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ABSTRACT. The role of electrostatic and hydrophobic interactions in the binding and penetration of
p-lactoglobulin BLG) to preformed lipid membranes was studied using various phospholipid micelles
and vesicles. Zwitterionic lysophospholipid micelles are able to inducg-gteeet toa-helix transition,

as judged by circular dichroism (CD), but the degree of transition is dramatically below and the amount
of lipid required above that for anionic phospholipids with equivalent hydrocarbon chains. Anionic
phospholipids with short hydrocarbon chains induce only toelical content in3LG as compared to
phospholipids with the same head group but longer hydrocarbon chains. These results suggest that both
electrostatic and hydrophobic interactions are indispensalfle@+-lipid interaction. Furthermore, air

water interface monolayer surface pressure and fluorescence anisotropy studies reveal that the membrane
insertion offLG strongly depends on the nature of phospholipids, given the identical headgroup, particularly
lipid packing. These results are supported by urea denaturation and acrylamide fluorescence quenching
tests and by the FTIR-ATR polarization results f#irtG in multilayers on a surface. Under the same
experimental conditions, the membrane binding and insertigh.&f as well as the stability of theLG—

lipid complexes can be enhanced by lowering the pH. Collectively, electrostatic interactions play a crucial
role in all the processes involved in tAeG—lipid interaction, while the presence of hydrophobic interaction
remains necessary. FinalljLG biological function in the transport of fatty acids was tested by
demonstrating the release of 2-AS from a 2-A8.G complex on binding to lipids.

Proteinr-membrane interaction has long been identified to cell-surface receptors, and formation of complexes with
as a key element in understanding protein misfolding and other soluble macromoleculeS)( Bovine S-lactoglobulin
consequent self-association- or aggregation-associated dis¢5LG),! a lipocalin protein, is found in mammalian milk. It
eases, such as prion and amyloid diseasgs2). The has been widely used in the food industry for its emulsifying
interaction between proteins and biological membranes asand emulsion stabilizing properties, yet to date, its biological
well as the kinetic mechanisms of any structural changes functions are still not cleai6j. In the native statefLG has
may vary from case to case. Generally, it has been thoughta predominantly3-structure, consisting of one-helix and
that the insertion of a hydrophobic peptide or membrane nine antiparalleB-strands, forming a flattenggtbarrel core
protein segment into a lipid bilayer can be spontaneous, which provides a binding site for fatty acids and other
driven mainly by van der Waals attractions between the hydrophobic molecules’}. On the basis of the similarity of
hydrophobic segments of the peptides and the hydrocarbonthe structure and this substrate binding property to those of
chains of the membranes. On the other hand, the interactionfatty acid-binding proteins, transportation of fatty acids has
between water-soluble proteins and membranes mainlybeen assumed to be a reasonable biological functigfLiGr.
depends on the overall electrostatic interactions between the Secondary structure algorithms predict ti#iG has a
anionic lipid head groups and positively charged protein substantial propensity to form helig8)( Consistent with this,
residues. Understanding the driving forces between proteinsfLG exhibits af-to-a transition in the presence of alcohols
and lipids has been the focus of many studies (for reviews, (8, 9) and ionic surfactantslQ, 11). Some studies on the
see refs3 and 4). However, distinct roles of hydrophobic interaction offLG with lipid membranes have reported that
and electrostatic interactions in various peptide or pretein the interaction betweefiLG and anionic lipids depends on
lipid binding processes remain elusive. both the head group and the hydrophobic chain of the

The lipocalin protein superfamily exhibits extraordinary phospholipids 12—14). Our recent study 14) on the
diversity at the level of sequence and function. Generally,
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interaction of LG with phospholipids (12-C hydrocarbon unilamellar vesicles was obtained. For the preparation of
chains) revealed that anionic phospholipids induced non- vesicles containing DPH and TMA-DPH with lipid:DPH
native a-helix, the degree of which depended on the (TMA-DPH) ratios of 250:1 (molar), lipids and DPH (TMA-
concentration and relative amount of anionic head groups DPH) were mixed in a CHGICH;OH (3:1, v/v) mixture
in mixed lipid systems, since zwitterionic phospholipids alone and then dried and sonicated as described ak@iv@.was
did not induce helix, as supported by previous repdrfs— added to small unilamellar lipid vesicles or micelles in their
14). Thus, electrostatic interaction appears to be a prerequisiteliquid crystalline phases, and then the mixture was allowed
for membrane binding ofLG, and factors associated with  to equilibrate fo 1 h prior to the study of the resultant
electrostatic interaction may have a strong effect on the protein-lipid complexes. There were sample-to-sample
BLG—lipid interaction. However, salt alone cannot induce variations in the spectral intensities, depending on preparation
any significant conformational transition LG, and the and lipid conditions; however, the CD spectra for samples
BLG—lipid interaction cannot be completely dissociated at prepared under strictly identical conditions effectively over-
high salt concentrations. Both suggest that the electrostaticlapped, and qualitative variations in behavior between lipid
interaction alone is not enough for membrane binding of samples were consistent for all samples. The fraction helix
BLG, implying that hydrophobic interactions must play some results presented herein are for typical samples.
role in this process. The specific role of hydrophobic and  Circular Dichroism.Far-UV CD spectra were measured
electrostatic interactions for protein adsorption, binding, and on a J-810 spectrometer (Jasco, Easton, MD)guaih mm
insertion into lipid membranes as well as for the stability of quartz cell. The protein concentration was 0.25 mg/mL,
the SLG—lipid complex is still not clear. unless stated otherwise, while lipid concentrations varied
To address these questions, in this study, interactions offrom 0 to 10 mM. Typically, a scanning rate of 50 nm/min
BLG with different phospholipid vesicles and micelles were and a bandwidth of 0.5 nm with a time responé@ s were
studied with circular dichroism (CD), fluorescence, IR Used to obtain CD spectra as an average of four scans. The
polarization, and monolayer insertion experiments in an effort final spectra were obtained by subtracting a background
to differentiate the roles of electrostatic and hydrophobic Spectrum obtained on just micelles or vesicles without protein
interactions in the stages of membrane binding of protein asin the same cell. Unless specifically stated otherwise, all
well as in the stability of the proteifrlipid complex. In spectra were recorded above the lipid phase transition, i.e.,

addition, a possible biologic function @fLG in terms of in the liquid crystalline phase, using a thermostated cell
fatty acid transport has been modeled with fluorescence holder. This can particularly impact the DSPG results relative
quenching experiments. to the others, due to its higher-temperature phase transition.
The temperature dependence of fiu&—lipid complex CD
EXPERIMENTAL PROCEDURES was determined by measuring complete spectral scans every

. ) i 5 °C from 5 to 90°C with automated control of the sample

Materials.Bovine SLG (catalog no. L 3908), crystallized  temperature via a circulating (Neslab RT-7) bath. The
three times and lyophilized, was purchased from Sigma fractional secondary structure fgL.G in the absence and
(St. Louis, MO) and used without further purification. presence of lipid micelles or vesicles was estimated from
Dioctanoylphosphatidylglycerol (DPG), dimyristoylphos- ihe cD spectra by use of the SELCON 3 program of the
phatidylglyc_:erol (DMPG), _distearoylphosphatidylgllyce.rol CDPro software packagel), whereas due to spectral
(DSPG), dioleoylphosphatidylglycerol (DOPG), dimyris- interference, the helical contents were estimated using just
toylphosphatidycholine (DMPC), lysophosphatidylcholine the ejlipticity at 222 nm for urea denaturation experiments
(LPC), and lysophosphatidylglycerol (LPG) were obtained 17.
from Avanti Polar Lipids, Inc. (Al_abaster, AL). Fluor_escent Fluorescence MeasuremenBuorescence measurements
probes, 1,6-phenyl-1,3,5-hexatriene (DPH), 1-[4-(trimethy- \yere performed on a Fluoromax-3 (Jobin Yvon Inc., Edison,
lammonium)phenyl]-6-phenyl-1,3,5-hexatriene (TMA-DPH), - N 3) spectrofluorometer. The excitation wavelength was 295
and 2-(9-anthroyloxy)stearic acid (2-AS) were obtained from 1y and the emission was scanned from 300 to 450 nm. In
Molecular Probes (Eugene, OR). Other chemicals (phosphatey experiments, background spectra, either of the buffer alone
salts and urea) were purchased from Sigma. or of the buffer containing vesicles, were subtracted from

Lipid Micelles and Vesicled.ysophospholipid micelles  the corresponding sample spectra. The concentrati$h®f
were prepared by directly dispersing the desired amount of for all fluorescence measurements was kept-@t25 mg/
lipid powder into 10 mM phosphate buffer (pH 4.6 and 6.8), mL.
followed by extensive vortexing and then sonication@0 For fluorescence anisotropy experiments, the excitation and
min in a water bath sonicator (Branson 2200, Branson emission wavelengths were 360 and 425 nm, respectively,
Ultrasonics Corp., Danbury, CT). The critical micelle when DPH or TMA-DPH was being observed. Fluorescence
concentrations (CMCs) of lysophosphatidylcholine (LPC) anisotropies were determined using standard procedures
and lysophosphatidylglycerol (LPG) in 10 mM phosphate (taken from the J-Y operation manual), according to the
buffer are~40 and~288/’tM1 reSDECtively 1-5) equationr = lywwv — Glyn/lw + 2GlyH, wherelyy and lyy

Small unilamellar vesicles (SUVs) were prepared by are the intensities observed with vertical (V) or horizontal
sonication as described previoushd). Briefly, the required (H) orientations of the excitation and emission polarizers,
amount of dried phospholipid powder was dispersed in while Iy and Ipy are the same fluorescence intensities
10 mM phosphate buffer (pH 4.6 and 6.8) and then was measured with the excitation light horizontally polariz€d.
vortexed extensively. The resulting multilamellar liposome is the (grating) correction factor given b = lpyy/lpm,
suspension was subjected to a freetteaw process and then determined by measuring the polarized fluorescence of the
sonicated in a bath until a clear suspension of small protein or probes with horizontally polarized excitation.
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For fluorescence experiments designed to model fatty acid N T
transportSLG was incubated with 2-(9-anthroyloxy)stearic ~ SF % A 7 030f
acid at room temperature for 10 min, and the resulting 0'_ y o BLGHLPG ]
complex was incubated with DMPG vesicles for 30 minat < |\~ ~~~ PLGHLPC
room temperature. The emission fluorescence in the regionNg sEv
of 380—650 nm was recorded at the excitation wavelength
of 360 nm using emission and excitation slits of 5 nm.
Because this fluorescent fatty acid analogue partitions into
phospholipid vesicles to give an increase in fluorescence . .
intensity, titrations involving addition of phospholipid vesicles =, 10 I
to a highly fluorescentLG—analogue system were corrected | " 1 1o

by performing the titration in the absence BEG as a —L 1 e Ll L L
control 200 220 240 0 50 100150200250300350

ATR-FTIR MeasurementsFourier transform infrared Wavelength/nm Lipid/BLG(mol/mol)

(FTIR) absorbance measurements were performed as previ_FIGURE 1: Micelle-induced conformational transition in 0.25 mg/
. . : mL SLG. (A) Far-UV CD spectra offLG (--+) and SLG in the
ously described14, 18, 19). Briefly, polarized attenuated presence of 2 mM DPGH), LPC (- --), and LPG micelles ().

total reflectance (ATR)-FTIR experiments were conducted () Helical fraction changes as a function of lipid:protein ratio for
on a Digilab FTS60A (Varian, Randolf, MA) spectrometer DPG (1), LPC (O), and LPG [0).

equipped with a MIRacle ATR accessory (PIKE Technolo-

gies, Inc., Madison, WI), incorporating a three-reflection RESULTS

ZnSe ATR Universal Plate. Approximately L0 of sample
solution containing lipid vesicles withLG was pipetted onto

the recessed plate and then dried under a gentle stream o S S -
nitrogen gas to form a thin film on the surface of the ZnSe ydrophobic mteractl(_)n n me_mbrane blnd|_ng pLG,
plate. This process was repeated until enough sample bu”tneutral LPC (C-14, single chain) and negatively charged

up and the absorbance did not change. Polarization spectra(L.PG’ C-14, single chaih, gnd DPG, Cs douple Chaif‘s)
were recorded for Oand 90 orientations of a wire grid mpelles as well as anionic phosphohplq ve§|cles (with
polarizer placed in front of the sample. The dichroic spectra various hydrocarbon chains) were used in this work. As

- : .. shown in Figure 1A, in the native statgl. G exhibits a
were obtained by subtracting a spectrum recorded with "9 . : :
parallel (|) polarized light from that recorded with perpen- typical 8-sheet dominant far-UV CD spectrum with a wide

dicular () polarized light, using a weight coefficierReo, minimum around 216 nm{-). With the addition of 2 mM

defined as the ratio of integrated absorbance of the lipid ne_utrﬁall m|fcelles of LPC (]: --) and negatively charged
carbonyl band at-1740 cm! in spectra measured with miceties o [.)PG ©) a?”d 0 LPG (+-) at pH 6'8.’ﬁLG
2 S . . o exhibited an increase in ellipticity at 222 nm. This feature,
polarization of the incident light to that withl polarization C . : : :
(20, 21). Protein amide | transition differential polarizations Whlch IS conS|stent_W|th a smal_l_mcrease in the level of
are,then referenced to the results for the lipid aliphatic CH a-helical structure, is most S|gn|f|gant fgi-G anq LPG.
scissor and wag modes to establish the relative orientationsAVerage secondary structure_ var|at|or_'1 determined using
of helices and sheets to the hydrocarbon chains and thus toCDPro G.'G) corresponds to an increase n Fhe apparent level
the membrane surface of a-helical structure from 10% in the native state+@0,
: ~18, and~32% in the presence of LP©J, DPG (1), and
Monolayer Measurementslonolayer measurements were | pG (d) micelles, respectively, as shown in Figure 1B. It
performed as described elsewhe2@)( Briefly, the surface  should be noted that the neutral micelles of LPC induced a
pressures) of a solution in a circular Teflon trough (4 cm  small increase in helical structure content, whereas neutral
diameterx 1 cm deep) was measured using a Wilhelmy plate |ipid vesicles of DMPC alone (not shown) did not induce
attached to a computer-controlled Cahn microbalance. Theany significant conformational transition LG (12, 14).
lipid monolayers were spread from a phospholipid solution The LPC-induced increase in the levelohelical structure
in a chloroform/methanol mixture (3:1, v/v) onto 10 mL of is more pronounced at pH 6.8, instead of pH 4.6 (data not
a subphase (10 mM PBS) under continuous stirring with a shown), suggesting that . G—LPC interaction is hydro-
magnetic bar to give an initial surface pressutg).(Once phobic in nature. Similar behavior has been observed for
the increase in surface pressure for the monolayer hadapocytochromec, which in neutral LPC micelles attains
stabilized (after 510 min), thefLG was injected into the ~ ~65% of the helix content of the native state in solution,
subphase through a hole in the edge of the trough, and thewnhile in zwitterionic phospholipid vesicles, apo-cgtis
change in surface pressurkr) was measured as a function unable to fold 23). Negative detergent micelles induce even
of time. Typically, theAx value reached a maximum 20 higher helicity in cytochrome (18, 24). In the case of DPG
min. The maximumAx at a given depended on the protein  micelles (C-8), despite having a negatively charged head
concentration and reached a saturation value when the proteirgroup, only a small added fraction afhelix was induced,
concentration was above a certain value. Protein concentra-indicating again that the electrostatic interaction alone is not
tions in the subphase were maintained above this value toenough to induce a substantfato-o. transition. By contrast,
ensure that the observedr represented a maximum value. LPG micelles (C-12) induced a relatively stropfigto-a
The critical surface pressurerd, defined as the maximal transition in SLG. Since both micelles have negative
surface pressure allowing a protein insertion, was determinedhead groups, but different tail lengths, this observation
by extrapolating thé\rr versusry plot to itsx-axis intercept. further demonstrates that in addition to an electrostatic
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Ficure 2: Lipid:SLG ratio-dependent induced helical fractions =y
followed by far-UV CD. (A)SLG interacting with different lipid 0 50 100 150 200 250 300 35
vesicles, DMPGI{ andHl), DSPG (© and®), and DOPG £ and Lipid/BLG (mol/mol)

A) at pH 6.8 (open symbols) and pH 4.6 (black symbols). (B) ) . . .
Different concentrations 8L G interacting with DMPG. Squares, ~ FIGURE 3: Effect of lipid packing on thg-to-o transition inSLG.
circles, and triangles depict data for 5.46, 13.66, and 4aN2 (A) Helical fractions induced by DSPG in the gel (open symbols)

BLG, respectively, at pH 6.8 (open symbols) and pH 4.6 (black and liquid crystalline (black symbols) states at pH 828and ®)

symbols). All spectra were measured in the liquid crystalline phase. @hd pH 4.6 [0 andM). (B) Helical fractions induced by DMPG
y ) P q i P (black symbols) and DMPA (open symbols) at pH 684nd®)

N . ; _ and pH 4.6 @ and W), respectively, followed by far-UV CD.
driving force (4), hydrophobic interaction between phos a-Helical fractions were estimated using the Selcon part of the

pholipids gndﬁLG is _r_equired for the development of the ~pp,o program.
conformational transition.

~ To study the role of hydrophobic interaction further, ynger which the protein may partially unfoldi4). Addition-
interactions offLG with .veS|cIe—form|ng.I|p|ds having _the ally, for BLG at different concentrations (with DMPG), the
same head group but different acyl chains were studied. ASpglica fractions come to a maximum (Figure 2B) at the same

shown in Figure 2A, the induced helical contents G lipid: ALG ratio and reach almost the same helical content
with DMPG (C-12), DSPG (C-18), and DOPG (C-18, 0N€ 45 in Figure 2A at both pH 4.6 and 6.8,

double bond) follow virtually the same lipid concentration- The lipid ki Iso h f
dependent traces and reach a plateau when the lipid:protein € lipid packing propert.y also nas an € e_ct O”m.@
molar ratio is above-70 at pH 4.6 and above 150 at pH p-to-ou transition. As seen in Figure 3A, the interaction of
6.8. The magnitudes of the helical fraction did vary; however, ﬂLG_W'th DSPG in the gel state (roqm Femperatur_e) follows
for identically prepared samples, the spectra overlapped, and? d|ﬁ§rent trace than for the liquid crystalline state
for various conditions, the concentration trends were con- (83 °C). In the gel state[{ and O for pH 4.6 and 6.8,

sistent. For these data, all samples were adjusted in temper/€SPECtively), the increase in helical content is much less

ature so that the lipid was in the liquid crystalline state sensitive to an increase of DSPG concentration than that seen

regardless of their hydrocarbon nature, which leads to thefor the I_iquid crystalline statelll qnd. fqr pH 4'6 and 6.8,
overlap since the degree of helicity induced is temperature- "€SPeCtively). However, the maximum/finaihelical content

dependentid), as discussed further below. This observation W€ obtained is almost the same firG with DSPG in both
indicates that the phospholipid-induced helical contents € g€l and liquid crystalline states; itis just that the required
strongly depend on the lipid:protein ratio: i.e., at each pH amount of lipid differs (in terms of the lipid:protein ratio).
value, theSLG interacts with all these tested lipids to form To further study the effect of lipid packing on tjfeto-a
helical fractions at almost the same stoichiometry. At lower transition inSLG, two lipids (DMPG and DMPA) with the
pH, achieving the maximum value of helix content requires same acyl chains but different negatively charged head
a lower lipid:protein ratio compared to that at higher pH. groups, which result in different lipid packing properties,
The length and saturation character of the lipid chains appearnwere used. In comparison with DMPG, DMPA has a higher
to have only a minor effect on vesicle bindinggifG, given packing density, as evidenced by its higher phase transition
comparable phase conditions, unless the hydrocarbon chaingemperature. As shown in Figure 3B, DMPA in the gel state
of the phospholipids are too short. We assume that for DPG, can induce only a small degree@fhelix formation infLG

the hydrophobic interactions betwe@hG and the short (O andO for pH 4.6 and 6.8, respectively), resulting in a
carbon chains are not as effective in maintaining the helix gradual transition, while by contrast, a small amount of
fraction. The helical content induced by DSPG is somewhat DMPG can induce a strongSr— a transition @ and® for
smaller than that induced by other lipid vesicles at pH 6.8 pH 4.6 and 6.8, respectively). Collectively, these observations
(Figure 2A), which may be due to recording spectra at indicate that lipid packing has a significant effect on protein
65 °C (above the DSPG melting point,55 °C), conditions lipid interaction, under the conditions of the same net charge
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3= pLG T L T resulting in the Trp being fully exposed to polar solvents.

ssif° Etg:ggg(} Shielding .of Trp versus the lipid type also correlates with
348[ v §LG-DSPG the stability of secondary structure as can be seen by

% 345] 4 BLGDMPG comparing the smaller variation ity for SLG in DSPG,

(<E 340] as compared to DMPG and DOPG (Figure 4A), and similarly
339 smaller decrease in helix content (Figure 4B; see below),
336 ] i.e., indicating more protection from urea unfolding.

333 [ ‘ " _ ] The stability of the8LG—lipid complex secondary struc-

0 2 4 6 8 ture was studied by estimating changesithelical contents

Urea/M from far-UV CD as a function of urea concentration. As
' ] shown in Figure 4B, for nativéLG (M) or SLG-DPG @),
1 an increase in the urea concentration reducesxthelical
1 . content of LG to virtually zero, suggesting full unfolding
L ] of SLG alone or in the presence of DPG micelles. By
o1 ] contrast, the helical contents ¢1.G in the presence of
. DMPG (a), DOPG @), and DSPGY) vesicles decreased
0.05F ] with an increase in urea concentration but preserve much
| R more a-helical structure than for unfolde@LG. This
0 2 4 6 8 phenomenon is most pronounced f&irG in the presence
Urea/M of DSPG, wherefLG still retains~26% helical structure

FiGURE 4: Stability of the lipid-fLG complex against urea  even at 8.8 M urea. The fluorescence results suggest that

LOQ'IQC";’ﬂe?r;’gt.iggi”:ic fr'gg;eaftcegcg g%asx) and bﬁ/Gfa;}]L(ijl(:SD n(ﬁ\;/l BLG penetrates into the DMPG, DSPG, and DOPG vesicle

Iipi(ljs). Squallres?/cirgles, diargondé, triaﬁgilﬁeﬂs,ﬁand invertéd trianglesIIpId b.'layers' Consequently, tfﬁL(.B. h.ellcal segmer_lts could

depict data fol3LG alone and3LG complexed with PG, DOPG,  be shielded from urea, thus stabilizing them against unfold-

DMPG, and DSPG, respectively-Helical fractions were estimated  ing, which is consistent with the CD results.

from ellipticity at 222 nm in far-UV CD spectra according to ref In parallel with the urea denaturation results, we have

1r. previously shown by external fluorescence quenchit (

that SLG penetrates DMPG membranes. Acrylamide titra-

and/or the same hydrocarbon chain lengths for the phoSphO“tionslgofﬁLpG in DOPG and DSPG vesicles yield)éd quenching
lipids. plots (data not shown) with slopes similar to those of the
Stability of Lipid-BoungBLG. Above, we showed th#l .G native protein titrations, indicating all three vesicles provide

undergoes a clegi-to-o transition in the presence of anionic  significant protection for the Trp residues against quenching
phospholipid micelles and vesicles (except DPG). Figure 4 with acrylamide.

summarizes two measures of the degree of denaturation of By contrast to the fairly well delineated conformational

BLG—lipid complexes induced by addition of urea. Loss of transitions in Figure 4, as induced by addition of urea, the
PLG tertiary structure, as evidenced by the shif.i for temperature dependence of the protdipid vesicle com-

the intrinsic fluorescence, is monitored in Figure 4A, and plexes showed little evidence of a cooperative phase transi-
the loss of-helical fractional secondary structure, as derived tion. The CD of 250:1 and/or 125:1 lipjlLG samples was
from CDPro analysis of far-UV CD, is monitored in Figure monitored from 5 to 90C for DMPG, DOPG, and DSPG
4B. The secondary and tertiary transitions are in qualitative vesicles at pH 6.8 and 4.6 (data not shown). The resulting
agreement in terms of relative stability with respect to urea variations were monotonic but lacked a clear transition, much
in different lipids but differ in detail. as previously reportedLé).

Forming a lipid-fLG complex in general leads to a Membrane Penetration giLG. To gain more insight into
stabilization of the tertiary structure from urea denaturation the balance of hydrophobic and electrostatic interactions
(higherC,) and some stability for the induced helix. With  driving fLG—membrane penetration, we monitored the
denaturation by urea, th6LG—DPG complex exhibits  effects of penetration g#LG into various lipid monolayers
tertiary structure stabilityQ,, = 5.3 M (@)] higher than that at the air-water interface. The phospholipid monolayer was
of ALG alone Cn = 4.03 M @)] as followed by Amax spread to a constant area, and the change in surface pressure
(Figure 4A). In both casegmax shifted from 337 to 355 nm  (Ax) for various initial pressurestf) was monitored after
with an increase in urea concentration, a value characteristicinjection of the protein into the subphase. In genetat,is
of totally exposed Trp residues. On the other hand, with no inversely proportional tar, of the monolayer, and extrapola-
urea, there is a clear blue shift in tig. of SLG in the tion of the Axr versusmy plot yields the critical surface
presence of DMPGK), DOPG @), and DSPGY), which pressures.), which specifies the upper limit of a monolayer
is consistent with3LG membrane insertion. As compared 1, into which a protein can penetrate, or the lipid monolayer
with the stability of fLG alone or in DPG micelles, these surface pressure needed to exclude the pro&#h {[Thus,
PLG—lipid vesicle complexes show stronger resistance to for different lipids, the higher ther,, the more easily the
loss of tertiary structure, or at minimum chromophore protein can penetrate the monolayer. Our recent study
solvation, under urea denaturation. While fhgxincreased demonstrated that zwitterionic lipid vesicles (DMPC) are
with an increase in urea concentration felcG in lipid unable to induce a cle@rto-a transition ingLG; therefore,
vesicles, it did not attain a value indicating solvent-exposed DMPC monolayers were used as controls in this experiment.
Trp residues, eventd@ M urea, a condition under which ~ As shown in Figure 5A, at pH 6.8 the weak interaction of
BLG alone would be totally unfolded [Figure 4AHj], BLG with DMPC yields arr; of ~22.4 dyn/cm ), whereas

Helical Fractions
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Ficure 6: Fluorescence anisotropy changes after the addition of

F 5: Monol trati LG. Ch in th f
IOURE onolayer penetration of ange In the suriace BLG into phospholipid bilayerg3LG (50 uM) was incubated with

pressure at different initial pressures resulting from a saturating ) o~
concentration (2xg/mL) of LG interacting with DMPC [l and 1.0 mM DOPG, DMPG, and DSPG vesicles containing DPH and
W) as a reference state for insertiondfG into DOPG @ anda), TMA-DPH at pH 6.8 (A) and pH 4.6 (B), respectively. The
DMPG (O and®), and DSPG ¢ and ®) monolayers at pH 6.8 fluorescence anisotropy was recorded above the transition temper-
(A, open symbois) and pH 4.6 (B, black symbols). ature of tested lipids, and the fluorescence anisotropy changes were

?bta:negl fromlthef suthact}on of tTe éluoresclzence anisr?troEy for
L . ree lipid vesicles from that fg8LG—lipid complexes. Bar heights
7c is significantly higher for monolayers of DMPGt{ ~ repregent the average of SOqagmeasuFr)ementspfor each samgle.
26.8 dyn/cm Q)], DSPG [t ~ 27.9 dyn/cm ¢)], and
DOPG [rc &~ 30.9 dyn/cm 4)], indicative of some penetra-  near the interfacial region, due to the trimethylammonium
tion of SLG into these anionic lipid monolayers. Compared cation group 25), with its fluorophore extending parallel to
to those of DSPG and DMPG, the higheyvalue for DOPG the fatty acyl chains approximately to the level of the eighth
impliesLG can more deeply penetrate the monolayer. This to tenth carbon. The absorption and emission moments of
indicates that, for the lipids with the same head group, the ppH are almost parallel and aligned to its longitudinal axis
lipid packing has a significant effect on insertion of protein (25). Figure 6 shows changes in fluorescence anisotropy of
into the membrane, i.e., the tighter the phospholipid packing, ppPH and TMA-DPH probes caused by the addition of
here correlated to the phase transition temperature, the lesgg uM BLG at pH 6.8 and 4.6, respectively, to DMPG,
the protein inserts. These examples have the same head groupopG, and DSPG lipid vesicleSLG has a greater effect
but differ in lipid phase stability due to their acyl chain length on the DPH anisotropy than on the TMA-DPH anisotropy
and composition, DOPG being the most fluid (lowest phase for all vesicles, but the effect is most dramatic for DMPG
transition). generally and is larger for the others at low gLG binding
The . values at pH 4.6 (Figure 5B) are higher than those appears to have a more pronounced effect on the environment
at pH 6.8, which is consistent with the increased membraneof DPH in the hydrophobic interior than when it is
penetration at pH 4.6 versus that at pH 6.8, as seen aboveonstrained to be close to the membrane interface, consistent
for vesicles. The unusual slope of the DSPG result subjectswith insertion of the peptide chain into the bilayer. While a
determination of itsto to more error and may indicate effects  similar ratio is observed for DOPG and DSPG quantitatively,
of lipid packing properties due to it being in a state different at pH 6.88LG has only a minor effect on both the DPH and
from that of the other lipids under these experimental TMA-DPH anisotropy of DOPG and DSPG vesicles, imply-
conditions. (The monolayer experiments were constraineding less disruption of the hydrophobic interior of the vesicle
to room temperature at which DSPG is in a gel state, while bilayer. At pH 4.6,3LG caused considerably more change
DOPG is in a fluid state, and DMPG is near its transition in DPH and TMA-DPH anisotropy for all three vesicle
temperature.) The higher; values at a lower pH value may  systems as compared with those at pH 6.8, indicative of

result from the strong electrostatic interactiongbG with stronger perturbation of the membrane structure at lower pH,
anionic lipids at pH 4.6, causing more hydrophobic residues which is consistent with the observations above suggesting
to be exposed, which in turn yields more penetratiofilds greater penetration g8LG into the membrane at a lower
into membrane. pH value.

The effect of protein insertion on the phospholipid Protein Orientation in the Lipid Bilayer and FTIR-ATR
membrane structural properties was further investigated by ResultsThe polarized FTIR-ATR spectra gL.G in DSPG
measuring the steady-state fluorescence anisotropy of thdipid bilayers (Figure 7) behaved in a manner similar to
fluorescent probes, DPH and TMA-DPH, incorporated into that of our previously reportedl4) results for DMPG.
lipid vesicles as a function of protein concentration. DPH Despite the poor resolution of contributions to amide I, which
and TMA-DPH are useful for the study of the phospholipid is typical of globular proteins, the helical componertl 650
bilayer structural order. Whereas DPH is thought to be fully cm™) is clearly positive, opposite in sign to the gbtissor
inserted into the lipid bilayers with its longitudinal axes mode, and thus, the amide=®© groups are oriented
parallel to the acyl chains, TMA-DPH is constrained to be preferentially perpendicular to the membrane surface (parallel
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FIGURE 7: Polarized ATR-FTIR difference spectra (9€0° fluorescence @) of the SLG—2-AS complex on binding lipid
polarization) of DMPG, DOPG, and DSPG (from top to bottom vesicles at pH 6.8. The inset shows fluorescence spectra of 2-AS
250:1 lipid:protein ratio) at pH 6.8. For clarity, the spectra are offset. () the SLG—2-AS complex (--), and a DMPG/2-AS mixture

(---)-

to the relatively well ordered acyl chains), which suggests o ) ) - o ] )
helical insertion into the bilayer (€0 mostly parallel to behavior is consistent with addition of lipid ves!cles causing
the helix axis). The sheet componentl630 cnt) has the the fluo.rophore to be released from the protein, much as a
same sign, but since its€0 modes would be perpendicular fatty acid would be released at a receptor. N€F values
to the g-strands, it is most likely that these strands are for SLG-bound 2-AS (pH 6.8) reach a roughly constant level
preferentially parallel to the surface, and probably on it, for addition of >300 uM DMPG. However, these values
although this is clearly more difficult to conclude from the Pecome negative, which may be due to the change in the
data. TheALG in DOPG results imply a less well defined enV|ronment for the mixed protem]pld state or to error in
protein helical orientation (and almost no sheet), which seemscorrecting for background (2-AS in DMPG) in these low-
to result from the DOPG lipid structure being clearly less |€vel fluorescence signals.
ordered, which is evident from the weak dichroism of the
CHj, scissor and wag bands-1450 and 1300 cri). Both DISCUSSION
DMPG and DOPG were in the liquid crystalline phase, while  Governing Force for the Lipid-Induced Conformational
DSPG was in the gel state for these ATR experiments. The Transition inLG. The transition of proteins from solution
DSPG results showed more order (evidenced as moreto the membrane-associated state involves a number of
dichroism for both lipid and protein components) but were steps: initial binding to the surface, induction or stabilization
somewhat sensitive to the sample preparation, whether theof a specific lipid-bound secondary structure, modulation of
protein was added above or below the phase transitionmembrane biophysical properties by protein binding, and
temperature. However, if the water was thoroughly removed finally either partial or full insertion of the protein into the
by drying the film, the end results were consistent. membraneZ7, 28). In these processes, the protein structure

Transfer of Fatty Acidsin spite of the number of studies may undergo dramatic changes, including a disruption of
onSLG, its physiological function still remains unclear. Since tertiary structure and/or a formation of specific lipid-bound
SLG has a structure quite similar to that of fatty acid binding secondary structure, concomitant with a change in the lipid
proteins and retinal binding proteins, which form a conical physical state. Generally, it has been established that
central calyx or cavity to provide a binding site for electrostatic interactions between polar residues of the protein
hydrophobic ligands, it has been proposed {#iaB could and negatively charged phospholipids are the dominant forces
have a retinal or fatty acid transport rol8).(In this study, which direct adsorption of the protein onto the membrane
2-AS was used as a fluorescent fatty acid analogue to probesurface. Nonpolar interactions between apolar segments of
the possibility of transport of fatty acid fronfLG to the protein and the lipid hydrophobic chains lead to insertion
membranes. As shown in the inset of Figure 8, binding of of the protein into the membrane interface, which in turn
2-AS tofSLG results in a considerable fluorescence enhance-results in a disruption of the membrane structure.
ment (=--), consistent with 2-AS being located in an apolar  Previous studies and our own recent work on the interac-
environment withinSLG. In contrast, there is a much smaller tion of ALG with lipids demonstrate that zwitterionic
increase in fluorescence when 2-AS partitions into just a phospholipid vesicles do not cause a significant conforma-
membrane (- - -) as compared with that of free 2-AS).( tional transition, whereas anionic phospholipid vesicles
The percentage fluorescence change [plotted\BA= x induce a dramati@-to-o. transition ingLG (12—14). This
100%, whereAF is the decrease in fluorescence dnds is enhanced by lowering the pH since, with a pl of BBG
the fluorescence of the lipid-fre@LG—2-AS complex, as  changes from a net negative charge at pH 6.8 to a net positive
described elsewherg)] observed upon addition of DMPG  charge at pH 4.6. These results led to a conclusion that the
vesicles reflects the induced release of 2-AS fielnG. As binding of LG to negatively charged lipids is driven by
seen from Figure 8, the fluorescence of 2-AS complexed electrostatic effects, since it is reduced with an increased
with SLG decreases sharply with added DMPG vesicles. This ionic strength and susceptible to pH titration and a change
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in lipid charge, whereas the hydrophobic interaction appearedlength and the behavior LG could be seen to be consistent
to play a minor role. Previous studies on the interaction of with an extrinsic protein mainly bound to the membrane
BLG with alcohols demonstrated that the ability to induce surface by electrostatic interactior2( 13).

the5-to-a. transition inSLG improves with the hydrophobic In contrast, our studies demonstrate that a portigflLes
character of the denaturant alcohol and has been furtheris inserted into the vesicle bilayers, as evidenced by the blue
confirmed by the study of different colloidal medid, 9). shift in the fluorescencéma, by an only small increase in

The ability of zwitterionic lysophospholipids to induce a
substantial conformational transition/.G reveals that the
interaction betweerpLG and lipids can have different

the level of acrylamide quenching and by tBeG helical
orientation as detected by the polarized ATR-IR studies
(Figure 7) @4). The same behavior is evident in DMPG,

mechanisms. This micellar interaction (in contrast to our DOPG, and DSPG bilayers, albeit with variations reflecting
vesicle results) may be a hydrophobic property, much like the packing properties of each lipid system. The urea stability
the interaction of detergents with proteins, such as we have(Figure 4) and monolayer surface pressure measurements
previously studied with cytochrome (18), and may be  (Figure 5) further support the model of insertion of the
influenced by the added curvature of the micelles. Nonethe- protein into the lipid layer and bring out a dependence on
less, for LG, electrostatic interaction is still a dominant chain length and lipid packing density that suggests charge
component since the higher degregfeto-a. transition can  alone is not sufficient for the formation of a stable protein

be achieved only by negatively charged lipid vesicles or membrane complex. Our results suggest an initial partial
micelles. The sharply reduced ability of the negatively unfolding of the tertiary structure on the surface, promoted
charged phospholipid with short hydrocarbon chains (DPG, by charge interaction, is a prerequisite for penetratiqflLe3

C-8) to induce g-to-o transition inSLG, together with the  into membranes. While the hydrophobic potential of the
minimal effect of pure salt, further demonstrates that lipids alone is not sufficient to stabilize the helical structure,
hydrophobic interaction is indispensable for these lipid- they can play a significant role in the insertion and stabiliza-

induced conformational changes; i.e., the electrostatic inter-
action alone is not sufficient for unfolding and significantly
stabilizing helicalsLG. It should be emphasized that, in the
absence of either electrostatic or hydrophobic interactions,
the conformational transition is weakened, and only when

tion of the proteir-membrane complex.

This model also explains the fatty acid (2-AS) transport
tests we devised to model biomolecular function. Upon
interacting with the membrane, th&l G—2AS complex
releases 2-AS to the vesicle, which is consistent with the

both interactions are present can the highest degree of theyrotein unfolding on the membrane surface due to charge

transition be achieved.
By comparing the helical content induced by DPG with

that induced by other phospholipids with the same headgroup,

we find that hydrophobic interaction may further extend or
stabilize the lipid-boun@LG structure, through the mem-
brane insertion as can be inferred from a combination of

observations, as noted below. The mechanism is deduced to

be a combination of electrostatic interactions initiating the

membrane binding process, presumably leading to protein

unfolding, and then partial insertion limited by lipid packing
characteristics which results in the final protein vesicle
stability and degree of helix induction.

Governing Force for the Penetration ¢fLG into Phos-
pholipid Bilayers.Once bound onto the membrane surface,
the next question about proteimembrane structure is what
chemical and structural factors control penetration of protein
into membranes. It is generally recognized that proteins

destined to cross membranes need to maintain an unfolded 4

or loose conformation. This observation has been confirmed
in the previous studies of the interaction @flactalbumin
with phospholipid membrane8@, 31).

In the case 0fLG, Brown et al. 82) found that when the
a-helix content was increased to some extent, zwitterionic
phopholipids were able to bind to the protein, which was
not possible for the native form @lLG. Previous studies of
the interaction ofsLG with phospholipids at an aitliquid
interface showed that the role of the hydrophobic interaction
might be linked to the changes in conformation during the
adsorption process, which can facilitate the insertiofiLdb
into phospholipid monolayer88, 34). They concluded that
not only electrostatic but also hydrophobic interactions are
important for the incorporation gfLG into phospholipid
monolayers. However, a previous FTIR study showed that
BLG—lipid interactions are independent of the lipid chain

interaction before its partial insertion. The rolefG as a
transporter that can yield its ligand to a receptor on the
membrane surface is seen to be reasonable.
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