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Collective membrane motions in the mesoscopic range and their modulation by the binding
of a monomolecular protein layer of streptavidin studied by dynamic light scattering
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Using a dedicated dynamic light scattering setup, we have studied the angstrom-scale amplitude undulations
of freely suspended planar lipid bilayers, so-called black lipid membréBEB's), over a previously not
accessible spread of frequenci¢laxation times ranging from 16 to 10 ®s) and wave vectors
(250 cm 1< < 35000 cm?). This allowed a critical test of a simple hydrodynamic theory of collective
membrane modes, and the results obtained for a synthetic lecithin BLM are found to be in excellent agreement
with the theoretical predictions. In particular, the transition of the transverse shear mode of a BLM between an
oscillatory or propagating regime and an overdamped regime by passing through a bifurcation point was
clearly observed. It is shown that the collective motions in the time- and wave-vector regime covered are
dominated by the membrane tension, while membrane curvature does not contribute. The binding of the
protein streptavidin to the BLM via membrane anchored specific bindecsptors causes a drastic change in
frequency and amplitude of the collective motions, resulting in a drastic increase of the membrane tension by
a factor of 3. This effect is probably caused by a steric hindrance of the transverse shear motions of the lipid
by the tightly bound proteingS1063-651X99)13705-X

PACS numbds): 87.15.He, 87.15.Kg, 87.15.Ya

INTRODUCTION been published. If anionic lipids, which exist in rather high

proportions in natural membranes, are to be included, the

Thermally excited undulations or, more general, collec-problem of obtaining oriented bilayers becomes even more
tive motions are considered as crucial contributors to th€omplex. On the other hand, there exists a large body of
short-range interaction potential between cell membranes dheoretical work on collective membrane motions and the
between membranes and solid surfaces. They are well chaiesulting membrane microelastic properties that require for
acterized in the low-frequency regime for celisg., eryth-  validation experimental methods covering selectively a wide
rocytes and for large unilamellar vesiclésUV’s) as mem-  fange of frequencies, particularly the mesoscopic range

brane models. The methods used at low frequencies al@HZ_GH.Z)'. .
based on microscopic interferometry coupled with video data ?ﬁ’ nda;mc light scattermg{l:)fl_tﬁ) h:;s belt?n .tsut_gges;ted ?S da
acquisition where the restricted bandwidth of the latter limits ©tMOY 10 OVETcome many of the above fImitations Tor study-

the access to motions with frequencies beyond 100 Hz. N9 collective mot|on,s of planar bilayers, so-qalleo_l blaCk
; : . ._lipid membranegBLM’s) [2], and of free soap films in air
However, there is a lack of data on collective motions in

the mesoscopic and high-frequency range, mainly due to t 3]. However, despite a good theoretical backgrolidthe

. . . _technical restrictions on the experimental layout did not al-
scarcity of suitable experimental methods. The only experijo the DLS technique to show its full potential for such

mental proof of the existence of collective membrane Moy, gies, mainly due to a lack of sensitivity at higher frequen-
tions in the high-frequency regim@ipper gigahertz range cies. We have recently suggested a dedicated DLS experi-
so far was obtained by coherent quasielastic neutron scattefent that overcomes the limitations of the past by a different
ing (QENS [1]. In the mesoscopic range, solid state NMR setup design and improved sample preparation techniques.
methods have been used to measure collective motions, buthe technique can cover a wave-vector range from 250 to
as in the case of QENS, sensitivity problems and the need f@®5000 cm?® (1.8<\<250um) and a time scale of four
using highly oriented samples restrict their application toorders of magnitudegfrom 6x10 3 to 6x10 ’s). This
stacks of model membranes. NMR has the additional disadbroad wave-vector and time regime is sufficient for testing
vantage that it can only detect time correlations not spatiaiheories of membrane undulations and enables new experi-
ones, which constrains data analysis. The use of proteins fonents on the effects of the coupling between proteins, pep-
studying their effect on collective membrane motions is pro-ides, or polymers and the membrane on collective mem-
hibited for NMR and QENS for preparatory reasons: It iSbrane dynamics. Another advantage of the method is that
extremely difficult to prepare oriented membrane stacks wittBLM's are systems that are under considerable lateral ten-
proteins homogeneously distributed in a functional state ovesion, in contrast to LUV'’s, which are tension free. Thus cur-
the sample and only a very few successful attempts haveature effects that are dominating features in the collective
motions and micromechanics of LUV’'s are negligible in

BLM's.
* Author to whom correspondence should be addressed. FAX: 49- In this work we have addressed the problem of how the
931-888-5851. collective motions of a BLM are altered after the tight cou-
Electronic address: bayerl@physik.uni-wuerzburg.de pling of a water soluble protein to its surface. This is a situ-
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FIG. 1. Schematic depiction @8) the transverse shear mode of
a membrane consisting of isotropic molecules as treated by Krame
and of (b) the transverse shear mode coupled with the splay mode 10*
of a membrane consisting of anisotropic molecules, as considered il
the extension of Kramer’s theory by Fan.

ation that is quite common in biological systems for the spe- 10° 3 P 5
I . 10 10 10

cific binding between ligands and membrane anchored wave vector qin cm’

receptors. We have chosen the protein streptavidin, which is

well established in binding biotin groups linked to phospho- FIG. 2. Plot of Eq.(1) in the wave-vector range accessible by
lipids at exceptionally high binding affinity and can form a DLS for a membrane tensior,=1 mN/m, a fluid densityp
monomolecular protein layer on top of a biotin functional- =1 mg/ml, and fluid viscosity ofy=1 mPas for different surface
ized bilayer surface. Using DLS, we have studied collectiveviscositiesy’ =0 nNs/m(—), 0.1 nNs/m(: ), 1 nNs/m(-—-), and
motions of a biotin-functionalized BLM of dielaidoyl-sn- 10 mNs/m(---).

glycero-phosphocholinglDEPQ prior to and after the _ _
streptavidin binding. isotropic molecules. For the case of a BLM, this would lead

to an effective fluctuation of the membrane area. This gives
rise to a dynamic membrane tension that is characteristic of
the shearing process. This renders the collective BLM mo-

The undulation behavior of free|y Suspended p|anar memﬂon tension dominated, and the dispersion relation of this
branes in solution was theoretically treated about 30 year§ansverse shear mode is given by
ago by Kramer[4]. He postulated that in a certain wave-
vector regime the angstrom-scale amplitudes of selected
membrane undulation modes of thin elastic membranes are 2mpw?+yg*(q—m)=0, (1)
detectable by DLS.

Kramer treated all interactions as linear functions andvherem=(q’~ipw/7)*% gq=2m/\ is the scattering vec-
completely ignored the anisotropic structure and dynamics ofor, @=wo—il" is the complex frequency consisting of the
the lipid molecules, owing to their partial ordering in the eigenfrequencys, and the damping constaht p and » are
bilayer. In summary, he made the following approximations:the density and viscosity of the fluid, and= y,—iwy’ is a

(i) All hydrodynamic equationgi.e., Navier-Stokesare ~ complex tension with the real part being the membrane ten-

THEORY

linear. sion andy’ the surface viscosity.
(i) The fluid surrounding the membrane symmetrically is  Figure 2 shows a plot ab, andI” versusq according to
incompressible. Eq. (1) using parameters typical for BLM’s. A detailed dis-

(iii) The membrane elastic properties can be described bgussion of this dispersion equation is given [iB]. For
compression and shear moduli and a membrane tension liKBLM’s with tensions in the range 0<1y,<<4 mN/m the left-
a two-dimensional solid with isotropic molecules. hand side of Fig. 2 describes an oscillating regime, while the
(iv) At the membrane-fluid interface the velocities of the right-hand one is characteristic of an overdamped regime.
two media are the same. The crossover between the two regimes occurs fairly
(v) The fluid velocity becomes zero at large distancesabruptly and is typically located arourg=5000 cnmit. The
from the membrane. damping constant’ in the oscillating regime splits above
(vi) The wavelength of the collective modes is large com-the transition(bifurcation point in two branches labeled,
pared to the membrane thickness and small compared to ifer the slower mode anB, for the faster mode. For higher
diameter. values the slower mode; moves asymptotically toward the
For the special case of a membrane consisting of isotropiimiting value £é&= y,/y'. When the faster modg, assumes
molecules symmetrically immersed in a homogeneous liquidhis value it merges into the bulk mode that has the disper-
it was concluded that the transverse shear mode is the onkion relation
collective motion accessible by DLS on a physically mean-
ingful time scale. All other modes are either completely in- io—79%p=0 (2
sensitive to DLS or exist at higher frequencies ofdyga-
hertz range and highgmwhich are hardly resolvable by state- and vanishes fol', values abové. Because this bulk mode
of-the-art autocorrelators. As is depicted in Fida)l the  might couple to the fast undulation mo#ig it is likely that
transverse shear mode describes the out of plane motions tifis thermally driven fast undulation mode dissipates its en-
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ergy by this coupling. However, as the bulk mode is insen- 1g®
sitive to DLS, a detection ofF , is unlikely. g

So far, no DLS experiment has been able to measure suf .
ficiently high g values to cover this transition region, which ]
would provide a critical testing of the still unverified Kramer
theory. Equally important are measurements in the over- 10°}
damped region, where a clear dependencd pfon ' is
predicted.

By additionally considering the geometrical anisotropy of
the lipids, Fan extended Kramer's thedf]. He suggested
an additional splay mode coupled to Kramer's transverse 10*}
shear mode, with a coupling strength depending on the free
energy variation arising from tilting the molecular director of s
a lipid away from those of the adjacent lipiiBig. 1(b)].
Thus, in Fan's treatment the membrane tensignis no

10°}

longer a constant but depends on the curvature eneggyd 107 — -~ - \
the undulation wave vectay, giving rise to an effective ten- 10 10 o 10 10
sion wave vector g in cm

5 FIG. 3. Comparison of Kramer's theoifeq. (1)] and Fan’s
Yoef= Yo+ kG~ ©) dispersion theoryEgs. (1) and(2)] for two pairs ofy, and « val-
. . . ues. For simplicity only the slow damping modég are plotted as
Equation(3) shows that at highy values « dominates the  ; fnction ofg. The two curves with highest slope at higvalues
undulation behavior. This is identical to the dependence Ofcyrves 1 and Pshow the effect of curvature according to Fan. The

the effective undulation amplitude of a membrane of area parameters used in the calculations age=1 mN/m andkx=0J
A on the undulation wave vectay, as described by the fa- (curve 1, y,=1 mN/m andx=10"°J (curve 2, y,=0.1 mN/m

mous Helfrich equatiofi6] and k=0J (curve 3, and y,=0.1mN/m and x=50x10"°J
(curve 4.
(u3e(@)) all 4  Co., Mihlheim, G lar Tefl Il of 2
u = —1 .
efld A(7od2+ 9% 0., Muhlheim, Germany A rectangular Teflon wall o

mm thickness and having a hole of 4.5 mm in its center,
divides the cell diagonally into two compartments. Across
this hole a 25um thick Teflon foil with a 3.5 mm holéthe

LM bearing hole is attached concentrically using a Teflon
rame mount. We found that the use of the thin foil and the
3.5 mm wide bearing hole provides the conditions required

wherek is the Boltzmann constant, the absolute tempera-

ture, vy, is the lateral tension, and is the curvature energy.
At room temperature and for standard BLM parameter

(yo=1 mN/m, k=10 1°J, diametefDg, ,y=3.5mm), an ef-

fective undulation amplitude.4~0.09 A can be estimated . ; : :
from Eq. (4) at q=1000cm ™. The total amplitude can be for having a widely planar and stable BLM allowing high

estimated by summing up the contributions at all physicall)fesomtion and eliminating any laser reflecti_ons from the Te-
reasonablay values (thicknessTg y <\/2<Dgy) as ~10 f!on. Moreovgr, the low thickness of the foil _prevents posi-
A, such tiny amplitudes whicﬁLgre much zlf'xaller than theional fluctuations of the BLM as a whole, which would oth-

m.icrometer range amplit,udes found in LUV’s or in erythro- erwise reduce thg resolution. The long-time stability of the

cytes are the result of the significantly higher lateral tensior?’l"vI (a typical membrane lasted for more than two days

vo in BLM’s. In the tension dominated regime characterized" &> achieved by subjecting the foil to hole drilling tech-

by the above BLM parameters, thecontribution is only a niques that give a hole edge that appears perfectly smooth by

millionth of that of the tension and thus negligible. In spite “g%?:ﬁ;?swgzelgi??ﬁgc\)fcéter surface were eliminated by a
of their tiny amplitude, these tension-dominated undulations priary y

are readily detectable by DLS. tsr?elztaBbLlﬁ/lstEggﬁﬁr |$é2§nuﬁggnp;rrteg égitgfjbvﬁ?tﬁgwg-
Figure 3 shows the deviation from Kramer's dispersionter The cuvettegwas mounted inside a water circulating sys-
relation due to Eq(3) in the limit of high g values. Even at ' . o g sy
- N N tem for controlling the cell temperatuf@2 °C for all mea-
q=300000cm* (A=200nm) thex contribution is only surementsvia a water bath thermostéeslab Instruments
one-tenth of that of the tension and thus not measurable e

perimentally since the maximum limit in state-of-the-art )fnc., Portsmouth, NH

DLS is about 35000 cim' (see below Mermb ’
emprane preparation

MATERIALS AND METHODS BLM'’s were formed by gliding a Teflon loop carrying the
film forming solution[1% (wt./vol.) of lipid dissolved in
n-decangover the 3.5 mm Teflon hole. Thedecane 99 %

To perform high quality DLS measurements on BLM'’s it (Sigma-Aldrich Chem. GmbH, Steinheim, Germamas ad-
is of paramount importance that the BLM's be lafgeveral ditionally purified using an alumina column until it was com-
millimeters in diameter and long-lasting, i.e., stable for pletely colorless. The water level in the scattering cell was
days. Our BLM containing a scattering cell is a standardadjusted to 3 mm above the upper edge of the Teflon wall,
square glass cuvette of A00X 10 mm (Hellma GmbH & thus eliminating hydrostatic pressure differences. Prior to

Sample geometry
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FIG. 4. Schematic depiction of the BLM in the Teflon hole with
respect to the illuminated scattering aleat to scalg FIG. 5. Schematic depiction of the DLS scattering geometry
showing the incident vectok; and specular reflected vectéy,
(ﬁcattering angle 45%°the in-plane wave vectay, the in-plane scat-
Otered vectork, the out-of-plane wave vectay’, and the out-of-
plane scattered vectde, . Note that the modulus of the scattering
vector remains approximately constant, while its component along

e membrane plane is changed by the vegtor

this the hole was pretreated by spreading a methanol soluti
containing 2% W/v) lipid on it followed by solvent evapo-
ration in air. After formation, the BLM’s were allowed to
equilibrate overnight before measurements commenced.
observing slow positional variations of the reflected laser

spot, we established a slow relaxation of the BLM, which o

came to equilibrium abdwB h after its formation. The phos- Which travel along all dlrect|on§ parallel to the mgmbrane. In
pholipids used were 1,2 dielaidoyl-sn-3-glycero- the membrane plane, all possiljevectors belonging to the
phosphocho”néDEPQ from Avanti Polar L|p|dS’ |nc(A|a_ Sam-e -Undl.,llanon mOd_e are confined within a C"((dé F|g
baster, AL) andN-(6-(biotinyl)amine-hexanoyl-dipalmitoyl- 5), giving rise to both in-plane and out-of-plane scattering of
phosphatidylethanolmine(B-cap-DPPE from Molecular the incident light vectok; . However, owing to'the inclina-
Probes, Inc(Eugene, OR They were used without further tion of the detector plangthe plane perpendicular to the
purification. StreptavidiiSigma-Aldrich Chem. GmbHwas ~ SPecular reflected vectdr;,) by 45° with respect to the
dissolved(1 mg/m) in the same buffer as used in the BLM membrane normal, the region of scattered veclkqrat the
cell (20 mM Hepes buffe|pH 7.2 Containing 50 mM KQ| detector site can be apprOXimated to first order by an eIIIptl-
and added in equal amounts to both sides of the BLM using@l slit aperture having an aspect ratio 3°2n front of the

a microsyringe. The buffer solution used in the scatteringdetector, withk;, pointing through its center. To avoid the
cell was previous]y degassed and filtered through aulnt- use of eIIipticaI slit apertures for each singl]evalue for

diam sterile filter of polycarbonatéMillipore Corp., Bed- obtaining the out-of-plane scattering intensity, the PM is
ford, MA) to remove dust particles. simply rotated around the center of the BLM, i.e., the ellipse

is approximated by its tangent for a givgrvalue. This tan-
gent is formed by the slit aperture. In this case the relative
Experimental setup error in selecting the desirgpvalue has its maximum of 3%
The argon ion laser usefinnova 70-4 from Coherent atq=3400cm*and is not bigger than what would result
Inc., Santa Clara, CAwas operated on its shortest line from using the 80um pinhole atq=900cm *. This ap-
(457.9 nm, TEN}y) at 150 mW and the polarization of the proac_:h increases tr&fl\_l of the'detector s_lgnal by a factor of
beam was parallel to the membrane. The laser beam wa) Without any reduction of signal quality.
focused on the BLM using a lens of 50 cm focal length to  The PM signal was preamplified and processed by auto-
achieve a small angle of divergen@119 and thus high correlation in 388 channels using an ALV 3000 correlator
resolution. The illuminated spot on the BLNbcattering (ALY GmbH, Langen, Germany Measurements were done
area had a diameter of 16@m (Fig. 4). The photomultiplier ~ in the heterodyne mode using the diffuse scattering arising
(PM) was mounted on a goniometer afM and goniom- from the mole_cular roughness of the BLM as a local oscilla-
eter both from ALV GmbH, Langen, Germangt an angle  tor. The time increments used varied from 0.1 toud<) '_I'he
of 45° with respect to the BLM normal and at 30 cm distanceVhole DLS setup was capsulated for dust protection and
from the scattering area. Thgregime of interest was se- mounted on a 200 kg laser tablMelles-Griot, Paris,
lected by placing a pinhol&Z 700 um) near the BLM and a France, which was shock insulated by four air damping
second onéZ 80 um) right in front of the PM. For higheq =~ Modules.
values ¢>3400 cm') the 80um pinhole was replaced by a
vertical slit aperture (2000200um) to collect additionally
the out of plane scattering intensity. The reasoning for using
the slit aperture is as follows. Undulations like the transverse In the oscillating regime, the autocorrelation functions
shear mode represent plane waués,t) with G(t) were fitted to the theoretically expected functi@j

Data analysis

u(r,t)y=uge 'artet, (5) Go(t)=a+b cogwgt+d)e ot +ct, (6)
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FIG. 6. Examples of typical correlation functio®(t), mea- a

sured in the overdamped and in the oscillatory regime of a DEPC- F|G. 7. Mode frequency,= wo/2 (lower curve and damping
BLM at 22 °C. The full lines represent fits to the data according toconstant” (upper curveversus mode wave vectgqrof a free planar
Egs.(5) and(8). bilayer (BLM) of DEPC, calculated from the autocorrelation func-
tions measured at the correspondmpgalues. The full lines repre-
wherect is the linear baseline correction addis a phase sent the Kramer theory fitted to the data, giving an average lateral
factor. Corrections of5y(t) in the limit of smallq to com-  tensiony,=0.42 mN/m and a negligible surface viscosity.
pensate for instrumental effecf®] were not performed,
since these deviations from E¢p) were found to be com- o0
pletely negligible forq>400cn ™. q=n—— V[SIN(®)]?+[sin(® + 9)2—2 sin(®)sin(O + 9],
At the transition point(bifurcation between the oscillat- ©)
ing and overdamped regime and its ViCinityykurcation
+400cmY), the data were fitted according to

where n=1.33 is the refractive index of waterj
_ —Tyt =457.9nm is the wavelength of the incident laser light,
Gi(t)=a+(b+che t+dt @ =45° is the static scattering angl@&= arcsirisin(¢)/n] is the
This is the general expression for the asymptotic limit cas€orrected scattering anglevater/air interfack and ¢ is the
of classical harmonic oscillators and indicates that in thisvariable scattering angle.
transition region both overdamped modésandI, are de-
tectable. Finally, in the overdamped regime were two damp- RESULTS

ing modes are predictddEq. (1)], the data were fitted to i .
As a first experiment, a pure DEPC membrane was mea-

sured at 22 °C. The complete dispersion curve in the range of

Gq(t)=a+be Mt+ce 2t+dt, (8) 250 cm 1< q<35000cm ! is shown in Fig. 7. The data are
compared with best fitgfull lines) according to Eq.(1).
with a linear baseline correcticuit. From that an average lateral tensionyy=(0.42

However, beyond the point whelg, assumes the value =0.03) mN/m and a negligible shear interfacial viscosity
vo!y', the fast mode disappears. Fgpvalues beyond this (y'<2X 10" " mN s/m), acting in the direction normal of the
point only the slow modd’; was considered in the fitting membrane, is obtained. It is obvious that the agreement be-
procedure. Typical autocorrelation functions measured byween experiment and theory is excellent over almost three
DLS at selectedj values corresponding to the damped and toorders of magnitude ig. The theoretically predicted transi-
the overdamped regime of the transverse mode of BLM ofion from the damped to the overdamped césfeFig. 2 is
pure DEPC are shown along with their fits according to Egsclearly observed experimentally @t= 3300 cm L. Minor de-
(6)—(8) in Fig. 6. Measuring autocorrelation functions with a viations of f5(q) from the theory at lowest measuratgen
S/N like that shown in Fig. 6 requires acquisition times be-Fig. 7 can be ascribed to a slight average overall equilibrium
tween 30 s and 5 h, depending grand on membrane ten- deformation of the BLM, giving rise to some diffuse reflec-
sion. The latter is particularly important for high tensions,tion of the incident laser light at lowesf Moreover, atq
since the amplitudes and thus the scattering intensity are re<400cm* there could be a non-negligible contribution

duced with increasing tensiditg. (4)]. arising from the (Gaussiah instrumental function of the
Fitting the autocorrelation functions with the appropriatesetup.
equationg6), (7), or (8) provides the mode frequendy and However, there is one striking discrepancy between

the damping constant. The relationship between thg theory and experiment observed in the overdamped regime
value and the actual scattering angteadjusted with the (cf. Fig. 7): only one overdamped mode corresponding to the
goniometer is given by slow model’; can be fitted to the data, while theory predicts
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10° : : site for the measurable binding to the BLM surface.

p It is noteworthy that the biotin-doped membrane alone
shows a 50% weaker tensioryd=0.205 mN/m) than that
measured for the pure DEPC membrang=0.42 mN/m).
Furthermore, a slight but systematic deviation of the damp-
ing constantl” from the theory can be observed. The latter
without might be caused by instrumental effe¢tfight errors in PM

with streptavidin
105L Y, = 0.81mN/m O

. % = 0.21 mN/m positioning at highg) as well as by the baseline corrections
107 E involved in the analysis of the autocorrelation functions. In
spite of these minor deviations the results give us confidence
that the collective modes of a BLM alone and in the presence
103l of a protein can be described with a surprising accuracy by
the simple hydrodynamic Kramer theory and that curvature
effects do not contribute to the mode relaxation in the
range covered by our experiments.
102 - :
102 10° 10* 10°

wave vector qin cm™
DISCUSSION

FIG. 8. Mode frequencie$, and damping constants versus . . .
mode wave vectog of a DEPC-BLM doped with 5 mol % biotin- The results shown in Figs. 7 and 8 allow a critical assess-

cap-DPPE(*) and of the same membrane after the binding of Ment of the Kramer theory over a sufficiently wideange.
streptavidin at both sidg®©). The full lines are fits according to Eq.  For @ pure DEPC-BLM, this theory describes its viscoelastic
(1), giving the average lateral tension g§=0.205 mN/m prior to  dispersion behavior amazingly well over a widerange
and y,=0.61 mN/m after the binding of streptavidin. In both cases(250—35 000 cm?). For comparison, a previous attempt to
the surface viscosity’ is negligible. measure collective BLM motions by DLIR] was restricted

to the range 600—1800 cm by technical limitations, and
additionally a fast mod& ', (Fig. 2). In contrast, around the thus did not allow observation of the transition from the
bifurcation point we were able to extract two modes accordoscillatory to the overdamped regime. Moreover, we observe
ing to Eq.(7), indicating that there the fast modg is in-  a drastic change of the dispersion behavior for the case in
deed detectable but seems to decrease with incregsiagy ~ which a protein binds tightly to the BLM via a receptorlike
rapidly. group anchored to the membrane.

In a second experiment we have studied the effect of In more detail, we can draw the following conclusiofis.
streptavidin binding to the BLM on its collective modes. To The dispersion behavior of the BLM'’s studied is clearly
achieve tight binding, we prepared a DEPC-BLM containingdominated by the lateral tension at negligible surface viscos-
5 mol% of Biotin-cap-DPPE. Since streptavidin exhibitsity. (i) Curvature effects do not contribute to the dispersion
four specific binding sites for biotin, we can expect a sponbehavior in theg range studied(iii) In spite of the otherwise
taneous protein binding to the BLM after addition of the excellent agreement between experiment and theory, only
streptavidin to the buffer medium surrounding the BLM. the slow one of the two theoretically predicted overdamped
Prior to the addition of the streptavidin, we measured themodesI'; andI', [Eq. (8)] is detectable by DLS(iv) The
biotin-doped BLM over the fullj range accessibl@fter the  binding of streptavidin to the BLM causes a significant re-
BLM was equilibrated overnight Then the streptavidin was duction of amplitude of the transverse shear mode and an
flushed into the cell under conditions that it could access théncrease of the lateral tension compared to that of a pure
BLM from both sides (symmetric binding Since the DEPC BLM. (v) The protein effect on the BLM collective
streptavidin-biotin binding constant is very high, as is themotions is observed only when specific bindeksiotin
amount of protein adde@.4 mg/m), saturation of the BLM  groups are anchored to the BLM, which itself lowers the
should occur rather quickly, controlled by the molecular dif-BLM tension by a factor of 2 compared to the pure DEPC
fusion of the protein in the bulk. Four hours after the proteinBLM.
injection, we started again a DLS measurement. Figure 8 The failure of our method to detect the predicted fast
shows the results fof, andI" vs g for both cases. We ob- overdamped modé’, is rather surprising considering the
serve a rather drastic effect of the streptavidin binding reotherwise excellent agreement with theory. Whilg de-
garding theq value at which the crossover from the dampedscribes the slow recovery of the system driven by tension
to the overdamped regime occurs. Fits to the data accordingnd viscosity,I', is driven essentially by the inertia of the
to Eg. (1) gave an average lateral tension of, System arising, within the approximations of the theory, from
=0.205mN/m before and,=0.61 mN/m after binding of the fluid surrounding the BLM. Althouglh'; is readily de-
the streptavidin, i.e., a factor of 3 increase in lateral tensiontectable in our experiment, relaxation via the process is
As a control, we did this experiment again, with the only observed only in the vicinity of the bifurcation point. We
difference being that the membrane was not doped with th@terpret this discrepancy as due to a non-negligible influ-
biotinyl-lipid (pure DEPC-BLMN). For this case we observed ence of a surface viscosityy’ (not bigger than 2
no changes iti, andT" over the fullq range upon addition of X 10"’ mNs/m), which causes a merger of the fast over-
the same amount of streptavidin. This shows that the keydamped modé’, with the (DLS insensitive bulk mode[Eq.
lock mechanism of biotin-streptavidin binding is a prerequi-(2)]. This merger may give rise to a very fast relaxation of
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I', at q values beyond the bifurcation region, rendering iters. Neutron and x-ray measurements on biotin-cap-DPPE
undectable by DLS in the overdamped regime. doped DMPC monolayers have indicated that the streptavi-

The almost negligible contribution of the surface viscositydin monolayer formed is dense and homogeneous over mi-

y' to the mode relaxation is probably caused by a moré&rometer distances with about 40 A thickngss)] o
BLM-specific property: the inevitable presence of spurious The increase in tension of the composite streptavidin-
amounts of apolar solventslecane in our cagdn the bi- BLM system can be understood by considering two mecha-
layer. The thickness of this solvent layer depends directly omiisms. First, the binding pockets of streptavidin allow a
the solvent used. For the case of decane, an increase of thether deep penetration of the biotin into it and, conse-
BLM thickness by 2 nm compared to a solvent-free lipid quently, the protein is pulled down very close to the mem-
bilayer was reportedl7]. The presence of this solvent may brane surface. As one streptavidin covers about 50 DEPC
cause an increase of the internal volume and an effectivenolecules of the BLM11], it is very conceivable that the
reduction of the van der Waals interactions between adjacemirotein will drastically reduce the amplitude of the transverse
lipid tails and between the two opposite monolayers, drivingshear modes in the covered DEPC bilayer area simply for
the surface viscosity down to very low values. This is con-steric reasons. This effect may become even more pro-
firmed by eXperimentS where the decane was substituted mounced in the presence of two protein |ayers “sandwich-
squalane, which allows the preparation of virtually solvent—ingn the BLM. Second, it was shown previously that the
free but less stable BLM's. For squalane, we deduced a nongyeptavidin binding to B-cap-DPPE causes a significant de-
negligible value ofy’ by fitting Eq. (1) to the experimental  pyqration of the lipid head grougf8—14. This dehydration
dispersion curve(data not shown Since long-time stable 5y increase the molecular order of the BLM lipid chains
squalene BLM's required for our protein experiments wereynq consequently the van der Waals interaction between ad
not achievable, we used decane as a solvent. jacent DEPC molecules. This would result in transverse
Our experiments are from the methodological approaclyear yndulations of higher frequency and lower amplitude
rem|n|_scent of an ea_\rher work Where_ undulat|0ns_ of freeand thus in an increased tension.
soap films were studied by DLS. In this paper, a linear hy- gy rhermore, it is remarkable that the Kramer theory de-
drodynamic theory was presented that was based on assUmMkines data well, even after the symmetric binding of the
tions similar to the Kramer theory, but that additionally con-,, protein layers. This indicates that the basic hydrodynam-
sidered an electrostatic potential in the dispersion relation. A.q is not significantly changed by this binding. This is prob-
comparison with our data seems inappropriate for the larggy,y que to the fact that the binding is symmetric with re-
structural differences between soap films and BLM's and theypet tg the bilayer center and that the protein layer formed is
fact that the former were surrounded by air rather than watelyy, o4tk on a molecular level. In fact, neutron reflection tech-
Moreover, the frequency range of the soap film study doegjques have demonstrated that the roughness of the strepta-

not match our study. L vidin layer is less tha5 A and thus not significantly higher
The addition of the 5 mol% biotin-cap-DPPE causes g at that of a lipid monolayejg].

50% lowering of the BLM tension compared to that of pure
DEPC(Fig. 8. This effect can be understood in terms of the
increase in area/molecule due to the presence of the bulky
biotin groups linked by a short spacer to the DPPE head
group. Note that the area per biotin-cap-DPPE is 120-160
A? [8] and thus more than 30% larger than that of a DEPC \We have shown that the DLS technique can detect collec-
molecule. Hence, the presence of BiothDPPE may create tive membrane modes in BLM’s over a broad wave-vector
additional free volume for the DEPC molecules and |OW€rand time range and can be used for a critical test of hydro_
the van der Waals interaction between adjacent lipid chaingiynamic theories of membrane undulations. The significant
leading to an increased amplitude of the collective modeghanges observed for the case of a tight protein binding to
and a decreased tension. the surface of the BLM further demonstrates the usefulness
The effect of the streptavidin binding is quite the oppo-of the method for obtaining insight into the dynamic conse-
site. The tension increases well above that of a pure DEPQ]uences of the specific bmdmg between a membrane bound
BLM by the protein binding to the biotin groups. The excep-receptor and a protein. Studies that are presently performed
tionally high affinity between biotin and streptavidin, with a in our laboratory using different proteins indicate that the
binding constant comparable only to that of covalent bondgjynamical response of the BLM upon interaction with the
[9], ensures that once a bond is formed there are only twgorresponding protein depends strongly on the particulars of
alternatives left: either the protein stays attached to the BLMhe molecular interaction. Thus, it will be possible to distin-

for a long period of time or it detaches by pulling the biOtin'c?uish certain interaction mechanisms by the DLS method.
cap-DPPE bound to it out of the bilayer. The energy require

to achieve the dissociation of a monomeric lipid from the

bilayer is very high compared to the thermic enefdg].

Mor.eover,. since we have on average two b|ot|n-pqp—l_3PPE’s ACKNOWLEDGMENTS
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CONCLUSIONS
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