,
our CD study does not support previous CD studies of films,
in which no significant conformational change was observed
on interaction with a neutral and partially negatively charged
film (16). Given the concentration dependence of the
interaction, it seems that the interaction could be surface-
driven and becomes saturated, i.e., independent of an increase
in DMPG concentration, when enough vesicles are available
to bind all proteins. This could be consistent with the
concentration dependence found which shows a maximal
level of helix induced at 0.5 mM DMPG for far-UV CD
experiments (0.01 mM protein), but for IR experiments (0.05
mM protein), a higher concentration of DMPG (∼10 mM)
is required.

In DMPG, the structure ofâLG in the R-state and the
evolution of secondary structure are not the same as those
induced by alcohols and ionic surfactants. TFE and other
alcohols do have the potential of inducing formation of
fractions of non-nativeR-helices (∼80%) larger than those
which ionic surfactants or lipids can produce. Yet to induce
the same level of non-nativeR-helical structure inâLG that
is found with lipids, higher concentrations of alcohols would
be required. More importantly, the TFE-inducedR-state is
unstable and readily converts toâ-structure (13, 41), whereas
the lipid-inducedR-dominant structure is stable in our hands.
In addition, theâLG-DMPG complex cannot completely
dissociate to the thermally unfolded state ofâLG (Figure
6), presumably due to the partial insertion of the protein into
the lipid bilayer.

Another milk protein,R-lactalbumin (RLA), also has a
well-studied interaction with model membranes (19, 42-
44). It was found that formation of a flexible structural
intermediate ofRLA in solution is a prerequisite for its
association with membranes (43). NativeRLA does not bind
to membranes, but binding can occur at pHs below and above
its isoelectric point only if the protein is partially unfolded
(42, 43). The RLA protein is reversibly released from the
membrane when the pH is increased. Obviously, this is not
the case for the interaction ofâLG with membranes since
the native stateâLG can bind to the membrane even above
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its isoelectric point (Figure 1B). Previous work has largely
shown thatRLA as a molten globule-like state can bind to
membranes (19, 42, 43); by contrast,âLG exhibits a clear
â-to-R transition and also loses tertiary structure upon binding
to membranes.

Insertion and Orientation ofâLG to Lipid Bilayers.
Fluorescence quenching can provide useful information about
the solvent exposure or accessibility of tryptophan residues
in proteins or proteins associated with lipid vesicles. When
a protein inserts into lipid bilayers, tryptophan residues in
proteins can be shielded by the hydrophobic interior, which
could be accompanied by a blue shift in the fluorescence
emission maximum (λmax) and reduced quenching acces-
sibility, as compared to the native state.âLG has two Trp
residues that are differently exposed to the water solvent in
the monomeric native state. From the crystal structure, Trp-
19, facing the hydrophobic pocket, should be essentially
inaccessible to the solvent, whereas Trp-61, at the end of
one â-strand and close to the cystine 160-cystine 66
disulfide bond, is relatively exposed (34). By genetically
modifying Trp-19 to alanine, Cho et al. found that theâLG
fluorescence can be mainly attributed to Trp-19 residues
while Trp-61 provides only a minor contribution, quenched
by the nearby disulfide (33). Upon binding to lipids, theâLG
tertiary structure expanded, and Trp-61 gained the possibility
of moving away from its nearby quencher, as suggested by
the increase in the fluorescence intensity (Figure 3A). Due
to the partial insertion of the protein into the lipid bilayer,
there is a blue shift inλmax of 4 and 6 nm at pH 6.8 and 4.6,
respectively, in contrast to a red shift that would have been
expected if Trp had become exposed to solvent in an
unfolded state. This indicates that the Trp residues in the
DMPG-bound state remain in an environment roughly as
nonpolar as that of the native state; i.e., the presence of
vesicles partially shields the fluorophores from the aqueous
solvent even though the tertiary structure is lost, which would
be consistent with insertion of Trp-containing segments (at
least one) into the bilayer.

Stern-Volmer analysis of the acrylamide-induced fluo-
rescence quenching experiment (Figure 7), in which the
Stern-Volmer quenching constant changes by only 10-20%
after addition of DMPG toâLG at pH 4.6 and 6.8, indicates
that the accessibility of the tryptophans to the neutral
acrylamide quencher in membrane-boundâLG at both pHs
is almost the same as in the native state. SinceâLG becomes
less compact once bound to DMPG (as demonstrated by the
loss of near-UV CD and the increase in fluorescence
intensity, as seen in Figure 3), the tryptophans should have
been more easily quenched by added acrylamide, if the lipid
did not shield them. Given that the tertiary structure is lost
on DMPG binding at this concentration, the similarity in
quenching could imply partial penetration ofâLG into the
lipid membrane. Compared with that of the membrane-bound
âLG at pH 6.8, the larger blue shift as well as a smaller
quenching constant might imply more insertion at pH 4.6,
but the changes are small. This is consistent with the previous
monolayer study (17) in which it was thought that portions
of the protein were intercalated in the lipid monolayer.
Presumably, a conformational change in the water-soluble
protein, stimulated by electrostatic interaction with charged
lipid headgroups, exposes hydrophobic patches from the
protein that could trigger partial insertion into the membrane.

On the basis of these observations, we hypothesize that
âLG is partially incorporated into anionic lipid vesicles and
that at pHs above and below its isoelectric point the
secondary structure of membrane-boundâLG is comprised
of predominantly non-nativeR-helix as well as some residual
nativeâ-sheet. Our polarized ATR-FTIR results demonstrate
that theR-helical axes are oriented orthogonally to the lipid
CH2 wag modes and thus are preferentially perpendicular to
the membrane surface, while the residualâ-sheet axes are
more parallel to the membrane surface (Figure 8). This
analysis is in good agreement with oriented CD results (data
not shown), where a decrease in ellipticity at 207 nm and
an increase at 225 nm confirm that the helical segments are
oriented parallel to the light propagation direction (23, 24).
The parallels of ATR, oriented CD, and solution phase
vesicle-induced conformational change forâLG confirm that
the phenomenon is induced by the lipid bilayer and controlled
by the charge interaction.

CONCLUSIONS

Negatively charged phospholipids, like alcohols and sur-
factants, can induce a high degree of non-nativeR-helical
structure inâLG. However, the mechanism of the interaction
between the protein and lipids, the structure of the lipid-
inducedR-helical state, the evolution of the lipid-induced
â-to-R transition, and the stability of the lipid-induced
complex are different from those between the protein and
alcohols or surfactants. The adsorption ofâLG onto lipid
surface is governed by intermolecular electrostatic interaction
betweenâLG and lipid membranes and thereby may weaken
the intramolecular forces that stabilize the native structure
to causeâLG conformational transition on the membrane
surface. Once the tightly packedâLG is disturbed, hydro-
phobic residues become exposed and readily available for
the insertion, which further extends non-nativeR-helical
structure. In the lipid-boundR-helical state,R-helix and
â-sheet strands are perpendicular and parallel, respectively,
to the membrane surface. This study may help explain one
possible biological function ofâLG, as an intracellular
transporter of fatty acids, since the transportation of fatty
acids is enabled by the interaction between the fatty acid-
binding proteins and lipid vesicles via either a diffusion-
controlled mechanism or a direct collision of the proteins
with the membrane (45).
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