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Specific Surface Association of Avidin witN-Biotinylphosphatidylethanolamine
Membrane Assemblies: Effect on Lipid Phase Behavior and Acyl-Chain Dynamics
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ABSTRACT: The interaction of avidin with aqueous dispersiond\eliotinylphosphatidylethanolamines,

of acyl chain lengths C(14:0), C(16:0), and C(18:0), was studied by using spin-label electron spin resonance
(ESR) spectroscopy?'P nuclear magnetic resonanc€P( NMR) spectroscopy, differential scanning
calorimetry, and chemical binding assays. In neutral buffer congihi NaCl, binding of avidin is due

to specific interaction with the biotinyl lipid headgroup because avidin presaturated with biotin does not
bind. Saturation binding of the protein corresponds to a ratio of 50 lipid molecules per tetrameric avidin.
Phospholipid probes spin-labeled at various positions between C-4 and C-14sim2hahain were used

to characterize the effects of avidin binding on the lipid chain dynamics. In the fluid phase, protein binding
results in a decrease of chain mobility at all positions of labeling while the flexibility gradient characteristic
of a liquid-crystalline lipid phase is maintained. There is no evidence from the spin-label ESR spectra for
penetration of the protein into the hydrophobic interior of the membrane. At temperatures corresponding
to the gel phase, the lipid chain mobility increases on binding protein. The near constancy in mobility
found with chain position, however, suggests that in the gel phase the lipid chains remain interdigitated
upon binding avidin. Binding of increasing amounts of avidin results in a gradual decrease of the lipid
chain-melting transition enthalpy with only small change in the transition temperature. At saturation binding,
the calorimetric enthalpy is reduced to ze¥® NMR spectroscopy indicates that protein binding increases
the surface curvature of dispersions of all three biotin lipids. The C(14:0) biotin lipid yields iso#pic

NMR spectra in the presence of avidin at all temperatures between 10 &ad inCcontrast to dispersions

of the lipid alone, which give lamellar spectra at low temperature that become isotropic at the chain-
melting temperature. In the presence of avidin, the C(16:0) and C(18:0) biotin lipids yield primarily lamellar
3P NMR spectra at low temperature with a small isotropic component; the intensity of the isotropic
component increases with temperature, and the spectra narrow and become totally isotropic at high
temperature, in contrast to dispersions of the lipids alone, which give lamellar spectra in the fluid phase.
The binding of avidin therefore reduces the cooperativity of the biotin lipid packing, regulates the mobility
of the lipid chains, and enhances the surface curvature of the lipid aggregates. These effects may be
important for both lateral and transbilayer communication in the membrane.

Molecular recognition at membrane surfaces involves the  The avidin-biotin system is an example of highly specific
specific interaction of a membrane protein or lipid with an molecular recognition. The affinity of the egg-white protein
external ligand. The biological processes in which such avidin and the homologous protein streptavidin, isolated from
recognition is involved include the stimulation of cell growth  Streptomyces wdinii, for the vitamin biotin is almost
by binding of external growth factors to membrane receptors unparalleled in biology 2, 3. As a result of the high
and regulation of ion channels by hormonal action, as well specificity and strength of interaction, this system has been
as situations in which lipids mediate interaction between exploited in many applications of biological and biomedical
external agents and the membrane, e.g., the various effectgnterest (for an overview, see rdf. In some of these cases,
caused by the binding of lectins, toxins, viruses, and piptinylated phospholipids in which biotin is covalently
neurotransmitters to glycolipidd) Detailed characterization |inked to the amino function of phosphatidylethanolamine
of such systems is necessary to ob_tain an understanding of,, phosphatidylserine are used (see, e.g., 5efg). From
the underlying mechanisms. Studying model systems em-y,o yoint of view of transmembrane communication, e.g., in

ploying either naturally occurring or synthetic lipid mem- the case of cholera toxin interaction with gangliosides, it is

branes and protelns t_hat can Interact W'th the I|p|d headgml"psimportant to know what effects the binding of the protein
is one possible starting point for such investigations.

ligand may have on the lipid receptor assembly. On the other

t This work was supported in part by the Deutsche Forschungs- Nand, the effects Qf_densely packed protein biﬂding on the
gemeinschaft. properties of the lipid membrane are of equal interest. For
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The binding of avidin to membranes composed Nf stock solution in the same buffer to yield the desired salt
biotinylphosphatidylethanolamines (biotin-PES) serves po- concentration. The hydrated samples were then transferred
tentially as a model system for both these processes. to 1 mm i.d. glass capillaries and pelleted in a benchtop

In the present paper, both spin-label electron spin reso-microcentrifuge (Heraeus Biofuge) at 10 000 rpm. The excess
nance (ESR) anéP NMR as well as differential scanning supernatant was removed and the capillaries were flame-
calorimetry (DSC) studies on the interaction of avidin with sealed before the ESR measurements. For experiments in
biotin-PEs of acyl chain lengths C(14:0), C(16:0), and C(18: which avidin binding was studied, the protein was added to
0) are presented. Calorimetry gives information on the the hydrated lipid dispersion from a 10 mg/mL stock solution
cooperative behavior of the lipid assemblies; ESR spectros-of avidin in the same buffer. Alternatively, in some experi-
copy reports on the lipid chain dynamic¥P NMR is ments the lipid film was hydrated directly with the protein
sensitive to changes in the surface curvature of the lipid solution. After incubation for at least 30 min at room
aggregates; and all three provide details of the different lipid temperature with intermittent mild vortexing, the samples
states involved. It is found that the specific binding of avidin were pelleted in a microcentrifuge. The pellet was washed
to the biotinyl moiety of the lipid headgroup not only twice with buffer and then transferred to a 1-mm i.d. glass
abolishes the cooperativity of the chain melting (i.e., affects capillary for ESR spectroscopy, prior to lipid/protein ratio
long-range communication) and perturbs generally lipid chain determination. The supernatant and the washings were
mobility but also gives rise to marked changes in the assayed for protein by measuring the absorbance at 282 nm.

polymorphic phase behavior of the lipid assemblies. After ESR spectroscopy, the pellets were dissolved in a few
drops of 0.5 M NaOH containing 5% SDS. Lipid/protein
MATERIALS AND METHODS ratios were determined both from assay of the optical

absorbance at 282 nm of the unbound protein in the

Materials. Avidin, DMPE, DPPE, and DSPE were pur- Supernatant epg;*1c" = 15.4 OD @)], as well as by
chased from Fluka (Buchs, Switzerland). Biohihydrox- estimation of protein and lipid phosphate in the pellet after
ysuccinimido ester was from Sigma (St. Louis, MO). Biotin- ESR spectroscopy by using the methods of Lowry etid) (
PEs were prepared from the corresponding PEs according?nd Rouser et al.1¢), respectively.
to the method described in réf Phosphatidylcholine and ~ Samples for®> NMR spectroscopy were prepared by
phosphatidylethanolamine spin-labels, labeled at variousdissolving 26-30 mg of the lipid in dichloromethane,
positions along thesn2 chain (-PCSL and n-PESL, removing the solvent by rotary evaporation, and drying
respectively) were synthesized according to the proceduresovernight under vacuum. The dried lipid was hydrated with
described in refl0. N-Biotinylphosphatidylethanolamines, ~0-5 mL of 10 mM Hepes and 1 mM EDTA buffer, pH 7.4,
spin-labeled at positions 5 and 14 on tise2 chain atca. 10 abp\(e the cha!n-melt!ng transition temperature of
(5-BPESL and 14-BPESL, respectively) were prepared from the lipid. Avidin at a weight ratio to lipid of 1.2 was added
the corresponding spin-labeled PEs in a manner analogoudrom a concentrated stock solution, and after mild vortex
to the synthesis of the unlabeled biotin-PEs. mixing, the sample was transferred to a 10 mm NMR tube.

Sample PreparationFor ESR measurements, 1 mg of For measurements in the p_resencEeLdvI Nacl, salt was
DMBPE, DPBPE, or DSBPE and 1 mol % of the appropriate added fran a 5 M stock solunon to the sample without salt
spin-labeled lipid probe were codissolved in & and a  2nd the sample was vortex-mixed.
thin film was formed by slow evaporation of the solvent ~ Samples prepared as f6> NMR spectroscopy were
under a stream of dry Ngas. The samples were vacuum- charz_;\cterlzed morphologlc_ally by _electron microscopy of
dried for at leas3 h before hydration with 10@L of 10 specimens negatively stained with 1% aqueous uranyl

mM Hepes buffer containing 1 mM EDTA. At this stage, acetate. For dispersions of DMBPE alone, no sizable
the sample gave a clear solution, indicating that the lipid structures were observed, consistent with these being opti-

was in a micellar state. However, addition of NaCl from a5 Cally clear micellar dispersions in the fluid phase. In the
M stock solution in the same buffer to give a final salt Presence of avidin, the precipitated DMBPE dispersion
concentration b1 M resulted in a cloudy suspension of the Cconsisted of large amorphous aggregates. No vesicular
lipid (see below). Recovery of the lipid when the thin film structures were observed. For dispersions of DSBPE alone,
was hydrated with buffer contairgnl M NaCl was found the sample consisted of large membranous sheets. In the
to be difficult, and therefore in all experiments for ESR Presence of avidin, the DSBPE dispersion consisted of

measurements the lipid film was first hydrated with buffer VeSicular structures, with stain-excluding protein arrays

containing no salt and then the salt was addethfeo5 M visible on the surface in many cases. Vesicle size was
somewhat heterogeneous, with the population of smaller

! AbDreviati ESR. eloct _ VIR | vesicles having diameters in the region of 200 nm. Precise
reviations: , electron spin resonance; , nuclear H : : H H : . .
magnetic resonance; DSC, differential scanning calorimetry: PE, phos_determlnatlon of the vesicle size distribution was not possible

phatidylethanolamine; biotin-PE:biotinylphosphatidylethanolamine; ~ P€cause of the aggregated nature of the sample. .
DMBPE, DPBPE, and DSBPE, 1,2-dimyristoyl-, 1,2-dipalmitoyl-, ESR SpectroscopitSR spectra were recorded on a Varian
and 1,2-distearoyn-glycero-3-{(\-biotinyl)phosphoethanolamine; DMPE,  E_.9 E-line or an E-12 Century Line 9 GHz spectrometer

DPPE, and DSPE, 1,2-dimyristoyl-, 1,2-dipalmitoyl-, and 1,2-distearoyl- . . . .
snglycero-3-phosphoethanolamine:PCSL andn-PESL, 1-acyl-2- equipped with a nitrogen-flow temperature regulation system.

[n-(4,4-dimethyloxazolidineN-oxyl)]stearoylsrglycero-3-phospho- The sealed capillaries (1-mm diameter) were contained in a
choline and -phosphoethanolamineBPESL, 1-acyl-24i-(4,4-dimethyl- standard 4 mm diameter quartz tube containing silicone oil

oxazolidineN-oxyl)]stearoylsn-glycero-3-(\-biotinyl)phosphoethanol- i
amine; CSA, chemical shift anisotropy; EDTA, ethylenediaminetetra- for thermal stability. Data were collected on a personal

acetic acid; Hepes\-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic computer with analogue/_digital int_erf_ace_ using software
acid; GPI, glycosylphosphatidylinositol; SDS, sodium dodecyl sulfate. written by Dr. M. D. King of this institute. Spectral
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subtractions were performed interactively on a personal 2.5 T
computer with software written by Dr. J. Kleinschmidt of
this laboratory.

Differential Scanning CalorimetryDSC measurements
were performed on a Hart Scientific Model 4207 heat-flow
calorimeter. Lipid samples were weighed into the ampules,
0.1 mL of the buffer (10 mM Hepes and 1 mM EDTA, pH
7.4) was added, and the ampules were sealed tightly with
the screw caps. Complete hydration was ensured by heating
the ampules above the phase transition temperature in the
calorimeter. The samples were then allowed to cool to room
temperature, protein solution in the same buffer was added
to yield the desired lipid/protein ratio, and the sample was
mixed by drawing several times into a Pasteur pipet. NaCl
was then added fro a 5 M stock solution to give a final
concentration b1 M and the sample volume was adjusted R
to 0.5 mL by addition of the appropriate amount of buffer. 2 4 6 ., 8 10 12
Experimentgwere also perforrﬂgd lF))y adding the NaCl stock Added P/L x 10" (mol/mol)
solution first, followed by addition of the protein. The FiGure 1: Dependence of avidin binding to DMBPE dispersions
ampules were then sealed with the screw caps and vortexe(ﬁ” the total protein/lipid ratio of avidin added. Buffer: 10 mM

. . . . epes 1 M NaCl, and 1 mM EDTA, pH 7.4. The dashed line
to achieve homogeneous mixing. Samples first were incu- corresponds to complete binding of the added avidin. Data are

bated at 37C for 2 h in thecalorimeter and then fdl h at  optained from analysis of the lipid/protein pellet)@and of recovery
1°C, to achieve proper equilibration before data acquisition. in the supernatanta) and are given as the mole ratio (P/L) of
The scan rate was 1. The reference cell contained an avidin tetramer to DMBPE lipid.
empty ampule for all the experiments, and baselines, obtained
from Samp|es Containing the same volume of buffer alone, due to the specific interaction of avidin with the blOtIny'
were subtracted from the experimental data. After the moiety of the lipids because avidin presaturated with biotin
experiments, the samples were recovered from the ampulegiid not bind to the lipid. These and all subsequent experi-
and centrifuged at 10 000 rpm for 10 min in a benchtop Mments were performed in buffers contaigit M NaCl in
microcentrifuge. The supernatants were assayed for unbouncPrder to eliminate nonspecific electrostatic binding of this
protein by monitoring the absorbance at 282 nm. The pellets basic protein to the negatively charged lipids.
were dissolved in 0.5 M NaOH containing 5% SDS and the  Spin-Label ESR Spectroscophhe ESR spectra of the
lipid-to-protein ratios were determined as described above 5-PCSL spin-label in dispersions of DMBPE, DPBPE, and
for the ESR samples. DSBPE in the absence as well as in the presence of avidin

3P Nuclear Magnetic Resonance Spectroscdrpton- bound at saturation are shown in Figure 2. Spectra shown
dipolar decouplecP’® NMR spectra were recorded at a were recorded at temperatures in the gel phase as well as in
frequency of 121.5 MHz on a Bruker MSL 300 spectrometer the fluid phase of the biotinyl lipid dispersions.Very marked
operating in the Fourier transform mode. T pulse width changes in the spectra of 5-PCSL result from binding avidin
was 11us and recycle delays were always in excessTaf 5  to the biotin-PE host lipid. At temperatures in the gel phase
The decoupling power was in the range of-1d W and of the biotin lipid (Figure 2&f), the outer hyperfine splitting
the duty cycle of the gated decoupling was approximately is decreased on binding avidin, whereas at temperatures
0.2%. corresponding to the fluid phase of the lipid (Figure-2g

it is increased. The temperature dependence of the outer

RESULTS hyperfine splitting constanfima, of the 5-PCSL spin-label

Avidin Binding AssaysBinding of avidin to the three  in DMBPE dispersionsn 1 M NacCl in the absence and in
biotin-PEs, namely, DMBPE, DPBPE, and DSBPE, was the presence of different concentrations of avidin is given
determined by adding the protein to the lipid dispersions in in Figure 3A. Addition of protein results in an increase in
10 mM Hepes buffer containnl M NaCl and 1 mM EDTA, the outer hyperfine splitting throughout the entire fluid phase
pH 7.4. The binding of avidin to the lipid dispersion resulted and in a decrease iAnax throughout the entire gel phase.
in the rapid formation of large precipitated aggregates. The These opposite effects are accompanied by attenuation of
binding curve for association of avidin with DMBPE the phase transition on binding avidin such that at saturating
dispersions is given in Figure 1. At low protein-to-lipid ratios, concentrations (5:1 w/w ratio of added avidin) the chain-
all the avidin added was bound to the lipid. At saturation melting transition of the lipid is totally abolished. Corre-
binding, the lipid/protein ratio was 50 lipids bound/protein sponding data for the longer-chain DPBPE and DSBPE lipids
tetramer. This indicates that, at saturation, only abet8% in the presence and absence of avidin are given in Figure
of the biotin moieties attached to the lipid headgroups would 3B. Protein binding has a similar effect on these two biotin
be bound specifically by avidin. Washing the pellet did not lipids, in that Anax is also decreased in the gel phase and
result in any loss of protein, indicating that the binding is increased in the fluid phase, and the phase transitions are
very tight. Assay of the number of sites still available for nearly abolished at a ratio of 5:1 (w/w) avidin added. (In 1
binding of biotin in the avidin/biotin-PE pellets at saturation M NaCl, DPBPE and DSBPE are lamellar in both gel and
protein binding (by using spin-labeled free biotin) revealed fluid phases; see rdf4) Thus, for all three lipids, abolition
that this was<1 per avidin tetramer. Protein binding was of the lipid phase transition results from an increased mobility

Bound P/L x 10° (mol/mol)
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FiGUure 2: ESR spectra of the 5-PCSL phosphatidylcholine spin-
label in dispersions of C(14:0), C(16:0), and C(18:0) biotin-PE, in
the presence and in the absence of avidin. Buffer: 10 mM Hepes,
1 M NaCl, and 1 mM EDTA, pH 7.4. (af) Spectra recorded in
the gel phase; (gl) spectra recorded in the fluid phase. (a, b)
DMBPE at 2°C; (c, d) DPBPE at 20C; (e, f) DSBPE at 30C;

(9, h) DMBPE at 4C°C; (i, j) DPBPE at 52°C; and (k, ) DSBPE

at 66 °C. The upper spectrum in each pair is for the lipid alone
and the lower spectrum is for the lipid saturated with bound avidin
(5:1 wiw added). Spectral width: 100 G.

of the lipid molecules in the gel phase due to perturbations

in the cooperativity of lipid chain packing caused by protein W e e T e e s

binding, and correspondingly a hindering of the lipid chain T (o )

mobility in the fluid phase due to the interaction of the lipid i -
headgroups with the protein. Ficure 3: Temperature dependence of the outer hyperfine splitting,

. . . . Anmax for the 5-PCSL phosphatidylcholine spin-label in dispersions
The ESR spectra of different phosphatidylcholine spin- of hiotin-PEs of different chain lengths. (A) DMBPE dispersions

label positional isomersPCSL,n = 4, 8, 10, and 14) in  in the absence®) and in the presence of 3:1 wis) and 5:1 w/w
DMBPE dispersions both in the presence and in the absence) added avidin. (B) DPBPHN, O0) and DSBPE®, O) dispersions
of saturating amounts of avidin (5:1 w/w added protein) are in the absence (filled symbols) and in the presence (open symbols)
shown in Figure 4. These spectra were recorded at a fixedgfri:'&l (é"éﬁ%a%?_'e% 3"'d'”' Buffer: 10 mM Hepe M NaCl, and
temperature corresponding to the gel phase of the lipid alone. ' o
Apart from some spifrspin broadening for 10-PCSL, the
spectra of the various-PCSL labels in the DMBPE gel corresponding to the fluid phase of the lipid alone, are given
phase are all very similar in the absence of avidin. This in Figure 6. The spectral anisotropy and outer hyperfine
corresponds to the formation of an interdigitatgtgel phase splittings are consistently higher in the presence of avidin
(13). In contrast, the different spin-label positional isomers than in its absence, at all positions of chain labeling. The
evidence a slight but progressively increasing segmentaldependence of the outer hyperfine splitting constapts,
mobility with position down the lipid chain upon binding on label position in thesn-2 chain ofn-PCSL is given in
avidin. Interestingly, the spectrum of 14-PCSL consists of Figure 7 for DMBPE dispersions at low and high tempera-
two components even at &, in the presence of avidin  tures, in both the presence and absence of avidin. Whereas
(Figure 4h). The temperature dependence of this spectrumthe positional dependence is relatively small at°@,
is given in Figure 5. Two coexisting spectral components corresponding to the gel phase of DMBPE, a profile of
are observed at least up to 25. For the 12-PCSL positional  increasing chain flexibility is seen at 4Q in the fluid phase.
isomer, two spectral components are also observed in theAt saturation binding of avidin, this chain flexibility gradient
presence of avidin but are first resolved at a temperaturethat is characteristic of the fluid phase is preserved. The sole
higher than 2C (data not shown). Also with the 10-PCSL difference is that the values @« in the fluid phase are
positional isomer, two-component spectra are resolved overconsistently higher at all chain positions in the presence of
a limited temperature range in the presence of avidin. excess avidin.

Corresponding ESR spectra of the differemPCSL Differential Scanning CalorimetryDifferential scanning
positional isomers in DMBPE dispersions, at a temperature calorigrams obtained on heating dispersions of DMBPE alone
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Ficure 4: ESR spectra at 2C of phosphatidylcholine spin-label ~ FIGURE 6: ESR spectra at 40C of phosphatidylcholine spin-label
positional isomersy-PCSL, in DMBPE dispersions in the absence Positional isomers)-PCSL, in DMBPE dispersions in the absence
and in the presence of 5:1 w/w added avidin. Buffer: 10 mM Hepes, and in the presence of 5:1 (w/w) added avidin. Buffer: 10 mM
1M NaCl, and 1 mM EDTA, pH 7.4. (a, b) 4-PCSL; (c, d) 8-PCSL; Hepes1 M NaCl, and 1 mM EDTA, pH 7.4. (a, b) 4-PCSL; (c, d)
(e, f) 10-PCSL; (g, h) 14-PCSL. The upper spectrum in each pair 8-PCSL; (e, f) 10-PCSL; (g, h) 14-PCSL. The upper spectrum in

is for the lipid alone and the lower spectrum is for the lipid saturated €ach pair is for the lipid alone and the lower spectrum is for the
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FiGURe 5: Temperature dependence of the ESR spectra of the 14-Ficure 7: Outer hyperfine splittingAnax at (A) 2°C and (B) 40

PCSL spin-label in DMBPE dispersions with bound avidin (5:1 °C as a function of nitroxide positiom, in the sn-2 chain for the

w/w added). Spectral width: 100 G. n-PCSL phosphatidylcholine spin-label positional isomers in DMBPE
dispersions in the absence (open symbols) and in the presence (filled
symbols) of 5:1 (w/w) added avidin. Buffer: 10 mM Hepes, 1 M

and those to which avidin was bound at various lipid/protein NaCl, and 1 mM EDTA, pH 7.4.

ratios are given in Figure 8. For each endotherm shown, the

data were normalized to 1 mg of lipid, to facilitate direct the protein/lipid ratio of avidin bound in Figure 9. The

comparison. For clarity, the traces are also displaced verti- decrease in transition enthalpyH;, depends approximately

cally. From Figure 8, it can be seen that the transition linearly on the ratio of avidin bound/lipid and is reduced to

enthalpy decreases progressively with increasing proteinzero at a level of binding corresponding to ca. 50 lipids/

binding, with only very slight effect on the position of the avidin tetramer. The above data correspond to experiments

transition. The transition enthalpy is given as a function of in which the protein was added before the addition of salt.
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of lamellar gel phased.d). The fluid phases in the presence
350 - of 1 M NacCl as seen b$*P NMR spectroscopy are, however,
different for each of the three lipids. To investigate the effect
of avidin binding on these different structures, proton-dipolar
decoupled, broad-lin®P NMR spectra were recorded in the
presence of avidin (1.2:1 w/w) for dispersions of the three
biotin-PEs of different chain lengtha il M NaCl. The3P

300

= 280 NMR spectra for dispersions of the three lipids in the
3 presence of avidin are shown in Figure 10. In the presence
x 200 of avidin, the spectra from DMBPE dispersions consist of a
o single isotropic line, the width of which decreases with
= 1:02 increasing temperature. For both DPBPE and DSBPE disper-
w 150 F sions, however, th&'P NMR spectra at low temperature in
g the presence of avidin consist primarily of axially symmetric
an) 1:05 lamellar powder patterns, with a small isotropic component
100 superimposed. With increasing temperature, the proportion
of the isotropic component increases progressively and at
50 10 high temperature the spectra consist solely of a single, sharp

isotropic line. In the absence of avidin, both these lipids give
1:13 3P NMR spectra characteristic of fluid lamellar phases at

0 L . ; ! high temperatureld).
10 15 20 25 30

Temperature (°C)

DISCUSSION
Ficure 8: Differential scanning calorigrams (heating rate/h e ) o . L
of DMBPE in the presence of increasing amounts of avidin. From  The specific interaction of avidin with three biotin-PEs
top to bottom, the endotherms correspond to lipid alone andHipid  of hydrocarbon chain lengths C(14:0), C(16:0), and C(18:0)
protein mixtures at weight ratios of 1:0.2, 1:0.5, 1:1.0, and 1:1.34, in aqueous dispersions Witl M NaCl, and the resulting
respectively. Buffer: 10 mM Hepes MNaCl, and 1 MM EDTA,  effects on their chain mobility, phase transitions, and
pH 7.4. . . . . -
polymorphic phase behavior have been studied by using spin-
label ESR spectroscopy:P NMR spectroscopy, and dif-
1ol ferential scanning calorimetry. The results indicate that
protein binding progressively attenuates the chain-melting
phase transition of the lipid. Concomitantly, the lipid chain
mobility is increased in the gel phase and decreased in the
fluid phase. The induction by avidin binding of more
isotropic structures in the lamellar lipid membranes could
be important as a model system for other systems involving
headgroup-specific lipieprotein interactions. The mode of
surface association of avidin and the effects of this interaction
on the different properties of the lipid dispersions are
discussed in detail separately below.
Avidin Binding StoichiometryThe binding of avidin to
i aqueous dispersions of biotin-PEsli M NaCl that is studied
here corresponds to the specific interaction with the bioti-
A S B R AP | nylated lipid headgroups, because presaturation with biotin
| p) 3 { 5 . L X
Protein/Lipid(mol/mol) x 10° abolishes binding completelyn1l M NaCl, screening of
the surface electrostatics of the negatively charged biotin
Ficure 9: Dependence of the chain-melting transition enthalpy, lipids prevents the nonspecific absorption that is observed

AH;, of DMBPE dispersions on the protein/lipid ratio of avidin . o -
bound. The last two data points correspond to the (excess) amounft [OW ionic strength (cf. re15). The binding curve of avidin

of avidin added. The sloping part of the solid line represents a least-With DMBPE dispersions (Figure 1) evidences complete
squares fit to the first seven data points. Buffer: 10 mM Hepes, 1 binding of the added protein at lower avidin concentrations,
M NacCl, and 1 mM EDTA, pH 7.4. but complete binding is not maintained as the amount of
avidin added approaches saturation binding level. Because
Experiments in which protein was added after the addition the binding of biotin to avidin is of extremely high affinity
of salt similarly indicated that the transition enthalpy (2), this inhibition of binding must arise from steric exclusion
decreases with increasing protein binding (data not shown).at higher degrees of coverage of the lipid surface by avidin.
However, it was found that equilibration was achieved rather ~ The saturation level of avidin binding determined at a 5:1
slowly in such experiments, and therefore these experimentsweight ratio of added protein to lipid corresponds to a
were not pursued in detail. stoichiometry of 50 DMBPE molecules/avidin tetramer. This
3P NMR Spectroscopyn 1 M NaCl, DMBPE, DPBPE,  value can be compared with the dimensions of the homolo-
and DSBPE all form interdigitated gel phases at low gous streptavidin 16), whose X-ray crystal structure is
temperatures where they gi¥® NMR spectra characteristic  known (17, 18. The core streptavidin tetramer measures 54

AH(kCal/mol)

=3
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Ficure 10: Proton-dipolar decoupled 121.5 MHB¥ NMR spectra of biotin-PEs of different chain lengths dispersed in 10 mM Hepes
buffer, 1 M NaCl, and 1 mM EDTA, pH 7.4, in the presence of avidin (1.2:1 w/w). The temperature at which each spectrum was recorded
is indicated in the figure. (A) DMBPE, (B) DPBPE, (C) DSBPE. Chemical shifts are referenced to external 85% phosphoric acid.

x 58 x 48 A along the three molecular axBs Q, andR binding decreases the transition enthalpy of the biotin-PEs
(17). The dimensions of the tetramer of deglycosylated avidin and also broadens the chain-melting phase transition con-
(50 x 56 x 40 A) are somewhat smallefg). There are siderably (Figure 8). The transition width increases progres-
two biotin binding pockets at opposite faces of the tetramer sively with increasing concentration of bound protein and
that are located in each case at one end of the monomeffinally, at saturation binding, no phase transition could be
pB-barrel structure. When the protein binds to the biotinyl detected (Figure 9). As can be seen from Figure 3, binding
moieties of the lipid molecules, at least oRex R plane increases the lipid mobility in the gel phase but decreases it
(with two binding sites) is expected to be adjacent to a in the fluid phase.
membrane surfac(). Assuming an area per lipid molecule The removal of the cooperative lipid chain melting is
of 80—90 A2, corresponding to the interdigitated gel phase almost certainly mediated by disruption of the long-range
and the more expanded fluid phase, respectively (cfL4ef interactions between lipids by those lipids that are specifically
a binding stoichiometry of 5565 lipid molecules/protein  bound to avidin. It was shown previously that the biotin lipids
tetramer is predicted at complete surface coverage with crossbound to avidin are partly drawn up out of the bilay2p,(
bridging between two lipid layers. Similar values are obtained 23). This vertical dislocation will certainly disrupt the
from the projection £ 55 x 45 A) of the streptavidin cooperativity of the lipid assemblies. At saturation binding,
tetramer on the membrane plane in 2-D crystedg).( two biotin lipids in every 50 are specifically bound to avidin
Corresponding values for the deglycosylated avidin, deducedat spatially separated sites (see previous subsection). There-
from 3-D crystals 19), are approximately 4650 lipids/ fore this should be sufficient to limit the cooperativity of
tetramer. These estimates (i.e:50 lipids/tetramer) are in  interactions in the gel-phase lipid matrix.
reasonable agreement with the avidin binding stoichiometry From Figure 7, it can be seen that, for the free lipid as
measured here. It appears, therefore, that saturation bindingvell as for the lipid-protein complexes, the values Afax
of avidin corresponds to complete coverage of the biotin lipid obtained at 2C are nearly constant as the nitroxide spin-
surface and that the avidin tetramer cross-links betweenlabel position is stepped down then2 chain of the
adjacent lipid layers. Evidence for the latter comes from the phosphatidylcholine from C-4 to C-14. For normal bilayer
fact that the biotin lipid dispersion precipitates completely structures, it has been shown previously that, even in the
on the addition of avidin, and also that only a very small gel phase, the values @&,.x obtained for nitroxide spin-
number of binding sites were available to free biotin in the labels close to the terminal methyl ends of the acyl chains
avidin/biotin lipid complexes. At this saturation level of are considerably smaller than those obtained for spin-labels
protein binding, only 48% of the biotin lipid headgroups located closer to the lipid headgroup. However, for lipids
are specifically complexed by avidin; further binding is with interdigitated chains, the mobility of nitroxide spin-
prevented for steric reasons. Nevertheless, at this same levelbels close to the methyl ends of the hydrocarbon chains is
the lipid chain-melting phase transition is totally eliminated. similar to that close to the glycerol backbor2d(25. X-ray
Effect of Aidin Binding on the Lipid Mobility and diffraction studies 14) on C(14:0)-C(18:0) biotin-PEs have
Thermotropic Phase Behir. As seen for DMBPE, avidin ~ shown that they exhibit chain interdigitation in the gel phase,
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in agreement with the ESR data for DMBPE alone in Figure are isotropic throughout the temperature range studied (from
7A. The ESR results for samples in the presence of protein10 to 70 °C), whereas for both DPBPE and DSBPE
indicate that, even after binding of avidin, the biotin lipid dispersions with avidin, the spectra convert gradually from
appears to retain its chain interdigitation and lamellar a lamellar pattern at low temperature in the gel phase to an
structure at low temperatures. isotropic pattern at high temperature (see Figure 10). It
It is interesting to note that the spectrum of 14-PCSL at 2 therefore appears that, in the presence of avidin, the
°C exhibits two components in DMBPE in the presence of membranes of DMBPE are highly curved even at low
avidin (see Figure 4h). Also, a biotin-PE spin-label, labeled temperatures, whereas the curvature of DPBPE and DSBPE
at the 14-position of then-2 chain (14-BPESL), gives similar membranes in the presence of avidin increases with increas-
two-component spectra under the same conditions (spectrang temperature. Alternatively, because lipid translational
not shown). In addition to the rigid component, which is diffusion rates increase with increasing temperature, the same
expected at this low temperature, there is also a more mobilesystem that gives anisotropic spectra at low temperature may
component. This latter component of intermediate mobility yield isotropic spectra at high temperature. However, if the
is also present at higher temperatures (but below the chain-latter is the case, the structures formed at low temperature
melting transition temperature of the lipidibove the transi-  in the presence of avidin must be different from those formed
tion temperature there is only a single spectral component; by the lipid dispersions alone, because otherwise an increase
Figure 5). While a final explanation cannot be given for the in translational diffusion rate could not by itself bring about
presence of two components, it is unlikely to be due to a the spectral changes found in the presence of the protein.
penetration of the protein into the hydrophobic interior of Thus, in either case, it is clear that avidin binding can have
the membrane because in the gel phase (with interdigitateda profound effect on the surface curvature of the biotin-PE
chains) the nitroxide moiety of 14-PCSL should be near the dispersions.
polar headgroup region of the opposing surface of the bilayer. The 3P NMR observations on the avidin/biotin lipid
The most likely explanation for the two components is that, complexes can be further interpreted in terms of the
in the gel phase, avidin can perturb the lipids in the morphological characterization that is given in the Materials
immediate vicinity of that lipid to whose headgroup it binds and Methods section. The amorphous aggregates of DMBPE
specifically. In the fluid phase, the lipid is no longer in an observed in the presence of avidin most likely consist of
interdigitated state, and because the lipid chain packing is small micellar structures to which avidin is bound. Reference
no longer so highly cooperative as it is in the gel phase, the to the3!P NMR spectra given in Figure 10A suggests these
ESR spectra of the spin-labels at the 14-position do not aggregated structures are preserved over the temperature
display two components upon protein binding. range studied (cf. also Figure 3A). Translational diffusion
Effect of Avidin Binding on the Polymorphic Lipid Phase of the phospholipids around the surface of the highly curved
Behavior. 3P NMR spectra reflect diagnostically the surface micelles gives rise to the isotropic averaging of tHe
curvature in phospholipid aggregates. Isotropic spectra chemical shift anisotropy. (Note that only a small percentage
indicate highly curved surfaces such as those from micelles, of the biotin lipid is bound by avidin. Therefore nearly all
small unilamellar vesicles, and bicontinuous cubic phases.lipids will undergo unrestricted translational diffusion.)
Structures with cylindrical symmetry give spectra with a Increasing temperature enhances the rate of lateral diffusion
positive chemical shift anisotropy (CSA), which is reduced resulting in the progressive line narrowing that is seen in
in magnitude relative to lamellar systems, and multilamellar Figure 10A. This parallels the gradual increase in lipid chain
vesicles or large unilamellar vesicles yield spectra with a mobility with increasing temperature (with no cooperative
negative CSA 26,27). In the absence of avidin, all three gel-phase formation) that is shown for avidin/DMBPE
biotin-PEs used in this study form interdigitated bilayer complexes in Figure 3A.
structures in the gel phase and giv# NMR spectra A similar explanation holds for the temperature depen-
characteristic of a lamellar gel phadel); The corresponding  dence of thé’P NMR spectra of the DSBPE dispersions to
fluid phases of these three lipids L M NaCl, however, which avidin is bound (Figure 10C). These samples are also
differ in their structures as recorded BY? NMR spectros-  aggregated and therefore lipid translational diffusion, and
copy. DMBPE vyields isotropic spectra, indicating highly not vesicle rotation, is the origin of the observed temperature-
curved surfaces, and DSBPE gives spectra with a negativedependent motional narrowing. In contrast to DMBPE in the
CSA that are characteristic of a fluid lamellar phase. The presence of avidin, however, the avidin-bound DSBPE
3P NMR spectra of the intermediate chain length analogue, complexes are larger and vesicular. Therefore, isotropic
DPBPE, display a more complex behavior in the fluid phase, averaging is not achieved at low temperature and only
changing from a pattern that has a small negative CSA atbecomes complete at temperatures in the region ofG0
temperatures immediately above the chain-melting phaseand higher (see Figure 10C). At 2C, translational diffusion
transition to one that is characteristic of a normal fluid is insufficient to average th#P CSA that is characteristic
lamellar phase at high temperatudef), Previous morpho-  of the lamellar vesicles observed by electron microscopy.
logical observationsld) and those given here for negatively Only a minor population of vesicles are sufficiently small
stained specimens are substantially in agreement with thisto produce the residual isotropic peak.
characterization by'P NMR. Order of magnitude estimates support this interpretation
Because the three biotin lipids differing only in their acyl of the 3P NMR spectra for the vesicular DSBPE/avidin
chain length show such dramatic differences in the structurecomplexes. The mean square distance travelled by 2-D
of their fluid phases, it is of considerable interest to examine translational diffusion in time is given by [@?(J= 4Dqt,
the effect of protein binding on these different structures. In where D+ is the translational diffusion coefficient. In a
the presence of avidin, the spectra of DMBRELIM NaCl spherical vesicle, the area covered that corresponds to a solid
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angle of 1 steradian i&’0~ R?, whereR is the radius of
the vesicle. For the smallest vesicle populati@ny 90 nm.
With a translation diffusion coefficient dr ~ 107 cmrs ™

that is characteristic of fluid bilayer2®), this gives an
inverse time-of-flight oft™* ~ 5 kHz. For comparison, the
CSA of the lamellar phase is45 ppm and at a Larmor
frequency of 121 MHz this corresponds to a frequency
dispersion of ~5.5 kHz. This is therefore reasonably
consistent with the population of smallest vesicles producing

an isotropic resonance, and the larger vesicles being of such

a size that motional averaging occurs only at high temper-
atures.
Thus the DSBPE lipid forms lamellar membranes in both

the presence and absence of avidin. However, a change in

morphology is induced by the binding of avidin. This results
in the formation of more highly curved, vesicular membranes,

as opposed to the large membranous sheets into which

DSBPE assembles in high salt in the absence of avidih (
Implications.In addition to the obligatory interactions of
proteins of the conventional integral and peripheral classes

with membrane lipids, there is a third class of lipigrotein
interaction, which is exemplified by the systems that have
been studied here. This third category consists of proteins
that interact selectively with the headgroups of specific lipid
molecules. Such proteins include lectins, toxins such as the
cholera toxin, hormones, and neurotransmitters, all of which
can interact with glycolipid headgroups. The biological

properties of these proteins are generally supposed to be

mediated by the interaction with their receptor lipids.

However, details of the mechanisms are, in most cases, not 16.

yet clear. The present study on the interaction of avidin
with the biotin-PEs serves as a model system for such
interactions. For example, it is known that surface binding
of certain proteins to their specific cell-surface receptors
induces changes in their biological properties, e.g., the
mitogenic activation of lymphocytes by lectirdj. Among

other effects, the induction of more isotropic structures
in the biotin-PE membranes by avidin binding suggests

that possible mechanisms in such processes could involve

local changes in the lipid phase structure induced by pro-
tein binding, in addition to the modulation of the lipid
cooperativity and dynamics. Several membrane-bound en-
zymatic and channel activities are known to be modulated
by lipids that affect membrane curvatu@®( 31). Here, such
changes are brought about instead by protein binding to a
receptor lipid. Last but not least, specific binding at relatively
dilute sites (one per 50 lipids) influences the long-range
cooperative lipid interactions. Such effects could be operative
in lipid rafts that are known to segregate GPI-linked proteins
(9, 32.

In summary, the spin-label ESR'P NMR, and DSC
studies on the interaction of avidin witN-biotinyl-PEs
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