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ABSTRACT The neutron reflectivity technique is applied to determine the adsorptive interaction of the 13.5-kDa actin-
binding protein hisactophilin from Dictyostelium discoideum with lipid monolayers at a lateral pressure of 21 mN/m -ir 25
mN/m at the air-water interface. We compare binding of natural hisactophilin exhibiting a myristic acid chain membrane
anchor at the N-terminus (DIC-HIS) and a fatty acid-deficient genetic product expressed in Escherichia coli (EC-HIS). It is
demonstrated that only the natural hisactophilin DIC-HIS is capable of mediating the strong binding of monomeric actin to
the monolayer, where it forms a layer of about 40 A thickness corresponding to the average diameter of actin monomers.
Monolayers composed of pure dimyristoyl phosphatidylcholine with fully deuterated hydrocarbon tails and headgroup
(DMPC-d67) and 1:1 mixtures of this lipid with chain deuterated dimyristoyl phosphatidylglycerol (DMPG-d54) are studied on
subphases consisting either of fully deuterated buffer (D20) or of a 9:1 H20/D20 buffer that matches the scattering length
density of air (CMA buffer). The reflectivity data are analyzed in terms of layer models, consisting of one to three layers,
depending on the contrast of the buffer and the system. We show that both protein species bind tightly to negatively charged
1:1 DMPC-d67/DMPG-d54 monolayers, thereby forming a thin and most probably monomolecular protein layer of 12-15 A
thickness. We find that the natural protein (DIC-HIS) partially penetrates into the lipid monolayer, in contrast to chain-deficient
species (EC-HIS), which forms only an adsorbed layer. The coverage of the monolayer with DIC-HIS strongly depends on the
presence of anionic DMPG in the monolayer. At a bulk protein concentration of 1.5 ,ug/ml, the molar ratio of bound protein
to lipid is about 1:45 for the 1:1 lipid mixture but only 1:420 for the pure DMPC.
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INTRODUCTION

The mechanism of binding of the actin-based cytoskeleton
to membranes is still widely unknown, particularly the
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requirement and the role of membrane-spanning receptors
like those of the integrin family. Recently, substantial evi-
dence has been provided that two types of actin-binding
proteins are involved in the cytoskeleton-membrane cou-

pling, namely talin and hisactophilin. Both proteins are able
to mediate directly the coupling of actin filaments to lipid
lamellae containing charged lipids (Kaufmann et al., 1992;
Dietrich et al., 1993; Behrisch et al., 1995).

Talin is a large (230 kDa) cytosolic protein that is accu-

mulated near the inner leaflet of the cell plasma membrane
(particularly at the leading edge of pseudopods) and is
(together with vinculin and most probably receptors of the
integrin family) involved in the formation of focal contacts
(Isenberg and Goldmann, 1995; Goldmann et al., 1994;
Samuels et al., 1993).

Hisactophilin is a small, roughly cylindrical, 13.5-kDa
polypeptide exhibiting at one face three histidin-rich loops,
and both C- and N- terminal ends at the other. A myristic
acid chain is coupled to the N-terminus on the top of a

(3-barrel structure (Hanakam et al., 1995). The histidin-rich
face provides the binding site for actin, and the fatty acid is
supposed to facilitate the membrane anchoring.

In recent phenomenological surface-sensitive measure-

ments (film balance, microfluorescence), evidence was pro-

vided for the following (Behrisch et al., 1995):
1) membrane binding of hisactophilin is mediated by

electrostatic forces;
2) proteins partially penetrate into the semipolar mono-

layer surface;
3) the fatty acid chain is required for the functional

orientation of the actin monomer-binding protein.
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To gain more insight into structural aspects of hisacto-
philin membrane coupling and hisactophilin-mediated bind-
ing of actin to membranes, we performed neutron reflectiv-
ity measurements. By exploiting the unique possibilities of
scattering contrast variation, this technique enables high-
precision measurements of both the molecular mass density
distribution in the direction normal to the monolayer surface
and the layer thicknesses (Penfold and Thomas, 1989; Rus-
sell, 1990; Bayerl et al., 1990; Johnson et al., 1991b; Vaknin
et al., 1991; Brumm et al., 1994; Naumann et al., 1994,
1995). One major advantage of the neutron reflectivity
technique is its high sensitivity, requiring only a few tens of
micrograms of proteins per experiment.

In the present work we studied the coupling of natural
hisactophilin from Dictyostelium discoideum and the same
protein produced by genetic expression in E. coli bacteria to
partially charged lipid monolayers kept at high lateral pres-
sures (21 mN/m ' v ' 25 mN/m). Because the genetic
product (Scheel et al., 1989) lacks the myristic acid chain,
the role of hydrophobic chains for membrane binding of
water-soluble proteins could be simultaneously explored.
Additionally, we investigate the influence of electrostatic
forces caused by the charged lipids of the monolayer for the
membrane coupling of DIC-HIS and EC-HIS. Direct evi-
dence is provided that the fatty acid-containing protein
partially penetrates into the membrane and can mediate the
tight binding of monomeric actin to membranes. In contrast,
the chain-deficient species adsorbs only and does not couple
monomeric actin to membrane.

MATERIALS AND METHODS

Materials

Dimyristoyl phosphatidylcholine, with both the fatty acids and the head-
group deuterated and glycerol backbone protonated (DMPC-d67), as well
as dimyristoyl phosphatidylglycerol (DMPG-d54), in which only the
chains are deuterated, were purchased from Avanti Polar Lipids (Alabaster,
AL). Heavy water was purchased from Deuchem (Leipzig, Germany).
Natural hisactophilin was isolated from starved Dictyostelium discoideum
cells following the procedure by Stockelhuber et al. (unpublished results).
The genetic product denoted as EC-HIS was expressed in Escherichia coli
following the procedure described by Scheel et al. (1989).

The various lipid samples were spread onto an aqueous solution (sub-
phase), containing 10 mM HEPES buffer, 10 mM NaCI, 0.25 mM EDTA,
and 0.25 mM EGTA. Different pH values were adjusted by the addition of
NaOH. Two different pH values were used (pH 6 and pH 9). All experi-
ments were performed at 20°C.

Neutron reflectivity experiments
All experiments were performed with the CRISP spectrometer (Penfold
and Thomas, 1989) at the Rutherford Appleton Laboratories (Didcot,
England).

The film balance attached to the spectrometer was described in detail
previously (Naumann et al., 1994). For the present experiments a small
Teflon trough (surface area, 64.55 cm2; subphase volume, 40 ml) was

inserted into the large trough (15 x 45 X 0.5 cm3) in such a way that the
monolayers spread on the water surface of the outer and inner compart-
ments were interconnected by a thin channel (1.5 x 0.5 cm2 surface, 0.4
cm depth). After the lipid monolayer was spread and the lateral pressure

was adjusted, the channel between the two compartments was closed and
the proteins were injected into the subphase of the insert by syringes. The
lateral pressure was measured in the small compartment by a Wilhelmy
system (accuracy: 0.1 mN/m). CRISP operates at a fixed grazing angle of
incidence of OG = 1.50. The intensity of the specular reflected neutrons is
analyzed as a function of the momentum transfer Q

Q = 4'r sin O01A (1)

by the time-of-flight technique. The available wavelength range of CRISP
of 0.5-6.5 A corresponds to a Q range of 0.05 A-' < Q ' 0.65 A-'. The
incoherent background for each sample, which is uniform over the mea-
sured Q range, was determined by extrapolation to high values of the
momentum transfer Q. It was subtracted from the measured reflectivity
R(Q), and the difference was then processed as described below. The
Q-dependent specular reflectivity R(Q) is determined by spatial variation
of the scattering length density distribution, p(z), in direction normal to the
interface. More precisely, R(Q) is proportional to the Fourier transform of
the first derivative of p(z) (Als-Nielsen, 1985):

R(Q)o (dz)eQz 2 (2)

However, owing to the close analogy to the specular reflection of light,
R(Q) can be analyzed using Fresnel's law of optical reflection by repre-
senting the complex interface as a stratified film exhibiting sharp interfaces
between layers of different refractive index ni (Penfold and Thomas, 1989;
Russell, 1990). The latter is related to the neutron scattering length density
pi by

(3)

whereas pi is directly related to the atom number densities Na<,:

Pi=Niaba-
a

(4)

where ba is the scattering length of atoms of type a. The reflectivity curves
R(Q) are most conveniently analyzed in terms of the well-known optical
matrix method (Born and Wolf, 1970; cf. Bayerl et al., 1990, for further
references).
We investigated the lipid/protein coupling by considering the following

systems:
deuterated lipid on a subphase of D20 buffer
deuterated lipid on a subphase ofCMA buffer (contrast matched to air)
deuterated lipid and protonated protein on a subphase of D20 buffer
deuterated lipid and protonated protein on a subphase of CMA buffer.
A schematic illustration of both contrasts in the presence of the proteins

is shown in Fig. 1.

Procedure of data analysis
The key strategy for analysis of the mass density distribution in the normal
direction of the layer system is a systematic application of contrast varia-
tion procedures by partial deuteration of the lipid and/or of the subphase
combined with simulations of the reflectivity curves for the various sce-
narios. The simplest model for the interpretation of the data are a two-box
model for the case of the lipid/protein layer on D20 buffer and a three-box
model for the lipid/protein layer on CMA buffer. The major problem is that
the two-layer model is determined by four parameters and the three-layer
model by six parameters. Without additional information about the struc-
tural parameter of the lipid and other constraints, the data analysis of the
R(Q)-versus-Q curves would not yield a unique set of parameters. We
therefore adopted the following procedure of data analysis:

1) Each experiment of lipid/protein coupling was started by recording
reflectivity-versus-Q curves for the pure lipid monolayer, which was main-
tained at the same lateral pressure as in the presence of the protein. Small
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FIGURE 1 Schematic view of contrast variation of deuterated lipid/
protonated protein on D20 buffer (contrast 1) and of deuterated lipid/
protonated protein on CMA buffer (contrast 2) in direction normal to the
membrane. The numbers I-V correspond to the following regions: I, air; II,
lipid chains (deuterated); III, lipid headgroup (deuterated/protonated); IV,
protein (protonated); V, subphase (D20 buffer or CMA buffer).

variations of the lateral pressure from experiment to experiment thus did
not affect the change of the layers by protein adsorption.

The reflectivity curves can be interpreted in terms of a one-layer model
in the case of a deuterated lipid monolayer on D20, because the contrast
between bulk water and the headgroup region is very small (cf. contrast 1
in Fig. 1). The fitting of the experimental R(Q)-versus-Q curve by two free
parameters (namely, the scattering length density and the thickness) leads
to a unique result.

In case of the deuterated lipid monolayer on CMA buffer, the mono-
layer has to be described by a two-box model (cf. contrast 2 in Fig. 1),
which implies four parameters (two values of scattering length density and
the thickness of each layer). We take into account that the molecular area
obtained from the fitted parameters AL(NR) must agree with the molecular
area AL(FB) measured independently by a film balance experiment. By
taking into account this constraint, one has only two free parameters
(thickness of each layer), which leads again to a unique solution. The
validity of this procedure was checked in several previous studies (Nau-
mann et al., 1994, 1995).

2) In the case of the lipid/protein systems, we have to make two further
assumptions:

The first is that the addition of hisactophilin does not cause a change in
the thickness of the lipid layer.

The second assumption is that only the hydrophobic anchor of the
cytosolic protein DIC-HIS is able to penetrate into the hydrophobic interior
of the lipid monolayer. If we assume that a lipid monolayer with an area per
molecule of about 60 A2 is saturated with hisactophilin, which exhibits an
area of about Ap = 1000 A2 (Habazettl et al., 1992), about one myristic
acid chain of DIC-HIS should be present for each 17 phospholipid mole-
cules. The incorporation of protonated protein chain into the fully deuter-
ated lipid chain interior should therefore cause a maximum decrease in
scattering length density of the hydrophobic membrane region of Ap =

0.17 * 10-6 A-2. We therefore conclude that addition of DIC-HIS de-
creases the scattering length density of the hydrophobic interior of the lipid
by not more than Ap = 0.2 * 10-6 A-2.

For the lipid/protein layers on both D20 buffer and CMA buffer, we are
therefore able to take this value of Ap as a restricted parameter exhibiting
a range of variations of Ap s 0.2 * 10-6 A-2. To take into account
incorporation of the myristic acid chain of DIC-HIS, we varied this
parameter by incremental steps of Ap = 0.1 * 10-6 A-2.

Based on the above procedures, the following fixed and restricted
parameters are used:

For lipid/protein layers on D20 buffer (cf. contrast I in Fig. 1), we must
consider one restricted parameter (scattering length density of the hydro-
phobic region of the lipid) and one fixed parameter (thickness of the
hydrophobic region of the lipid). The reflectivity data of lipid/protein
layers on CMA buffer (cf. contrast 2 in Fig. 1) can be accounted for by one
restricted parameter (scattering length density of the hydrophobic region of
the lipid) and two fixed parameters (thickness of the lipid chain region and
thickness of the hydrophilic moiety of the lipid).

In summary, there remain two free-floating parameters for the case of
the lipid/protein layer on the D20 subphase and three free parameters for
the lipid/protein layer on CMA buffer. The free parameters obtained by
fitting the R(Q)-versus-Q curves and the corresponding statistical errors are
summarized in Table 1. The statistical errors are obtained by a systematic
X2 analysis of each free-floating parameter, taking into account that all
free-floating parameters depend on each other. The x2 plots that are
included in the figures show two-dimensional sections through the global
minimum. Following the procedure described by Vaknin et al. (1991), we
adopt a limit of confidence of 10%.

In some cases (e.g., in the presence of G-actin) the R(Q)-versus-Q
curves could not be fitted by the above procedure in a satisfactory way. The
fitting could, however, be considerably improved by considering contribu-
tion by the interfacial roughness oj. The following procedure was applied:

1) Each experiment was first analyzed by neglecting interfacial rough-
ness as described above (or = 0).

2) The original fitting parameters were kept constant while the interfa-
cial roughnesses oj were varied until best fit was achieved.

3) Subsequently, the original parameters were varied again while the o-r
were kept constant.

4) We repeatedly applied procedures 2) and 3) successively until the
minimum of the x2 parameter was achieved.
A systematic error (x2) analysis showed that the interfacial roughness

can be detected to an accuracy of Aor = ±3 A (cf. Fig. 9).

RESULTS

Pure lipid monolayers

Several neutron reflectivity studies of pure lipid monolayers
and lipid mixtures have been reported previously (Bayerl et
al., 1990; Vaknin et al., 1991; Johnson et al., 1991b; Brumm
et al., 1994; Naumann et al., 1994, 1995). They show that
the technique allows reliable measurements of the thick-
nesses and the scattering length densities of the hydrocarbon

TABLE I Free-floating parameters with corresponding
statistical errors for deuterated lipid/protonated protein on
D20 buffer and deuterated lipid/protonated protein on
CMA buffer

Subphase Free-floating parameters Statistical error

D20 Thickness of the layer consisting of ±2 A
protein and lipid headgroup

Scattering length density of the layer ±0.05 * 10-6 A-2
consisting of protein and lipid
headgroup

CMA Scattering length density of lipid ±0.2 * 10-6 A-2
headgroup

Thickness of protein layer ±4 A
Scattering length density of protein ±0.1 * 10-6 -2

layer

The statistical errors are obtained by systematic x2 analysis of each
free-floating parameter taking into account that all of these parameters are
connected.
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and headgroup regions of lipid monolayers as a function of
both lateral pressure and phase state of the lipid layers.

Table 2 summarizes the layer thicknesses and the corre-

sponding scattering length densities of pure DMPC-d67 and
1:1 DMPC-d67/DMPG-d54 mixtures used for the present
study of protein-lipid interaction.
The data of Table 2 show:
1) In pure D20, the monolayer of the 1:1 mixture ofDMPC-

d67 and DMPG-d54 can be well represented by a single-layer
model within the present degree of accuracy. This is caused by
the small scattering contrast between the hydrophilic region of
the monolayer and subphase (cf. contrast 1 in Fig. 1). The layer
thickness corresponds approximately to the hydrophobic re-

gion of the lipid monolayer (thickness of d, = 14 1 A and
scattering length density of p, = 5.5 + 0.1 * 10-6 A-2). This
is in good agreement with values obtained in former experi-
ments (Brumm et al., 1994; Naumann et al., 1994).

2) In the case of the CMA buffer, the monolayer of the
1:1 mixture of DMPC-d67 and DMPG-d54 should be de-
scribed by a two-layer model. In addition to the large
contrast caused by the deuterated lipid chains, there is also
a pronounced difference between the scattering length den-
sities of the lipid headgroup and the subphase (cf. contrast
2 in Fig. 1). Therefore more detailed structural information
can be obtained for the two moieties of the monolayer.
The changes in the scattering length density of the tail p,

for the different measurements (cf. lines 4 and 5 in Table 2)
are due to different lateral pressures. Thus for 21 mN/m the
scattering length density is Pi = 5.5 0.1 * 10-6 A-2,
whereas at 25 mN/m, Pi = 6.0 + 0.1 * 1-6A
The value of the scattering length density of P2 3-5 +

0.1 * 10-6 A-2 of the headgroup region of the 1: 1 mixture
is the algebraic mean of the values for deuterated DMPC-
d67 and protonated DMPG-d54 lipids.
The values of the thicknesses of the tail region (d, = 14
1 A) and headgroup region (d2 = 9 + 1 A) agree well

with those obtained by previous reflectivity studies of lipid
monolayers and supported bilayers deposited by vesicle
fusion (Johnson et al., 1991a,b; Brumm et al., 1994; Nau-
mann et al., 1994).

Effect of membrane binding of hisactophilin

In Fig. 2 we show as an example the changes of the
reflectivity-versus-Q curves for the monolayer of a 1:1

mixture of DMPC-d67 and DMPG-d54 on the D20 sub-
phase caused by the binding of the natural DIC-HIS. Best
fits for the pure lipid (dashed line) and the lipid/protein
system (solid line) are shown. To simplify the representa-
tion, the data points of pure lipid are not shown. Compari-
son of the two reflectivity curves demonstrates the effect of
the protein layer on the reflectivity in the observed range of
momentum transfer Q (0.05 A-' - Q ' 0.3 Al'). The
binding of the protein leads to a decrease in reflectivity at Q

0.09 A-' and a shoulder at 0.09 A-' c Q c 0.2 A- (cf.
Fig. 2). Further evidence for the binding of DIC-HIS is
provided by the x2 plot (cf. Fig. 2, inset) of the layer
thickness d2 (layer consists of lipid headgroup and protein),
which shows a clear minimum at d2 = 25 ± 2 A. Taking
into account a layer thickness of the lipid headgroup of
about 10 A, we obtain a layer thickness of the bounded
protein of 15 ± 2 A.

Modifications of reflectivity curves caused by binding of
natural hisactophilin DIC-HIS (Fig. 3) and the myristic
acid-deficient protein EC-HIS (Fig. 4) are exhibited for the
monolayer of 1:1 mixed DMPC-d67/DMPG-d54 on a CMA
subphase. Simultaneously, optimal fits for the pure lipid
(dashed line) and lipid/protein system (solid line) are

shown. Both figures demonstrate the influence of the pro-
tein coupling on the reflectivity behavior. The coupling of
the natural protein DIC-HIS is indicated by a decreased
reflectivity at 0.05 A-' < Q ' 0.2 A-' (cf. Fig. 3). The
binding of the fatty acid-deficient EC-HIS is accompanied
by a remarkable change of slope of the reflectivity curve

between 0.05 A- l c Q c 0.2 A- (cf. Fig. 4). The insets in
Fig. 3 and Fig. 4 show x plots of the layer thickness of the
protein d3, providing evidence for the binding of both DIC-
HIS (d3 = 12 ± 4 A) and EC-HIS (d3 = 10 ± 4 A) on

negatively charged membranes. Both values are in good
agreement with the layer thickness of DIC-HIS of 15 ± 2 A
found for 1:1 mixed DMPC-d67/DMPG-d54 plus DIC-HIS
on the D20 subphase.
To investigate the influence of the membrane charge on the

process of protein coupling, we also used a monolayer of pure
zwitterionic DMPC-d67. In Fig. 5 we show the corresponding
reflectivity curves in the absence (dashed line) and the pres-
ence (solid line) of DIC-HIS. In contrast to the experiments
with the negatively charged lipid monolayer (cf. Figs. 2-4),
Fig. 5 shows only a small change of the reflectivity behavior
due to the addition of the protein. Although the change is

TABLE 2 Fitted parameters of layer thicknesses d1 and scattering length densities pA of pure lipid monolayers in D20 buffer and
CMA buffer

No. of di Pi d2 P2
System Buffer layers [A] [*10-6 A-2] [A] [*10-6 A-2]

DMPC-d67/DMPG-d54 (1:1) D20 1 14 5.5
DMPC-d67 CMA 2 15 6.4 10.9 3.2
DMPC-d67/DMPG-d54 (1:1) CMA 2 14 5.5 8.8 3.5
DMPC-d67/DMPG-d54 (1:1) CMA 2 14 6.0 9.9 3.3

All measurements were performed at pH 6.
The indices 1 and 2 denote the hydrophobic chain region and the hydrophilic headgroup region of the lipid monolayer, respectively.
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FIGURE 2 Variation of neutron
reflectivity R(Q) with momentum
transfer Q for monolayer of 1:1 mix-
ture of DMPC-d67/DMPG-d54 in the
presence of 0.11 ,uM DIC-HIS on
D20 buffer at pH 6. Markers indicate
experimental data. The drawn line
corresponds to the fitting of the ex-
perimental data by a two-layer
model. The dashed line shows the
fitting curve obtained for the lipid
monolayer alone. To simplify the
representation, the data points of pure
lipid are not shown. The layer thick-
nesses di and scattering length densi-
ties pi corresponding to the fitting
curves are summarized in Table 3.
The inset shows the result of the x2
analysis of the layer thickness con-
sisting of lipid headgroup and pro-
tein, which leads to a systematic error
of ±2 A.
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C) 1 -5
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small, it appreciably exceeds the experimental accuracy, be-
cause the minimum of the x2 parameter is x2 = 1.68, by
assuming that DIC-HIS does not bind, whereas x2 = 1.41 if
binding is assumed (cf. Fig. 5, inset).

In Table 3, we summarize the layer thicknesses di and
the average scattering length densities pi, obtained by our
fitting procedures (cf. Materials and Methods). In the
presence of the proteins, all reflectivity curves of 1:1
mixture of DMPC-d67/DMPG-d54 are fitted either by a
three-layer model (in the case of CMA buffer) or by a

FIGURE 3 Plot of reflectivity R(Q)
versus momentum transfer Q (mark-
er) and fitting curve (full line) for 1:1
mixture of DMPC-d67/DMPG-d54 in
the presence of 0.11 ,uM natural pro-
tein DIC-HIS in CMA buffer at pH 6.
The fitting curve obtained for the pure
lipid monolayer (dashed line) is
shown for comparison. To simplify
the representation, the data points of
pure lipid are not shown. The layer
thicknesses di and scattering length
densities pi corresponding to the fit-
ting curves are summarized in Table
3. The inset shows the result of the x2

analysis of the protein layer thickness,
which leads to a systematic error of
±4 A.

10-4

0
4)

4)

lo,

106

10-7

x DMPC-d67/DMPG-d54 + DIC-HIS on D20-buffer

0.1
momentum transfer 0 [1/A]

two-layer model (in the case of D20 buffer). Note that for
the D20 subphase, index 1 denotes the hydrophobic
region of the lipid monolayer and index 2 the sum of the
lipid headgroup layer and the protein layer. For CMA
buffer the indices 1, 2, and 3 denote the hydrocarbon
region of the lipid layer, the headgroup region of the lipid
layer, and the protein layer, respectively.

Table 3 leads to the following conclusions:
1) The fitted values of layer 2 (in the case of D20

buffer) and layer 3 (in the case of CMA buffer) show that

x DMPC-d67/DMPG-d54 + DIC-HIS on CMA-buffer

momentum transfer 0 [1/A]
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FIGURE 4 Plot of reflectivity
R(Q) versus momentum transfer Q
(marker) and fitting curve (full line)
for 1:1 mixture of DMPC-d67/
DMPG-d54 in the presence of 0.11
,iM fatty acid-deficient protein EC-
HIS on CMA buffer at pH 6. The
fitting curve obtained for the pure

lipid monolayer (dashed line) is
shown for comparison. To simplify
the representation, the data points of
pure lipid are not shown. The layer
thicknesses d, and scattering length
densities pi corresponding to the fit-
ting curves are summarized in Table
3. The inset shows the result of the x2
analysis of the protein layer thick-
ness, which leads to a systematic er-

ror of ±4 A.
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x DMPC-d67/DMPG-d54 + EC-HIS on CMA-buffer

best fit

--- pure lipid (best fit)

5 6 7 8 9 2 3
0.1

momentum transfer 0 [1/A]

both types of proteins (DIC-HIS and EC-HIS) bind to the
negatively charged 1:1 DMPC-d67/DMPG-d54 mono-

layer. We find a protein layer thickness of d3 = 10-15 A
(accuracy: Ad3 = + 4 A), which corresponds well to a

monomolecular layer of hisactophilin (Habazettl et al.,
1992).

2) In agreement with the previous monolayer study of
Behrisch et al. (1995), our data provide evidence for the
binding of DIC-HIS to DMPC-d67 by the finding that the
scattering length density of the headgroup region is remark-
ably decreased by AP2 = 0.3 * 106 A2, which is com-

parable to the reduction of Ap2 = 1.0 * 10-6 A-2 as found
for the partially charged membrane. This leads to the con-

clusion that the strength of the interaction of the protein
with the semipolar head group region of the membrane does
not depend on the charge of the bilayer, whereas the lateral
concentration of the bound protein is much smaller for the
neutral than for the charged membrane. The electrostatic
interaction thus facilitates protein binding and leads to the
accumulation of proteins at the membrane surface. A more

quantitative evaluation of the concentration of adsorbed
protein is given below.

3) By assuming that hisactophilin forms a cylinder, we
can estimate the average area occupied by one protein Ap
as follows. From the values of total scattering length of
hisactophilin, fitted scattering length density p3, and thickness
d3 we can determine Ap by the following equation:

b(HIS)

Ap= .pS (5)
d3p3

From the known sequence of amino acids (Scheel et al.,
1989) we obtain the total scattering length of the hisac-
tophilin molecule b(HIS) = 377 * i0- A. With this

value we obtain the following values of average area per

hisactophilin molecule:

DMPC-d67 + DIC-HIS: Ap 25,000 A2

DMPC-d67/DMPG-d54 + DIC-HIS: Ap 2,850 A2

DMPC-d67/DMPG-d54 + EC-HIS: Ap 4,750 A2.

The area per hisactophilin molecule can be estimated to
Ap(NMR) = 1000 A2 from the structural data provided by
the NMR structural determination (Habazettl et al., 1992).
With these data we can now calculate the fraction of lipid
area cpp covered by protein according to

Ap(NMR) * 100%
(A' Ap (6)

The following values are obtained:

DMPC-d67 + DIC-HIS:

DMPC-d67/DMPG-d54 + DIC-HIS:

DMPC-d67/DMPG-d54 + EC-HIS:

'pp = 4%

'pp = 35%

'pp = 21%.

An interesting result is the large difference in 'pp of DIC-
HIS for charged and noncharged monolayers. It demon-
strates the important contribution of electrostatic forces for
the accumulation of charged proteins at membrane surfaces
and supports the results that were previously published by
Behrisch et al. (1995). It leads to the conclusion that elec-
trostatic forces are essential for the enrichment of proteins at
membrane surface, but they do not affect the penetration of
the protein into the lipid layer.

4) A remarkable difference between the binding mecha-
nisms of natural and fatty acid-depleted proteins is found if

1.7

1.6

1.5- ,

1.4

01.35 10 5 2
d3t

1.2-%

1.1

1.0
I I I I
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10-3

FIGURE 5 Plot of reflectivity R(Q)
versus momentum transfer Q (mark-
er) and fitting curve (full line) for
DMPC-d67 in the presence of 0.11
,uM natural protein DIC-HIS in CMA
buffer at pH 6. The fitting curve ob-
tained for the pure lipid monolayer
(dashed line) is shown for compari-
son. To simplify the representation,
the data points of pure lipid are not
shown. The layer thicknesses di and
scattering length densities pi corre-

sponding to the fitting curves are

summarized in Table 3. The inset
shows the result of the x2 analysis of
the scattering length density of the
lipid headgroup, which leads to a sys-

tematic error of ±0.2 * 10-6 A-2.

104

I_
0)

0) 10,

10

X DMPC-d67 + DIC-HIS on CMA-buffer

0.1

momentum transfer 0 [A-1]

one compares scattering length densities of the lipid head-
group P2 for the 1:1 mixed lipid layer on CMA buffer.
Whereas DIC-HIS reduces P2 from P2 = 3.5 + 0.2 * 10-6
A-2 in the absence of the protein to P2= 2.5 + 0.2 * 10-6
A-2 in the presence of the protein, the EC-HIS does not
effect these parameters within experimental error. Before
and after the addition of the protein, we find P2 = 3.3 ± 0.2
* 10-6 A-2 (cf. column P2 in Table 3). This strongly
suggests that the fatty acid-deficient protein adsorbs to the
lipid layer but does not penetrate. In contrast, the natural
form (DIC-HIS) containing the fatty acid chain penetrates,
remarkably, into the semipolar region of the lipid layer. The
decrease in P2 by about 30% provides strong evidence that
side chains of amino acids of DIC-HIS penetrate into the
headgroup region of the lipid layer.

This important result is confirmed in Figs. 6 and 7, in
which we compare the changes of the R(Q)-versus-Q plots

for a 1:1 mixture of DMPC-d67 and DMPG-d54 on CMA
buffer induced by the two protein species.
The R(Q)-versus-Q plot in Fig. 6 (for the EC-HIS) is

either fitted by assuming penetration (dashed line) or only
adsorption (solid line) of the myristic acid-deficient protein.
Only the latter case yields good fitting results, which dem-
onstrates that the protein EC-HIS adsorbs to the monolayer
but does not penetrate.

In Fig. 7, the experimental data for the DIC-HIS are fitted
by a model assuming penetration (solid line) and a model
without penetration (dashed line), respectively. Optimal fit-
ting is only achieved for the former case, demonstrating
remarkable penetration of the natural protein (DIC-HIS)
into the semipolar region of the membrane.

5) The decrease in Pi due to the addition of DIC-HIS
points to a partial penetration of the protonated myristic
acid chain of DIC-HIS into the deuterated hydrocarbon

TABLE 3 Comparison of fitted parameters of layer tihicknesses d1 and scattering length densities p, of DMPC-d67 and 1:1 mixtures
of DMPC-d67 and DMPG-d54 before and after binding natural hisactophilin (DIC-HIS) and of the genetic product (EC-HIS)

No. of di Pi d2 P2 d3 p3
System Protein Buffer layers [A] [*10-6 A-2] [A] [*10-6 A-2] [A] [*10-6 A-2]

DMPC-d67 CMA 2 15 6.4 10.9 3.2
DIC-
HIS CMA 3 15 6.3 10.9 2.9 12 0.15

DMPC-d67 + DMPG-
d54 CMA 2 14 5.5 8.8 3.5

DIC-
HIS CMA 3 14 5.4 8.8 2.5 12 1.1

CMA 2 14 6.0 9.9 3.3
EC-HIS CMA 3 14 6.0 9.9 3.3 10 0.8

D20 1 14 5.5
DIC-
HIS D20 2 14 5.4 25 5.9

Data are shown for D20 buffer and CMA buffer at pH6. In the case of the CMA buffer the indices 1-3 denote the lipid chain, the lipid headgroup, and
the hisactophilin layer, respectively.
In the case of the D20 contrast the index 1 denotes the hydrophobic chain region of the lipid monolayer. The index 2 denotes the layer, which consists
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1 -3

FIGURE 6 Comparison of optimal
fits of R(Q)-versus-Q curves of EC-
HIS on 1:1 mixed DMPC-d67/
DMPG-d54 monolayers on CMA
buffer at pH 6, assuming partial pen-
etration and pure adsorption, respec-
tively. The markers give the mea-
sured data points, the drawn line
corresponds to the situation of pure
adsorption, and the dashed line to that
of partial penetration. The inset
shows the result of the x2 analysis of
the scattering length density of the
lipid headgroup, which leads to a sys-
tematic error of ±0.2 * 10-6 A-2.

1 o-4

.0

*S0
1 0,5

1 o06

x DMPC-d67/DMPG-d54 + EC-HIS
on CMA-buffer

- best fit: adsorption of EC-HIS (no penetration)

--- fit: penetration of EC-HIS

3
0.1

momentum transfer 0 [1/A]

region of the lipid layer. In all DIC-HIS experiments, the
addition of protein causes a consistent reduction in the
scattering length density of the hydrocarbon chain region
PI of API = 0.1 * 10-6 A-2 (cf. Table 3, column Pi). If
we take the measured average area per DIC-HIS mole-
cule of Ap = 2800 A2 and an area per lipid molecule of
AL = 60 A2, about one myristic acid chain of DIC-HIS
should be present for every 47 phospholipid molecules.

1 0 4

FIGURE 7 Comparison of optimal
fits of R(Q)-versus-Q curves of DIC-
HIS on 1:1 mixed DMPC-d67/
DMPG-d54 monolayers on CMA
buffer at pH 6, assuming partial pen-
etration and pure adsorption, respec-
tively. The markers give the mea-
sured data points, the drawn line
corresponds to the situation of partial
penetration, and the dashed line to
that of pure adsorption. The inset
shows the result of the x2 analysis of
the scattering length density of the
lipid headgroup, which leads to a sys-
tematic error of ±0.2 * 10-6 A-2.

1 o-4

._

L.2
0

1 o-5

1 o06

The incorporation of the protonated protein chain into the
fully deuterated hydrocarbon region of the lipid should
cause a decrease in scattering length density of Ap, =
0.07 * 10-6 A-2, which is in good agreement with the
measured change. However, because the change in Pi is
in the range of experimental accuracy, it is not possible to
calculate a reliable value for the average area per DIC-
HIS molecule from the decrease in the parameter Pi -

0.1
momentum transfer Q [1/A]
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TABLE 4 Comparison of fitted parameters of layer thicknesses d,, scattering length densities p,, and interfacial roughnesses or
for DIC-HIS bound to 1:1 mixtures of DMPC-d67 and DMPG-54 in absence and presence of actin

No. of d, Pi ' d2 P2 2
Protein Buffer layers [A] [*10-6 A-2] [A] [A] [*10-6 A-2] [A]

DIC-HIS pH 6 CMA 2 21 4.6 3 12 1.1 2
DIC-HIS + actin pH 6 CMA 2 23 4.0 3 54 0.1 10
DIC-HIS + actin pH 9 CMA 2 23 4.4 3 51 0.1 22
DIC-HIS pH 6 D20 2 14 5.4 3 25 5.9 3
DIC-HIS + actin pH 6 D20 2 14 5.2 3 63 6.0 12

Data are shown for CMA buffer at pH 6 and pH 9 and for D20 buffer at pH 6.
In the case of D20 buffer the indices 1 and 2 denote the layer of lipid chain and the layer consisting of lipid headgroup, DIC-HIS, and actin, respectively.
For CMA-buffer the indices 1 and 2 denote the total lipid layer and the total protein layer consisting of DIC-HIS and actin, respectively.

Hisactophilin-mediated binding of G-actin

As shown in the previous publication by microfluorescence
(Behrisch et al., 1995), natural hisactophilin can mediate the
binding of monomeric actin to monolayers. However, this
technique cannot distinguish between true binding and mere

accumulation of proteins at the lipid/water interface. There-
fore, we investigated the modification of the R-versus-Q
curves for 1:1 mixtures of DMPC-d67/DMPG-d54 with
bound natural hisactophilin (DIC-HIS) induced by the in-
jection of G-actin into the subphase. For that purpose mo-

nomeric actin (42 kDa) was added to the subphase after
equilibration of the hisactophilin binding to the monolayer
at concentrations of DIC-HIS of 1.5 ,ug/ml (0.11,IM) and
actin of 3.75 ,Ag/ml (0.09 ,uM). To avoid polymerization of
actin, Ca2+ in the subphase was sequestered by EGTA.
Measurements were performed with both D20 buffer and
CMA buffer. The results of our analysis of the reflectivity
curves are summarized in Table 4. For DIC-HIS on CMA,

103

FIGURE 8 Plot of reflectivity R(Q)
versus momentum transfer Q (mark-
er) and corresponding fitting curve

(solid line) of DIC-HIS bound to 1:1
mixed DMPC-d67/DMPG-d54 in the
presence of 0.1 uiM actin on CMA
buffer at pH 6. The fitting curve ob-
tained before injection of actin
(dashed line) is shown for compari-
son. To simplify the representation,
the data points obtained before injec-
tion of actin are not shown. A remark-
able change is only observed at Q <

0.07 A- '. The inset illustrates the re-

sult of the x2 analysis of the layer
thickness consisting of lipid head-
group and proteins (DIC-HIS plus ac-

tin), which leads to a systematic error

of +2 A. Values of layer thicknesses
di and scattering length densities p

are summarized in Table 4.

10
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the indices 1 and 2 denote the total lipid layer and the total
protein layer, consisting of DIC-HIS and actin, respectively.
In the case of D20-contrasts the indices 1 and 2 correspond
to the hydrophobic region of the lipid monolayer and the
sum of lipid headgroup and total protein layer (DIC-HIS
plus actin).

Fig. 8 shows reflectivity data (marker) of 1:1 mixed
DMPC-d67/DMPG-d54 on the D20 subphase after the ad-
dition of both DIC-HIS and G-actin together with the best
fitting curve (solid line). In addition, the best fit (dashed
line) describing the situation before the injection of actin is
illustrated. The R(Q)-versus-Q plots in the absence and
presence of actin differ remarkably. In particular, the reflec-
tivity at Q ' 0.07 A- 1 is reduced appreciably. Least-square
fitting by a two-layer model shows that the thickness d2,
which comprises the headgroup and the protein layer, in-
creases from d2 = 25 ± 2 A in the absence to d2 = 63 ±

2 A (cf. Fig. 8, inset) in the presence of actin (cf. Table 4),

x DMPC-d67/DMPG-d54 +DIC-HIS +actin
on D20-buffer

best fit

--- best fit (before injection of actin)

1-- I _ _
5 6 7 8 9

0.1
momentum transfer 0 [1/A]
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while the scattering length density remains constant (P2 =
6.0 ± 0.1 * 10-6 A-2) within experimental error. The
increase in the thickness d2 of about 40 A due to actin
adsorption agrees well with the thickness of the actin mono-
mer, which is a globular protein of dimension 3.3 x 5 X 5.6
nm (Smith et al., 1983). This leads to the conclusion that
actin forms a single monomolecular layer. From the values
of total scattering length of the corresponding protein on
D20-subphase b(protein), the fitted scattering length density
pp, the fitted thickness dp, the scattering length density of
D20 p(D20), and the area per protein molecule obtained by
NMR-structure determination Ap(NMR), we can calculate
the area occupied by one protein molecule Ap by the fol-
lowing equation:

Ap = Ap(NMR) + b(protein) - ppdpAp(NMR)
=A~~(NMR)p+p- dpp(D20) .(7

First, we consider the DIC-HIS layer before the addition of
actin. The theoretical scattering length of hisactophilin on
the D20 subphase can be estimated from structural data.
The value of b(protein) 0.0525 A leads to an area covered
by one DIC-HIS molecule of Ap 5965 A2. Now, the
fraction of the lipid area pp covered by DIC-HIS can be
determined by using Eq. 6, which yields a value of about
18%. This result is in good agreement with the ppp values
found for the 1:1 mixtures of DMPC-d67/DMPG-d54 on the
CMA subphase after the addition of DIC-HIS.

Second, we can now estimate the area covered by one
actin molecule in the same manner. Together with the
theoretical scattering length of actin on the D20 subphase of
b(protein) 0.242 A and an averaged area of 1200 A2 from
x-ray structural data, one obtains from Eq. 7 an area per
actin molecule of Ap 9026 A2. Using Eq. 6 and taking
into account a maximum area of actin of 1650 A2, we can

2.2-

2.0-

FIGURE 9 Plot of x2 versus interfacial roughness of the
actin/subphase interface o2, which leads to the statistical error
of Ao2 = ±3 A. This supports the idea that in contrast to the
flat interface between hisactophilin and subphase (0-2 C 3 A),
the interface between actin and subphase (°2 = 12 A) is rather
rough (cf. Table 4).

N O
X 1.8-

1.6 -

1.4 -

0

now calculate the fraction of lipid area pp covered by actin.
A value of about 18% is found. The agreement of the 'pp
values of DIC-HIS and actin shows that 65% of the mem-
brane-bound DIC-HIS are coupled to one actin molecule,
because the molecular areas of DIC-HIS (_1000 A2) and
actin (- 1500 A2) are similar. It means that the histidine-rich
loops of DIC-HIS, which are the only binding sides for the
actin molecule, should mainly point into the subphase.
A more careful analysis of the actin experiments shows

that the reflectivity data can only be fitted in a satisfactory
way by considering an interfacial roughness ori as an addi-
tional parameter for each layer. Our fitting procedure yields
Or, = 3 ± 3 A and (r2 = 12 + 3 A. For comparison, we also
determined values of roughness for the case of the actin free
monolayer, for which we find or, = 3 + 3 A and o-- = 3 ±
3 A. The roughness of the lipid layer is of the order of the
resolution limit and thus is insignificant. However, the
roughness caused by actin binding is much larger than the
resolution limit, strongly suggesting that the interfacial
roughness between actin and subphase is remarkably in-
creased. As illustrated in Fig. 9, our findings are also supported
by the x2 analysis of q2, which yields in the case of actin x2 =
2.2 for q2 = 0 A and x2 = 1.46 for o2 = 12 A.

In the case ofCMA buffer, the changes in the reflectivity
behavior are much less pronounced. Therefore, the data (not
shown) were only analyzed in terms of a two-layer model
composed of a lipid layer and a protein layer. The total
protein layer thickness of d2 = 54 ± 4 A (cf. Table 4) can
be interpreted as the superposition of a 12-to 15-A-thick
layer of hisactophilin and a 40-A-thick actin layer. How-
ever, these results represent a rather crude estimation, be-
cause the scattering contrast between protein layer and the
CMA subphase is in the range of the experimental accuracy
(P2 = 0.1 ± 0.1 * 10-6 A-2). To optimize the fitting results,
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1% 02
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roughness of the actin/subphase interface a2 [A]
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we had to include interfacial roughness again. Before the
addition of actin, we obtain or-== = 3 ± 3 A, whereas
Or, = 3 ± 3 A and o-2 = 10 ± 3 A in the presence of actin.
This is in good agreement with the results obtained for the
D20 subphase.

In a separate experiment, we studied the modification of
the reflectivity curve of the DMPC/DMPG/DIC-HIS/G-ac-
tin layer by changing the pH of the CMA subphase from pH
6 to pH 9 (lines 3 and 4 in Table 4). According to Table 4,
the thickness d2 of the layer attributed to the adsorbed
proteins does not change remarkably. The invariance of d2
is surprising, because it is well known (cf. Scheel et al.,
1989; Behrisch et al., 1995) that the binding of actin by
hisactophilin is suppressed at pH > 8. Moreover, owing to
the neutralization of the histidine groups at pH > 8, the
electrostatic binding of the protein to the monolayer is
expected to be reduced. On the other hand, the data indicate
that the binding strength of actin is appreciably reduced.
The scattering length density Pi attributed to the lipid layer
increases fromp, = 4.0 + 0.2 *106A 2at pH 6 toP2 =
4.4 ± 0.2 * 10 6 A-2 at pH 9. The latter approaches this
value in the absence of both hisactophilin and actin (P2 =
4.6 ± 0.2 * 10 6 A-2), indicating a weaker coupling of the
proteins with the lipid monolayer. The weaker actin-hisac-
tophilin coupling is also supported by the increase in the
roughness or2 from 10 A at pH 6 to 22 A at pH 9 (cf. Table
4). As will be discussed in the next section, the small effect
of the histidine neutralization could be rationalized in terms
of hysteresis effects or in terms of a change of the pK value
of the protein. Such changes of pK at the air/water interface
have been well established for partially charged lipid layers.

DISCUSSION

The present experiments demonstrate that neutron reflectiv-
ity measurements and their evaluation in terms of the clas-
sical model of specular reflection at stratified layers pro-
vides a technique for studying the adsorptive interaction of
proteins with membranes. In fact, as shown previously
(Johnson et al., 1991a), the technique may be easily ex-

tended to supported bilayers, which are more realistic mod-
els of biomembranes than monolayers. The latter, however,
have the major advantage of controlling the lateral pressure.

In our previous film balance and microfluorescence stud-
ies, we showed that both the natural (DIC-HIS) and the fatty
acid-depleted (EC-HIS) hisactophilin bind strongly to par-
tially charged membranes of DMPC/DMPG mixtures and
weakly to DMPC at lateral pressures up to 30 mN/m. These
experiments suggested, moreover, that both species bind to
the monolayer, leading to lateral condensation of the lipid.
Together with the previous studies (Behrisch et al., 1995),
the present neutron reflectivity measurements suggest the
models shown in Fig. 10, which stresses our finding that
only the protein with the myristic acid chain actually pen-
etrates into the lipid monolayer.

According to Table 3, the scattering length density of the
lipid headgroup for the CMA buffer is decreased by about
30% (from P2 = 3.5 ±0.2* 6A2t 2.5 ± 0.2
* 106 A-2). This strongly suggests that the natural protein
DIC-HIS penetrates with amino acid side chains into the
semipolar region of the lipid monolayer. A remarkable
result is that this interaction mechanism is similar for
charged and noncharged lipid layers. Additionally, our ex-
perimental results indicate a partial penetration of the myr-
istic chain of DIC-HIS into the hydrocarbon interior of the
lipid layer, although the degree of penetration is astonish-
ingly small.

Judged from the present studies it appears that the elec-
trostatic interaction increases the local concentration of the
protein near the surface of the lipid, and the binding equi-
librium of hisactophilin to the membrane is therefore ex-
pected to be shifted toward the side of the bound protein.

The previous monolayer experiments (Behrisch et al.,
1995) and the present study provide evidence that the fatty
acid is important for the hisactophilin-mediated binding of
actin to membranes and suggest a different orientation of
the DIC-HIS and EC-HIS for the following reasons.

First, one knows from biochemical studies that the
charged histidine groups are necessary for the binding of
actin, suggesting that they provide the tight binding places

air

lipid chain region

lipid head group region

protein

subphase

FIGURE 10 Schematic view of models of different binding of natural DIC-HIS (left) and fatty acid-deficient (genetic product) EC-HIS (rig/it) coupled
to a partially charged DMPC/DMPG mixed monolayer.
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for actin-hisactophilin coupling (Scheel et al., 1989). More-
over, EC-HIS promotes the polymerization and bundling of
actin filaments, as suggested by quasielastic light scattering
experiments (R. Gotter and E. Sackmann, unpublished
results).

Second, the monolayer experiments clearly showed that
EC-HIS cannot mediate the binding of actin monomers to
the membrane, but that it induces the polymerization of
actin under nonpolymerizing conditions (Behrisch et al.,
1995) with long polymers penetrating into the subphase. It
is for that reason that we did not study the EC-HIS/actin
system by neutron reflectivity measurements, because the
scattering length densities of actin and water are so similar
(no contrast) that the diffuse actin layer would not be
detectable.
The most likely explanation for the above finding is that

actin competes with the lipids for the histidine-rich binding
places of hisactophilin and displaces EC-HIS from the
monolayer, suggesting that the histidine groups are in more
intimate contact with the monolayer than in the case of
DIC-HIS.
The present work has provided further and more direct

evidence that actin-binding proteins can mediate the binding
of actin to lipid membranes at high lateral pressures (-25
mN/in) similar to those in biological membranes. Moreover,
we demonstrated that the fatty acid anchor is essential for
the tight binding and the functional orientation of the mem-
brane-associated proteins. The charged lipids strongly favor
the protein binding but are not absolutely necessary. As
shown in the previous film balance experiments, the fraction
of bound protein increases rapidly with increasing content
of charged lipid (DMPG) but is already saturated at 30
mol% of DMPG, which is remarkably close to the lipid
content in the inner monolayer of the plasma membrane.

Judged from the film balance experiments, hisactophilin
does not penetrate into monolayers at lateral pressures 1T-
30 mN/m (Behrisch et al., 1995). However, we also showed
in the previous paper that once the protein is incorporated at
lower X values ( 7r ' 25 mN/m), it remains in the membrane
up to 35 mN/m before it is squeezed out. This strong
hysteresis provides a possible mechanism for the control of
hisactophilin-mediated coupling of actin to intracellular
membranes. The actin-membrane coupler could penetrate
into the membranes during transient local density fluctua-
tions (e.g., caused by the action of phospholipases). It would
remain in the membrane after relaxation of the fluctuations.
The penetration during the density fluctuation could actu-
ally be a fast process owing to the preceding protein accu-
mulation at the membrane surface by electrostatic forces. As
pointed out above, the hysteresis effect could be one reason
for the small effect of the change from pH 6 to pH 9 on the
DIC-HIS binding.

It is well known from numerous monolayer studies that
the pH is decreased at negatively charged membranes be-
cause of the surface potential. Therefore, the apparent pK
values of lipids or other charged species adsorbed to acidic
monolayers are higher than the value found in the bulk

phases. The present experiments were performed at an ionic
strength of about 20 mM, corresponding to a Debye screen-
ing length of KI- 20 A. Because the measured thickness
of hisactophilin is about 15 A, the histidine groups would
feel a strong negative potential, even if the histidine groups
are pointing away from the monolayer surface. For that
reason the difference in the binding strengths of DIC-HIS
and EC-HIS is expected to be small at low ionic strengths.
The present work demonstrates that neutron surface scat-

tering techniques provide a powerful tool for detailed stud-
ies of protein-membrane interaction and protein-protein rec-
ognition at membranes. In particular, it can be applied to the
large class of nonintegral but membrane-associated pro-
teins, which couple to lipid layers by the combination of
electrostatic or/and hydrophobic forces (in the presence of
fatty acid chains). These include phospholipases, kinases,
G-proteins, or cell contact site proteins of Dictyostelium
cells. Because many of these proteins are only available in
small quantities, the high sensitivity of the present tech-
nique is a great advantage.
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