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ABSTRACT The molecular organization of streptavidin (SA) bound to aqueous surface monolayers of biotin-functionalized
lipids and binary lipid mixtures has been investigated with neutron reflectivity and electron and fluorescence microscopy. The
substitution of deuterons (2H) for protons (1H), both in subphase water molecules and in the alkyl chains of the lipid surface
monolayer, was utilized to determine the interface structure on the molecular length scale. In all cases studied, the protein forms
monomolecular layers underneath the interface with thickness values of -40 A. A systematic dependence of the structural
properties of such self-assembled SA monolayers on the surface chemistry was observed: the lateral protein density depends
on the length of the spacer connecting the biotin moiety and its hydrophobic anchor. The hydration of the lipid head groups in
the protein-bound state depends on the dipole moment density at the interface.

INTRODUCTION

The control of the structural organization of molecules at
surfaces is a key for interface functionalization, and thus for
the design of advanced materials (Swalen et al., 1987). Such
control, however, requires ultrasensitive characterization
techniques, since minute amounts of materials suffice for
surface functionalization. A process that gains progressively
more importance for interface modification involves the spe-
cific binding of proteins at surfaces, utilizing the molecular
recognition principle developed in the course of evolution in
living cells for a number of purposes, such as immunore-
sponse, biocatalysis, and communication (Alberts et al.,
1983). Immobilized proteins have been utilized in numerous
applications in biotechnology (Carr and Bowers, 1980;
Gronow, 1991). With the recent advent of novel sensitive
techniques capable of characterizing interface structures on
the molecular length scale (Mohwald, 1990) it is now pos-
sible to optimize such systems on the basis of a molecular
comprehension of the interface structure.
The engineering of functionalized solid surfaces on the

molecular length scale can be achieved by two routes
(Swalen et al., 1987): molecular layers of the functional moi-
ety can either be attached directly to a solid interface by
adsorption from solutions (Sagiv, 1980; Ebersole et al.,
1990), or they can be formed and manipulated at gas-liquid
interfaces and subsequently transferred to solid substrates
(Hafeman et al., 1981). From an applied science perspective,
the characterization of the resulting solid surface may be of
greater immediate importance (Ebersole et al., 1990). How-
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ever, the ease by which molecular organic layers on liquid
surfaces may be manipulated to yield desired structural prop-
erties (Egger et al., 1990) makes them attractive systems for
the investigation of the underlying organization principles. In
addition, the aqueous subphase presents a molecularly
smooth interface, with a residual roughness that may be due
to thermally excited capillary waves (Als-Nielsen and Kjaer,
1989; Sanyal et al., 1991), and results in samples with better
homogeneity than those prepared on most solid supports.

It has been established that protein molecules can be
coupled to fluid surfaces in well-defined structures by the
functionalization of interfaces (Uzgiris and Kornberg, 1983;
Tamm, 1988; Pisarchick and Thompson, 1990). In such ex-
periments, monomolecular lipid surface layers present re-
ceptors to the aqueous subphase into which a corresponding
protein is dissolved. If the mobility of surface-bound protein
parallel to the interface remains large enough, lateral self-
organization into two-dimensional (2D) crystals may occur.
This was demonstrated by electron diffraction of uranyl
stained samples (Ludwig et al., 1986; Reed et al., 1987; Ribi
et al., 1987; Darst et al., 1991). The preparation and ma-
nipulation of such 2D protein aggregates is of importance in
cases where proteins do not readily form 3D crystals
(Henderson et al., 1990; Mosser et al., 1991; Mosser and
Brisson, 1991).
As a model system for our investigations we used the well-

characterized streptavidin-biotin system (Chaiet and Wolf,
1964; Wilchek and Bayer, 1988; Weber et al., 1989). Strept-
avidin (SA), a tetrameric protein extracted from Streptomy-
ces avidinii of -55 kDa, has an exceptionally high affinity
to biotin with a binding constant comparable to that of co-
valent bonds. It can bind four ligands, two at each of two
opposing faces. Recently, we have characterized the struc-
tural organization of SA adsorbed to an aqueous surface
functionalized with a biotinylated lipid (Vaknin et al., 1991a,
1993; LUsche et al., 1992; L6sche, 1992). On this molecule,
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the biotin was directly attached to the lipid head group. We
have established that the protein organizes in monomolecular
layers and have determined the dry volume and the lateral
density of the protein by the interpretation of x-ray and neu-
tron reflectivity measurements with space-filling molecular
models (Vaknin et al., 1993). In the present study we report
the organization of SA bound to biotinylated DPPE, depos-
ited at the interface as the pure compound and in binary
mixtures with unfunctionalized lipids. In this system, the
biotin is attached to the lipid head group via a caproyl spacer,
so that it may be presented to the subphase at a larger distance
from the aqueous interface. We thus investigate the question:
how does the structural organization of the self-assembled
protein monolayer depend on surface chemistry?

MATERIALS AND METHODS

Neutron reflectivity of interfaces
The optics of x-ray and neutron reflectivities of interfaces have been treated
in detail in recent reviews (Als-Nielsen and Kjaer, 1989; Russell, 1990). In
the experiments reported here, a monochromatic neutron beam with wave
vector ko, incident at an angle ao on an aqueous surface, is specularly re-
flected (i.e., exit angle, ar =a, a) with wave vector kr (cf. Fig. 1), and
thus the scattering vector, Q = k, - ki, is strictly parallel to the surface
normal, z. By monitoring the incident and the reflected neutron intensities,
IO and Ir, the reflectivity R = h/Io is reported as a function of Q. A brief
account of the neutron reflectivity of interfaces is given in the Appendix.
For a schematic representation of the Fresnel reflectivity, RF, of a clean fluid
interface, refer to Fig. A2 in the Appendix. Reflectivities are given on a
logarithmic scale as a function of Qz, since RF decays proportionally to
Q3 4. RF = 1 below the critical momentum transfer, Qc, if the scattering
length density (SD) of the subphase, PbUlk, has a positive value. If PbUlk <
0, e.g., for neutron reflection from H20, Qc is an imaginary quantity and RF
decreases monotonously with Q7.

Data evaluation
In the general case, the reflectivity of an interface cannot be directly con-
verted into the SD profile due to the loss of phase information in scattering
experiments, although a model-independent reconstruction technique has
been recently proposed (Zhou and Chen, 1993). Hence, the usual way to
evaluate the data is to define and to refine an appropriate model. It has to
be stressed that such a procedure does not lead to unique results. Rather, due

FIGURE 1 Schematic depiction of the geometry of a neutron or x-ray
reflectivity measurement at a stratified interface. The impinging beam (in-
tensity I., wave vector ko, incident angle a.) is specularly reflected (Ir,
k, ar). The momentum transfer, Q, is strictly parallel to the surface normal
i. Off-specular scattering (intensity ISC) at a horizontal scattering angle 20
is also indicated.

to the phase problem, more than one set of parameters may yield identical
reflectivities. In such cases it may be impossible to decide on the basis of
reflectivity measurements alone which parameter set is the appropriate one.

For the calculation of the model reflectivities we have used the Parratt
formalism (Parratt, 1954). Throughout this work we have used box models
(see below) to describe the interface structure. For D20 subphases the SD
values were included as parameters in the fits. Fixed values for the surface
roughness, o- = 3 A (Vaknin et al., 1991c) for the lipid monolayer and o-

= 3.5 A (Vaknin et al., 1993) for protein/lipid layers, have been used and
assumed to be equal at all interfaces for the evaluation of the model re-
flectivity. Within the narrow Qz range accessible in measurements, the sur-
face roughness has but a marginal influence on the model reflectivities.
Similarly, fixed values, based on results from independent measurements,
have been used for the lateral density and the hydrophobic layer thickness
of chain-protonated lipids. These model parameters could not be determined
from the neutron measurements, which implies that the model reflectivity
is insensitive to them. Best-fit SD profiles have been determined using
least-squares fitting to multiple data sets that were taken from isotopically
distinct samples, as described below. The profiles were interpreted in terms
of space filling molecular moieties.

Details of the model refinement

In an earlier investigation (Vaknin et al., 1991c) we described the structure
of a lipid monolayer at an air/water interface using a two-slab model with
five adjustable parameters. The information contained in one reflectivity
data set was found to be insufficient in determining all five parameters with
accuracy. We therefore developed an evaluation procedure which combined
x-ray and neutron data from corresponding samples in a global data set, that
was used for refinement of a generalized model (Vaknin et al., 1991b) under
the assumption that the structures were identical in experiments with dif-
ferent radiation sources (x-ray or neutron) and, in neutron experiments, in
samples with different isotopic constituents. The number of slabs of the
model was chosen to correspond to the number of functional molecular parts
in the system (Als-Nielsen and Kjaer, 1989), a hydrophobic layer next to
the air and a hydrophilic layer incorporating the hydrophobic chains and the
hydrated parts of the lipids plus water molecules, respectively. In the re-
finement procedure, the atomic content of these slabs was kept fixed while
the packing conditions were adjusted under volume constraints. SD values
were computed from the scattering lengths and the packing conditions, and
the model was refined with all corresponding data sets simultaneously. A
similar composition-space refinement technique has been independently de-
veloped to evaluate x-ray and neutron scattering data from vesicle suspen-
sions (Wiener and White, 1991). Using this approach we have subsequently
described protein/lipid layer systems (Vaknin et al., 1991a), where a third
slab underneath the lipid accommodated the hydrated proteins.

In the present work we have adopted the following molecular interpre-
tation of the interface structure (cf. Fig. 2): the lipid tail layer, closest to the
air, comprised the hydrophobic moieties of the lipids. A comparison of the
volumes of the disordered lipid chains from the fit with that of densely
packed chains (Vaknin et al., 1991c) constituted a consistency check for the
results. Underneath, the lipid head group layer incorporated a parameterized
number of water molecules, n'head. Two biotin moieties per SA, conceived
as protein bound, were included in the protein layer. This layer also in-
corporated a number of water molecules, npr. Thus, the volume associated
with one SA molecule (area x thickness of the protein layer, Apr X dpr)
contained one SA, 2 biotins and nP' water molecules and was located
underneath n, = Apr/Al lipid molecules, which contained n, x nlhead water
molecules in their head groups (see definitions in Table 1).

One critical set of parameters in the refinement was the volumes of the
molecular constituents, and in particular that of SA, VSA, since it dominates
the SD of the protein layer. In our first report on neutron reflectivity ex-
periments (Vaknin et al., 1991a) we overestimated VSA from the x-ray crys-
tal structure (Hendrickson et al., 1989) and, as a consequence, the quanti-
tative conclusions on the amount of protein bound water were wrong. We
were unable to discriminate between two distinct models of the interface
which led to identical model reflectivities. We have since determined VSA
in combined x-ray and neutron reflection experiments on one particularly
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FIGURE 2 Molecular interpretation of the three-layer model used in this work. Layer 1, closest to the air, contains the hydrophobic moieties of the
surface-deposited lipids. Layer 2 contains the hydrophilic moieties of the lipids, including the spacer-coupled biotins and hydration water molecules. Two
biotins per protein, conceived as SA bound, are contained in layer 3, together with the hydrated protein. The molecular structure of the functionalized lipid
is given in the inset.

TABLE I Best-fit parameters (two-box model) of the in situ
structure of a biotinylated monolayer prior to protein binding.
DMPC-d5SB-cap-DPPE (3:1) at ir = 15 mN/m, on 0.5 M NaCI in
D20, T- 18°C

Parameter Measurement Description

Independent parameters
A1 85.8 A2 Area per lipid molecule in surface

monolayer
dchain 10.3 A Thickness of lipid tail group layer
dlhead 7.2 A Thickness of lipid head group layer

Constants and dependent parameters
1b* 3 A Surface roughness

n^>d 6.3 Water molecules per (average) lipid
head group

*Assumed from x-ray reflectivity data on lipid surface monolayers (Als-
Nielsen and Kjaer, 1989).

well-investigated SA/lipid system (Vaknin et al., 1993). In the current study,
the molecular volumes of the moieties of the system were obtained either
from experiments (Vaknin et al., 1991c; Nagle and Wiener, 1988; Wiener
and White, 1992) in the case of lipids; from computer models of molecular
fragments (PM3 structure optimization starting from crystal structure data,
with a subsequent estimate of the solvent-inaccessible volumes using the
program MOLSV, QCPE program number QCMP053) in the case of the
functionalized lipid; or from the bulk properties in the case of water and
electrolytic solutions. The following numerical values were used: VsA =

66,000 Al (± 10% (Vaknin et al., 1993)); V=,,PDPPE = 700 A3 (including
biotin); VDMc = 335 A3; Vbi.tod = 227 A3; VD2O= VH2O = 30A3. The volume
of the hydroxyl head group of cholesterol was neglected in the binary (3:1)
mixture with B-cap-DPPE, i.e. the "average" head group volume was as-
sumed to be 175 A3 (= 0.25 X VlQDPPE + 0.75 X 0 A).

The substrate scattering length densities accounted for the dissolution of
0.5 M NaCl. Since the repeated use of recycled D20 lead to a continuous
decrease in its isotopic purity, it was unpracticable to keep track of the
pollution with H20 at every stage of the experiments. We have therefore
fitted the substrate SD of D20 buffers in the modeling of the data.

Proton/deuteron exchange on the protein in isotopically different sub-
phases was taken into account. The SA tetramer incorporates 828 exchange-
able protons (for the amino acid composition of SA, see Green (1975)).
While SA is perprotonated in H20 buffer, a certain proportion of amino
acids, which are readily accessible to solvent, will exchange deuterons for
protons if the protein is dissolved in D20 buffer. We have estimated the
extent of this exchange from the experimental data on SA bound to binary

mixtures of DMPC and B-cap-DPPE (see below). The data were best de-
scribed ifwe assumed that 8 - 60% of the exchangeable protons are actually
replaced by deuterons in D20 buffer. We have subsequently used this value
to describe the other experimental situations reported in this study.

Confidence limits of the best-fit parameters were evaluated by mapping
the x2 "potentials" in the parameter space (Vaknin et al., 1991c): a
P-dimensional set of independent parameters, a, of the model R was refined
to its best-fit value, amin, by finding the global minimum of

a,
a2

2(-) 1 N FR.-R(Qz;a)12

with respect to the N experimental reflectivity data Ri and their standard
deviations ovi which have been obtained at the momentum transfer values
Qz. To evaluate the sensitivity of the fit to changes in a parameter ak from
its optimum value a',, Eq. 1 was minimized with respect to the remaining
P-1 parameters while keeping ak at a fixed value and readjusting x2 to a new
local minimum. Since ain" defined the global minimum in parameter space
(at least in the range of parameters that is physically reasonable) this pro-
cedure mapped a potential-like situation with all values of the local
minima in the (P-1)-dimensional space above the global minimum. We
chose a 15% increase in X2 to define the confidence limit of the best-fit
value of a parameter.

Materials and sample preparation
Samples were prepared on 0.5 M NaCl (p.a. grade, Merck, Darmstadt, Ger-
many) solutions made from water that was either filtered (H20) in a Milli-Q
apparatus (Millipore Corp., Bedford, MA; resistivity, X -18 Mflcm) or
distilled (D20) at least five times (four times from KMnO4; p.a., Merck) in
an all quartz/Teflon (PTFE) apparatus (Normag AG, Hofheim/Ts., Ger-
many; I > 10 Mflcm). Resistivities were determined with a conductometer
incorporated in the Milli-Q plant or with a hand-held apparatus (CG 858,
Schott, Hofheim/Ts., Germany). The value given for our D20 samples poses
a lower limit. As judged from surface isotherms and from observing the
dissolution of bubbles introduced into the H20 or D20 samples, their pu-
rity with respect to surface active compounds was comparable. The D20
was stored in Teflon (FEP) bottles (Berghof, Eningen, Germany) and re-
cycled after use. The isotopic purity of the D20 was 94-98% in different
experiments.

L-a-Perdeuterodimyristoylphosphatidylcholine (DMPC-d54, purity >
99%; Avanti Polar Lipids, Alabaster, AL) and L-a-dimyristoylphos-
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phatidylcholine (DMPC, > 99%) and cholesterol (>99%, both: Sigma,
Miinchen, Germany) were used as supplied. These phospholipids were
dissolved in CHC13/CH30H (3:1; both solvents: p.a.; Merck). The bioti-
nylated lipid N-biotinyl-S-{1,2-bis[(octadecyloxy)carbonyl]ethyl}cysteine
(B-BOCEC; see Blankenburg et al. (1989)), used in previous investiga-
tions, was a generous gift from H. Ringsdorf, Mainz. B-BOCEC,
N-biotinylcaproyldipalmitoylphosphatidylethanolamine (B-cap-DPPE, >
99%; Molecular Probes, Eugene, OR) and nitrobenzoxadiazolphosphati-
dylethanolamine (NBD-DPPE, >99%; Avanti) were dissolved in CHC13.
For the preparation of binary lipid monolayers, lipid solutions were mixed
before spreading.

For fluorescence experiments, streptavidin (Boehringer Mannheim,
Penzberg, Germany) was labeled with fluorescein isothiocyanate (FITC,
isomer I, Sigma) according to a standard procedure (Nargessi and Smith,
1986) with an average of two chromophores bound per protein molecule.
To obtain a stock solution for neutron reflectivity experiments, the unlabeled
protein was dissolved in a 0.5 M NaCl solution in D20 at a concentration
of 8 ,uM (0.5 mg/ml). For reflectivity experiments, 1-ml aliquots were in-
jected into the electrolytic subphase of the film balance in the region of the
illuminated surface. If no redistribution by convection or diffusion into the
whole subphase volume (400 ml) is assumed, the amount of SA introduced
is equivalent to less than 10 densely packed protein monolayers (limiting
area per molecule in a protein monolayer estimated from Hendrickson et al.
(1989): A mn -2,350 A2, cf. Vaknin et al. (1991a)). This amount was dis-
solved into a local aqueous depth of 300 ,um. The actual protein/interface
area ratio was smaller than the estimate given above, as traces of the protein
were observed over the whole trough on cleaning after the experiments.
Protein was usually injected underneath a lipid monolayer which had been
prespread on a NaCl solution and had been characterized by reflectivity
measurements; results were identical if a lipid monolayer was spread on a
subphase that already contained the protein.

For electron microscopy, samples were prepared according to Darst et al.
(1991) on a film balance under fluorescence microscopic control. Protein/
lipid films were transferred to carbon-coated (-100 A) grids at a lateral
pressure, Xr = 30 mN/m, by touching the surface horizontally with the
hydrophobic surface of the grid. Subsequently, the samples were flushed
with Millipore water and soaked for -30 s. with 1% (w/v) uranyl acetate
solution. Reference experiments using micro-titer plates for the preparation
of the sample instead of the film balance resulted in significantly poorer
sample quality.

Instrumentation

Reflectometer

The neutron reflectometer located at the beam line TAS 7 of the DR3 reactor
at Ris0 National Laboratory has been described in detail previously (Vaknin
et al., 1991c). Cold neutrons delivered by the neutron guide are diffracted
from the (002) planes of a highly oriented pyrolytic graphite monochromator
at A = 4.6 A, confined by a variable slit-collimator-slit arrangement and
impinge on the aqueous surface contained within a Langmuir film balance
after passing a beam intensity monitor. The entrance angle onto the liquid
interface, ao, can be adjusted in the range between 00 and 7°. The coherence
length is determined by the geometry of the reflectometer and is highly
anisotropic in the plane of the specimen, -105 and -100 A in y and x
directions, respectively (5 is the direction of the projection of the beam, see

Fig. 1).
The Langmuir film balance is encapsulated in a gas-tight and

temperature-controlled aluminum container. Macroscopic surface waves are

damped by a glass block submersed in the aqueous compartment underneath
the beam. In this area the subphase depth is reduced to -300 ,um, which
proved effective in preventing the propagation of accidentally excited sur-

face waves. At the same time the subphase volume is considerably reduced
for protein experiments. The illuminated area on the film balance is roughly
kept constant at -3 X 10 cm2 by adjusting the slits during scans of ao.

Higher harmonics are removed from the reflected beam by a cooled be-
ryllium filter. The background, both room background and incoherent scat-
tering, is determined by rotating the detection arm of the instrument hori-

zontally out of the specular position. As indicated in Fig. A2, the signal
decays rapidly as a function of the rotation angle, 20. Experimentally, the
background level is measured at 20 = +3°.

The instrument and data acquisition are computer-controlled. During
measurement times for a reflectivity curve between Qz = 0 and 0.3 A-i of
typically 12 h, absolute reflectivity values as low as 10-6 can be determined
after background subtraction. Radiation damage is negligible for both the
x-ray and neutron measurements as indicated by the fact that results are
reproducible after extended times of radiation exposure.

Fluorescence microscopy
Fluorescence microscopic measurements were performed in Mainz on a
dedicated film balance with a microscope of local design incorporated into
the bottom of the trough (L6sche and Mohwald, 1984). The instrument
enables the measurement of the lateral distribution of dye molecules located
at the interface with a resolution of -2 ,um. The chromophores may be
directly attached to lipid molecules at the surface or, as in our experiments,
bound to proteins that interact with the interface. In either case, only the
emission from fluorophores with a distance from the surface less than -1
,um is imaged. High sensitivity is achieved by using an SIT video camera
head (C1000-12, Hamamatsu, Herrsching, Germany) to store data on tape
(Super-VHS) or hard copy, and by standard on-line (Argus-10, Hamamatsu)
and off-line (software: Image v1.28 by W. Rasband, National Institutes of
Health, Bethesda, MD) image processing. Using FITC labels, approximately
1 chromophore per 10,000 A2 is sufficient to obtain micrographs with ac-
ceptable signal-to-noise ratio.

Electron microscopy
Electron micrographs were recorded with a Philips EM300 (low magnifi-
cations, ' 2,000 X) on Ilford Pan F film (50 ASA) or with a Philips
EM420ST (LaB6 cathode at 100 kV; magnification, 60,000 X) on 6 X 6-cm2
photographic plates (Kodak ISO 163). Suitable regions on negative images
were digitized using a CCD camera (Pullnix TM765 with Makro Nikkor
f = 50 mm) with calibrated magnification, and subsequently Fourier-
transformed on a computer (software: Image v1.28).

RESULTS

Synopsis of the investigated systems

In our previous work we have established the formation of
a monomolecular layer of SA underneath a surface mono-
layer of the biotinylated lipid, B-BOCEC (Vaknin et al.,
1991a), and have determined the solvent-inaccessible vol-
ume of the protein within the hydrated monolayer (Vaknin
et al., 1993). This is a basis for an investigation of the struc-
tural organization of SA bound to different lipid surface
monolayer systems in the current work. Here, we have used
B-cap-DPPE as a functionalized compound with a longer
spacer between the biotin and the head group, since the short
spacer moiety in B-BOCEC ties the protein immediately to
the surface-bound lipid, and it was anticipated that a longer
spacer might improve the control over the structural orga-
nization. A fully extended head group of B-cap-DPPE is
approximately 12 A longer than that of B-BOCEC (see inset
in Fig. 2). Besides the pure compound, we have investigated
binary mixtures of B-cap-DPPE with DMPC, both with per-
protonated and perdeuterated chains, and with cholesterol, on
H20 and on D20. Fig. 3 illustrates the relative neutron con-
trasts between the components of the systems.
The monolayers of the pure compound and the binary mix-

tures were compressed to a lateral pressure ir = 3 and 15
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FIGURE 3 Cartoon of the investigated mo-
lecular lipid/protein layer systems. In the cen-
ter columns of each panel grey scale repre-
sentations of the SD contrast in the different
layers are given. Negative values of the scat-
tering length density are labeled "N." (a) SA
underneath B-cap-DPPE at low lateral density
in H20 and D20. ir -3 mN/m. (b-d) Lipid
monolayers consist of binary mixtures of fully
protonated or chain-perdeuterated DMPC and
B-cap-DPPE (b and c) or of cholesterol and
B-cap-DPPE (d) on different subphases as in-
dicated. ir = 15 mN/m. All subphases con-
tained 0.5 M NaCl.

mN/m, respectively. The areas per molecule at these pres-
sures ensured a comparable biotin density at the interface and
reduced steric hindrance between neighboring biotin moi-
eties within the pure B-cap-DPPE lipid surface monolayers.
We found that the lateral pressure of the monolayer did not
increase significantly upon protein injection. Usually, a
slight rise by less than Awr = 3 mN/m was observed in the
course of 10 h, independent of the starting value of ir. The
final value of ir was typically between 16 and 16.5 mN/m
after 24 h if the protein was injected at 15 mN/m. The drift
of the Wilhelmy balance was less than 0.3 mN/m in 24 h.

Measurements of reflectivity curves (R vs. QJ) were only
started after 20 scans (see Fig. A2) had settled into a stable
situation, usually 1-2 h after protein injection. 20 scans were
occasionally repeated after completion of the measurement
of a reflectivity curve to ensure that no structural rearrange-
ment had occurred during the duration of the experiment.

Lipid monolayer isotherms

The general features of lipid surface monolayer isotherms are
extensively discussed in the literature (Cadenhead et al.,
1980; Bibo et al., 1991). Isotherms of the compounds and
mixtures employed in this study are shown in Fig. 4. The
isotherm of a B-cap-DPPE monolayer on 0.5 M NaCl in H20
showed the same general features as the corresponding iso-
therm of B-BOCEC (cf. Fig. 3 in Blankenburg et al., 1989).
At large areas, A > 200 A2 and ir -0 mN/m, the monolayer
underwent a two-dimensional gas/liquid phase transition. At
smaller areas, wr rose gradually as the monolayer reached a
homogeneous liquid phase. Decreasing the area to -80 A2
drove the system into a first order phase transition from a
more expanded to a more condensed phase, indicated by the
plateau at Xr -30 mN/m. At A -55 A2 a homogeneous and
highly condensed phase was reached as indicated by the low
compressibility observed in the isotherm. The monolayer
collapsed at X -45 mN/m, A -45 A2. The isotherm of
B-cap-DPPE on D20 was similar to the one on H20 but
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FIGURE 4 Surface monolayer isotherms, 7rvs. A, of B-cap-DPPE and its
binary mixtures with DMPC and cholesterol (1:3) on 0.5 M NaCl in H20
as the electrolytic subphase, T -18°C. Same conditions as in the fluores-
cence microscopic and neutron reflectivity experiments, but no protein in
the subphases. Marked are the points in the isotherm, where neutron re-
flectivity curves after SA binding have been measured.

showed a slightly increased lateral pressure. Here, the phase
transition started at ir -32 mN/m, A -80 A2 (data not
shown).

Pure DMPC exhibits featureless isotherms at room tem-
perature (Albrecht et al., 1978). The isotherms of chain-
perprotonated and chain-perdeuterated DMPC monolayers
on 0.5 M NaCl solutions in H20 or D20 were indistinguish-
able within experimental error (data not shown). In all cases,
the lateral pressure of the monolayer rose steadily up to the
collapse point without any indication of a phase transition
within the condensed regime.

Isotherms of binary mixtures (3:1) of DMPC and B-cap-
DPPE showed an almost ideal mixing behavior (Fig. 4).
The onset of the lateral pressure upon compression was
found at higher areas (A 2 110 A2) than for pure DMPC
monolayers due to the presence of B-cap-DPPE. A steady
pressure increase upon compression was observed in the
isotherms of all systems (data of the other mixtures not
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FIGURE 5 Fluorescence micrographs of FITC-labeled SA bound to binary mixtures (3:1) of perprotonated and chain-perdeuterated DMPC with B-cap-
DPPE at 15 mN/m on different isotopic subphases containing 0.5 M NaCl, T -18°C: (perprotonated) DMPC, H20 (a) and D20 (b); DMPC-d54, H20 (c)
and D20 (d). The bar in a represents 50 Am.

shown) up to ir -40 mN/m, where collapse occurred. The
phase transition of the B-cap-DPPE component was barely
visible at above 30 mN/m, and it could not be determined
with accuracy whether or not a slight shift in the phase
transition pressure occurred. No indication of a macro-
scopic phase separation was detected in fluorescence mi-
croscopic experiments in the condensed regime of the
mixed monolayers (doped with 1 mol% NBD-DPPE).
Isotherms of isotopically distinct systems could not be
distinguished.

Similarly, featureless isotherms were observed with
monolayers of binary mixtures of cholesterol and B-cap-
DPPE (3:1) (see Fig. 4). The monolayer was slightly more
condensed than that of the DMPC/B-cap-DPPE mixture, and

no phase transition could be detected from its isotherm or
from fluorescence microscopy.

Fluorescence microscopic observations of SA
binding
Prior to neutron reflectivity measurements, the binding of
FITC-labeled SA to functionalized lipid monolayers was
characterized in fluorescence microscopic experiments with
the systems depicted in Fig. 3. In all cases an interaction of
the protein with the functionalized surface was indicated by
a marked increase of the fluorescence from the interface re-
gion. Fig. 5 shows representative micrographs for the four
different isotopic systems of the binary mixture DMPC/B-
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FIGURE 6 Neutron reflectivity of a D20 subphase (0.5 M NaCl) covered

with a binary mixture of DMPC-d54 and B-cap-DPPE (3:1) at on= 15 mN/i

(A -85 A2 per lipid molecule) and T i18°C. The symbols indicate the

experimental data. Error bars are incuded with all data points. The solid line

is the computed reflectivity rom the SD profile shown as a solid line in the

inset. The dotted line in the inset indicates the box profile as it would appear
without surface roughness. The parameters describing the model are listed
in Table 1. The dashed line in the main figure indicates the substrate re-

flectivity with surface roughness.

cap-DPPE: (a) chain-protonated DMPC component on H20
and (b) on D20; (c) chain-deuterated DMPC component on

H20 and (d) on D20. The scale bar in Fig. 5 a is 50 ,um. In
some cases (most clearly shown in Fig. 5 a), the formation
of 2D protein domains at the interface was observed. These
domains were optically anisotropic: the emission intensity
after linearly polarized excitation depended on the polariza-
tion direction of the incident light. The differences in the
morphological structures of different systems, which are

shown in Fig. 5, may only be due to differences in the length
scales of the inhomogeneities. Similar to the observations
with B-BOCEC (Vaknin et al., 1991a), the nucleation of
domains occurred faster on D20 (Fig. 5 b) than on H20 (Fig.
5 a), leading to domains that were too small to be clearly
imaged in the fluorescence microscope. With lipid mixtures
involving DMPC-d54 (Fig. 5, c-d), the features were gen-

erally more fuzzy, and we did not observe a pronounced
optical anisotropy of the structures which would be sugges-
tive of a crystalline state.
SA binding to surface monolayers of pure B-cap-DPPE

( 7r = 3 mN/in) resulted in macroscopic morphologies similar
to those shown in Fig. 5 a, whereas under monolayers of the
cholesterol/B-cap-DPPE mixture at ir = 15 mN/m structures
were similar to those in Fig. 5 b (data not shown).

Neutron reflectivity measurements

Lipid surface monolayers

Some of the lipid monolayers were characterized by neutron
reflection measurements prior to protein injection into the
subphase. The fully protonated samples add virtually no con-

trast to the scattering length density profile of the bare in-

terface. Conversely, with chain-deuterated lipids, surface
monolayers show sufficiently high contrast for structural in-
vestigations. Fig. 6 shows the neutron reflectivity of a binary
monolayer of DMPC-d54/B-cap-DPPE on D2O/NaCl ob-
served over a range of almost seven orders of magnitude.
Included with the data are the Fresnel reflectivity of the sub-
phase (with surface roughness) as a broken line and as a full
line the reflectivity calculated for the SD profile shown in the
inset. This profile corresponds to the best-fit parameter set
describing a two-slab model. The substrate SD has been in-
cluded in the fit. A molecular interpretation of this profile is
consistent with the formation of a hydrophobic lipid chain
layer (thickness: dchain -10.3 A) on top of a hydrophilic lipid
head group slab (thickness: dhead -7.2 A). Approximately 6
D20 molecules are associated with each lipid head group.
The density of the lipid monolayer, as determined from the
neutron data, is about 1 molecule per 86 A2, in accordance
with the isotherm. The resulting average volume occupied by
the lipid tails is -880 A3, considerably larger than 750 A3,
the expected value for closely packed chains (Vaknin et al.,
1991c). The best-fit values are listed in Table 1.

Protein monolayers adsorbed to binary DMPC/B-cap-DPPE
mixtures

Fig. 7, a-d, shows the neutron reflection from buffer inter-
faces where SA was bound to binary mixtures ofDMPC with
B-cap-DPPE (a and b: DMPC component and c and d:
DMPC-d54 component on H20 and on D20). The Fresnel
reflectivities RF (with surface roughness) are indicated by
broken lines; solid lines correspond to calculated reflectivi-
ties using SD profiles (shown in the insets) deduced from a
simultaneous fit to all four data sets. Even when analyzed
individually, i.e., without cross-reference to one another, all
four data sets indicated the formation of monomolecular pro-
tein layers underneath the lipid. In qualitative terms, the
minima in reflectivity around Qmm --0.065 A-1 in Fig. 7, b
and d, are related to the total film thickness d -w/Qmn -50
A (Als-Nielsen and Kjaer, 1989; Tidswell et al., 1990; see
also Eq. All). None of the individual data sets is sufficient
to support a three-layer model. However, combining the four
data sets and fitting to them one general model simulta-
neously necessitated a three-layer description.
The best-fit values are listed in Table 2. The protein mono-

layer had a thickness dpr = 40 ± 4 A; one SA molecule with
its associated water molecules occupied an areaApr = 3,300
± 300 A2 within the protein film.' These results imply that

1 To address the question if contrast variation has an influence of its own
on the self-assembled structure we have also modelled the data with different
parameters A H20 and A 20 in order to account for microscopic differences
in the protein organization, which could be the reason for the macroscopic
morphology differences in the fluorescence microscopic observations: a
smaller size of the 2D protein domains on D20 than on H20 may be due
to a higher nucleus density, and hence a smaller size of critical nuclei (Ad-
amson, 1990). This would indicate a larger gain in the free energy associated
with the incorporation of a surface-bound SA molecule into a domain, con-
nected with a smaller average distance between neighboring SA molecules,
and hence a smaller valueApr. We found thatAp20 andA020 were identical
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FIGURE 7 Neutron reflectivities of aqueous surfaces with SA bound to binary DMPCIB-cap-DPPE (3:1) monolayers on 0.5 M NaCl in water at various

contrasts (IT = 15 mN/rn, T 180C). The different panels correspond to the experimental situations shown in Fig. 3, b and c. The solid lines are the computed

reflectivities from the best-fit models of a simultaneous refinement procedure (see text). The coffesponding SD profiles are included as insets and the model

parameters are listed in Table 2. Dashed-dotted lines in the insets indicate the SD expected for dry SA and for the dehydrated lipid head groups. Note the

difference in the SDs of SA on H20 and D20 due to the exchange of protons.

SA constituted 58 ± 3 wt% of this slab. With VSA = 66,000

A3 (Vaknin et al., 1993), the data were best described if we

assumed that about 60% of the exchangeable protons on the

SA tetramer were displaced by deuterons from the D20

buffer. However, the fraction of exchanged protons, 5, could
only approximately be determined, since it is correlated with

VSA and the uncertainty in VSA inferred a large uncertainty

in &. We estimate 8 = 60% ± 40%.

The area per phospholipid molecule at the surface in-

creased from 85 to 120 A2,. indicating that the monolayer was

severely rearranged by the protein application and incuba-

tion. In order to quantify the effect of SA binding on the

in-plane homogeneity of the interface structure we compared

the shape of the diffuse scattering from the surface before and

after protein binding by detuniing the specular angle ar. As

an example, Fig. 8 shows scans of the reflection angle ar (Cf.

within experimental error. Similarly, different parameters A 12and A C2
resulted in identical best-fit values.

Fig. Al) around the specular reflection position from a

DMPC-d54IB-cap-DPPE monolayer on D20 prior to and

after protein injection. The half widths of the intensity peaks

are identical within experimental error suggesting that the

molecular protein layer was homogeneous on a length scale

greater than the coherence length of the probing beam in Qy
direction (10 gtm).

Protein monolayers adsorbed to pure B-cap-DPPE

monolayers

Fig. 9 shows the neutron reflectivity of buffer interfaces with

SA bound to pure B-cap-DPPE monolayers on (a) H20 and

on (b) D20. Insets show SD profiles obtained from the si-

multaneous refinement of the data sets. Both data sets on

their own were consistent with the formation of monomo-

lecular protein layers underneath the lipid surface monolay-

ers. The slight shift in the minimum position in the D20 data

set to Qrnf -0.075 A-' with respect to the binary mixtures
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TABLE 2 Best-fit parameters (three-box model) of the in situ structure of streptavidin bound to a biotinylated monolayer,
DMPC/B-cap-DPPE (3:1) at ir = 15 mN/m, at the air-buffer (0.5 M NaCI) surface, T- 180C

Parameter Measurement Description

Independent parameters
Apr 3,300 ± 300A2 Average area per protein
(A ErM 3,400 ± 700 A2 Area per protein from electron micrographs)*
dpr 40.0 ± 4 A Protein layer thickness
A1 121 ± 12 A2 Area per lipid molecule in surface monolayer
dchain 7.5 ± 3 A Thickness of lipid tail group layer
d1head 10.5 +2.5/-4.0 A Thickness of hydrated lipid head group layer

Constants and dependent parameters
0t 3.5 A Surface roughness
VSA* 66,000 A3 Water-excluded volume of SA in the film
.pr 2,200 ± 300 Water molecules per SA in the protein film
.Ihead 29.0 ± 6 Water molecules per (average) lipid head group
ni 27 ± 4 Lipids in surface monolayer per protein

Scattering length densities and volume constraints
(bi are the nuclear neutron scattering lengths)

Ppr = (bSA + nwhb, + 2bbiotJ)/APrdr Protein layer
Phead = ((bh,ad(avg.) + nlheadb )n- 2lbIOt )/Ap dhead Lipid head group layer
Pchain =bchain (avg.)/AIdchain Lipid tail layer
nl =Apr/A 1
n =(Aprdp- VSA - 2VbiOtfn )/VW
n riead = (Ap,di, - n Vhea(avg.) + 2Vbioin)IVwnl

The volume (Apr X dpr) of the protein compartment comprises one SA molecule (volume VSA), nwP water molecules (Vw = 30 A3), and two biotin head
groups (Vbi.tin -227 Al).
*Value given for comparison.
*From experimental data (Vaknin et al., 1993).
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a layer thickness dchain = 10 A, slightly larger than that in
the binary mixture, but significantly smaller than the value

0.03 11X t determined for DPPC-d62 at Xi = 42 mN/m (Vaknin et al.,
lent angle: 1i991c), and have kept this value constant during the data

...t

0.66X I evaluation. The surface monolayer area, which could not be
. . determined from neutron reflectivity measurements due to

the lack of contrast, was assumed to beA, = 130 A2/molecule
-- - ---- t - from the isotherm, and kept constant in the fit. In contrast,

.the thickness and the hydration of the lipid head group slab
were refined in the model. Our assumption that the structure

a //4 S of the lipid monolayer was not changed by the protein ap-
"em.*, . , ., i &@ a -^: plication and incubation, despite the structural changes

0.2 0.4 0.6 0.8 1.0 which we have been able to quantify for the DMPC mix-
reflection angle, a (0) tures, does not affect the conclusion on the structure of the

protein aggregate and affects the lipid head group only with
:d neutron intensity as a function of ar at constant a, respect to its hydration, since the measurement is sensitive
cap-DPPE monolayer on D20/NaCl prior to (circles) to the total amount of water in that slab. The general con-
A binding. The solid lines are Gaussian fits to the data. clusions on the structural properties of the layer system are
lection peaks are identical within experimental error. independent of Al.

The results from the model refinement are listed in
Table 3. The uncertainties of the determined parameters are

indicates a decrease in the overall layer small compared to those determined for the binary lipid mix-
interface structure to about 45 A. tures with phosphocholines due to the fact that we have used
(zed the data with a three-layer model, in assumptions on Al and dChain. Qualitatively, we can draw the
direct comparison with the results for the following conclusions from a comparison to the structural
ares with DMPC. However, an analysis of organization of the system with the binary lipid mixture in
ring lengths of the constituents shows that the surface monolayer: (a) the protein was organized in a
Ices effectively to a two-layer description more compact structure. One protein molecule occupied an
Fig. 9): the perprotonated lipid chains add average area of Apr -2,900 A2 and had -1,600 water mol-
ering length to the profile. Moreover, the ecules associated with it. We thus observed a significantly
e lipid head group slab is much smaller than higher protein density at the interface (-66 wt% of SA in the
.d protein film. We have therefore assumed hydrated monolayer on H20 buffer); (b) the lipid's head
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mixture of cholesterol and B-cap-DPPE shows a exceedingly
small scattering length per (average) hydrophobic moiety of
the lipid monolayer (2.38 X 10-6 A, compared with 3.92 X
10-3 A for the binary mixture DMPC-d54IB-cap-DPPE). To
be consistent with the models for the other investigated lipid
systems, we have formally included this minute scattering
length in the fit in a "three"-slab model. The area per lipid
molecule was determined from the isotherm,Al = 75 A2, and
kept constant in the fit. The parameter set which fitted the
data best, cf. Table 4, suggests thicknesses of the protein
layer of dpr -36 A and of the lipid head group layer of dlhead
-10 A. Although the result for dpr is somewhat small, it

0.1 agrees with the other results within experimental error. One
SA molecule occupied an average area ofApr -2,800 A2 and
was hydrated by -1,100 water molecules (-74 wt% of SA
in the hydrated monolayer on H20). Whereas the density of
the protein layer was comparable with the results from the
systems with the pure B-cap-DPPE surface monolayer, sig-
nificantly more water, -20 molecules per lipid, was ob-
served in the head group slab.

Electron microscopy

.15

FIGURE 9 Neutron reflectivity of aqueous surfaces with SA bound to
pure B-cap-DPPE monolayers, cf. Fig. 3 a, on 0.5 M NaCl in water at two
contrasts (r -3 mN/m, T -18°C). The solid lines show the computed
reflectivities from the best-fit models of a simultaneous refinement proce-

dure. The corresponding SD profiles are included as insets and the model
parameters are listed in Table 3.

group was dehydrated. We measured -5 water molecules
attached to each lipid head group, compared with -30 water
molecules that were included in the head groups of the phos-
pholipid mixture; (c) the thickness of the protein layer, dpr
-40 A, was identical within experimental error in both cases.

Protein monolayers adsorbed to binary cholesterol!
B-cap-DPPE mixtures

The neutron reflectivity from buffer interfaces with SA ad-
sorbed to surface monolayers of binary mixtures of choles-
terol with B-cap-DPPE are shown in Fig. 10. A pronounced
minimum in the reflectivity is observed at Qmin -0.075 A-1,
suggesting a total width of the interface structure of about 45
A. The protein was organized in monomolecular layers under
the functionalized lipid. Simultaneous refinement of both
data sets led to the SD profiles shown in the insets. These
demonstrate that the three-layer model formally used reduces
practically to a two-layer model. The reason is that the 3:1

For a few samples, electron microscopy (EM) experiments
were conducted in order to cross-check the protein density
obtained from neutron reflectivity experiments. Fig. 11
shows a typical transmission electron micrograph of an ura-

nyl stained SA layer attached to DMPC/B-cap-DPPE (3:1)
at low magnification (scale bar: 5 ,um). We compressed the
surface monolayer to rr = 30 mN/m prior to protein ad-
sorption in the preparation procedure, since the samples did
not transfer well at 15 mN/m.

It is easy to discriminate between protein covered (i.e.,
stained) and uncovered areas in the micrograph. Due to the
mechanical stress upon transfer, the film was ruptured, and
multiple cracks are seen in the image. Nevertheless, large
areas of the order of tenths of tLm2 have been transferred
intact and could be further investigated in high-magnification
EM. The results showed that these regions are probably not
comprised of single 2D SA crystals, but positional correla-
tion was observed in areas larger than 100 X 100 nm2. Fig.
12 a shows an image of such an area (scale bar: 1000 A). The
primary magnification in the EM was 60,OOOX. A well-
ordered stripe-pattern is visible on close inspection of the
micrograph. Such micrographs were digitized into a matrix
of 512 X 512 pixels, and Fourier-transformed on a computer.
The resulting Fourier space representation of a 166 X 166
nm2 area of Fig. 12 a is shown in Fig. 12 b. It is assumed
that all the observed reflections are due to one 2D crystal
contained within the digitized image, because no grain
boundaries or changes in orientation of the lattice could be
detected in the real space image. The Fourier map is com-
patible with an oblique lattice (,y -68°). First and second
order Fourier peaks are observed in the transform at about k
= (45 + 4 A)-1 (Fourier peak A); (25 ± 3 A)-1 (E); (42.2

4 A)-' (B); (81 + 6 A)-' (D); and (26.2 ± 5 A)-' (C).
ReflectionD could not be identified in all cases on the trans-

,?<6~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.
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..... ...... .. ...
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TABLE 3 Best-fit parameters for the in situ structure of streptavidin bound to a biotinylated monolayer, B-cap-DPPE at I = 3
mN/m, at the air-buffer (0.5 M NaCI) surface, T- 180C

Parameter Measurement Description

Independent parameters
Apr 2,900 ± 150 A2 Average area per protein
dpr 39.5 ± 4 Protein layer thickness
d1head 6.7 ± 2 A Thickness of hydrated lipid head group layer

Constants and dependent parameters
VSA* 66,000 A3 Water-excluded volume of SA in the film
Al* 130 A2 Area per lipid molecule in surface monolayer
dchain 10 A Thickness of lipid tail group layer
(7* 3.5 A Surface roughness
.Pr 1,600 ± 200 Water molecules per SA in the protein film

Ihead 6.5 ± 8 Water molecules per lipid head groupnw
nl 22.5 ± 1 Lipids in surface monolayer per protein

It was assumed that -60% of the exchangeable protons on SA were replaced by deuterons on D20. For more details, see Table 2.
* From experimental data (Vaknin et al., 1993).
t From the isotherm.

forms from different real space images. Assuming that the
innermost reflections, A and D, define the fundamental vec-

tors (1, 0) and (0, 1), the unit cell area isAuc -3,380 ± 700
A2. The remaining reflections may then be indexed as

B: (0, 2); C: (-1, 3); and E: (2, 0).
In a more elaborate investigation of similar transferred

SA/lipid layer systems, where the protein was bound to
B-BOCEC in binary mixtures with an unsaturated phospho-
choline, Darst found a size of the rectangular unit cell of 80
X 85 A2 (Darst et al., 1991). Two SA molecules were con-

tained within this unit cell. From this result, and with an

estimate of the lower limit for the area per SA of 2,350 A2
(from Hendrickson et al. (1989), see Vaknin et al. (1991a)),
we conclude that the unit cell in the present study contains
just one protein molecule. We estimate the area per SA mol-
ecule within the transferred and stained structure therefore to
be A EM = 3,400 ± 700 A2 in the protein layer bound to the

pr

3:1 mixture of DMPC and B-cap-DPPE (see Table 2), com-
parable to the value determined in the in situ neutron re-

flectivity measurements.

DISCUSSION

In previous work (Vaknin et al., 1991a; Losche et al.,
1992; Losche, 1992; Vaknin et al., 1993) we have-demon-
strated how to extract structural information on the mo-

lecular length scale from reflectivity measurements on

self-assembled protein interface layers. Here, we use neu-

tron reflectivity as well as electron and fluorescence mi-
croscopy to investigate how the structural organization of
such supramolecular interface layers is influenced by sur-

face chemistry. In combination with the data reported in
our earlier work with the functionalized lipid B-BOCEC
(Vaknin et al., 1993) our results show two trends in how
the protein organization responds to changes in the chemi-
cal composition of the functionalized surface monolayer,
and from these trends we postulate that:

(1) the lateralprotein density depends on the 'effective'
spacer length between the biotin and its hydrophobic
anchor on the functionalized lipid.

The effective spacer length is that part of the spacer moi-
ety, which is not impeded in its mobility by steric hindrance
from neighboring head groups of nonfunctionalized lipids.
When bound to pure monolayers ofB-BOCEC (Vaknin et al.,
1993), where biotin is directly attached to a small head group,
SA was found to organize in a low density at the interface,
approximately 1/4,600 A-2. In contrast, upon binding to
B-cap-DPPE and to cholesterol/B-cap-DPPE mixtures,
where the spacer length is increased by - 12 A, we observed
a considerably larger density, approximately 1/2,800 A-2.
Due to the size of the cholesterol head group the flexibility
of the spacer on B-cap-DPPE is not reduced in the binary
mixture, so that the effective spacer length is the same in both
cases. The spacer's flexibility in this binary mixture may
even be increased, since the interdispersion of cholesterols
between the functionalized lipids will reduce steric hin-
drance, which neighboring B-cap-DPPE head groups exert
upon one another in pure monolayers.

In comparison, mixing B-cap-DPPE with DMPC leads to
a reduction in the effective spacer length, since the choline
head groups are much bulkier than those of cholesterol and
reduce the mobility of a large part of the spacer on B-cap-
DPPE. In condensed lipid surface monolayers, the choline
head groups were found to extend to about 9 A from the
interface (Vaknin et al., 1991c). In response, the bound pro-
tein organizes in a slightly decreased lateral density at the
interface, 1/3,300 A-2. The reason for only a moderate pro-
tein density reduction may be that those parts of the spacers,
which extend further away from the interface than the choline
head groups, are higher in their mobility than they would be
in pure B-cap-DPPE monolayers, where they are subject to
mutual head group interference.
We speculate that the length and the flexibility of the

spacer control the flexibility of an individual surface
bound SA molecule to adjust to one another in order to
form the arrays of surface immobilized proteins observed
in fluorescence and electron microscopy. As has been
demonstrated with electron microscopy, there exists long-
range positional order within these protein domains, al-
though such aggregates are most likely not just 2D crystals
in a classical sense (Haas and Mohwald, 1993). Since the
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FIGURE 10 Neutron reflectivity of aqueous surfaces with SA bound to
binary cholesterollB-cap-DPPE (3:1) monolayers, c.f. Fig. 3 d, on 0.5 M
NaCl in water at two contrasts (-n- = 15 mN/m, T - 18°C). The solid lines
show the computed reflectivities from the best-fit model of a simultaneous
refinement procedure. The corresponding SD profiles are included as insets
and the model parameters are listed in Table 4.

nucleation and growth of such 2D domains are collec-
tive processes, it seems reasonable to assume that the
manner in which a surface-bound protein is actually li-
gated to the interface, may control the density of proteins
in the aggregates.

(2) The dipole moment density at the interface controls
the amount of water which interpenetrates the protein
and lipid monolayers.
Whereas in monolayers of the pure components the

slightly hydrophobic head groups of the functionalized lip-
ids are dehydrated in the protein bound state (n head s 5 for
both B-BOCEC and B-cap-DPPE), a large number of wa-

ter molecules is observed between the lipid and protein
monolayers with both binary B-cap-DPPE mixtures (n1lead
' 15 for cholesterol and n"ead 25 for DMPC). The di-
pole moment associated with the hydroxyl head group of
cholesterol is significantly smaller than that of the choline

head group. As in the case of the protein density, it seems
intuitively clear what one should expect as a response
of the system to the inferred chemical changes, but only
by reflectivity measurements it was possible to quantify
the structural changes in the protein organization at the
interface.

In all cases which we have studied are the values of the
protein layer thicknesses at the interface identical within ex-
perimental error. dpr -40 A suggests that SA binds with its
smallest edge parallel to the interface normal. In the crystal
structure, the projection of this edge on the local axis is -48
A in length (Hendrickson et al., 1989). The fact that we
measure a thickness of the bound protein layer smaller than
that does not indicate that the interface is only partially cov-
ered with protein, but that we measure the average thickness
of a bumpy structure, which may even partially interpen-
etrate the lipid surface monolayer if bound via a short spacer
as in the case ofB-BOCEC (Vaknin et al., 1993). Correlating
the orientation of the surface bound protein with its crystal
structure confirms that the protein presents two binding
pockets toward the interface, and hence its two remaining
binding sites toward the bulk of the subphase. This suggests
that SA binds to two receptor molecules at the surface and
is the structural basis for the capability of the SA monolayer
to bind dissolved biotinyl derivatives from the fluid phase,
and thus to form complex, but well-defined, supramolecular
structures (Herron et al., 1992).

In the discussion of protein interaction with interfaces,
unspecific adsorption is invariably a major issue. It is there-
fore worth stressing that in preparations where the protein
would not be specifically adsorbed, the neutron and fluo-
rescence microscopy data (not shown) gave no indications
for the presence of protein at the interface. Based on neutron
data (not shown), the protein formed the same interface struc-
tures after injection underneath a preformed biotinylated
lipid monolayer and upon spreading of the biotinylated lipid
on a protein solution.
We have addressed the question of whether isotopic con-

trast variation has an impact of its own on the average mi-
croscopic structure (see explanatory footnote in Results) and
have not found any indication that it does. In particular, we
see no influence on the protein density at the interface. This
is not trivial, since from nucleation theory (Adamson, 1990)
the observed differences in the macroscopic morphologies of
the 2D protein aggregates on H20 and D20 subphases might
be expected to reflect microscopic morphology differences
(Vaknin et al., 1993).

In our model we have assumed that the surface is covered
with a laterally homogeneous structure. This assumption col-
lides apparently with the fluorescence microscopic obser-
vation that the protein organizes in macroscopic 2D domains
at the interface which are interdispersed with a continuous
phase, that has presumably a different microscopic structure.
In contrast to the emission from the domains, the fluores-
cence from the continuous phase is isotropic, indicative of a
higher symmetry. This does not necessarily imply a lower
protein density: although anisotropic domains occupy a high

SA underneath
cholesterol/B-cap-DPPE (3:1) on_O.................N .....1_
0.5 M NaCl in D 0, n = 15 mN/m, T - 18°C
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TABLE 4 Best-fit model (quasi-two-box model) for the in situ structure of streptavidin bound to a biotinylated monolayer,
cholesterol/B-cap-DPPE (3:1) at ir= 15 mN/m, at the air-buffer (0.5 M NaCI) surface, T-- 180C

Parameter Measurement Description

Independent parameters
Apr 2,800 ± 125 A2 Average area per protein
dpr 35.8 + 4.5/-3.5 A Protein layer thickness
dihead 10.2 ± 2 A Thickness of lipid head layer

Constants and dependent parameters
VSA* 66,000 A3 Water-excluded volume of SA in the film
A1 75 A2 Area per lipid molecule in surface monolayer
dch.in 10 A Thickness of lipid tail group layer
(a* 3.5 A Surface roughness
npr 1,100 + 300/- 250 Water molecules per SA in the protein film
nffiead 20 ± 5 Water molecules per lipid head group
ni 37.5 ± 1.5 Lipids in surface monolayer per protein

It was assumed that -60% of the exchangeable protons on SA were replaced by deuterons on D20. For more details, see Table 2.
*From experimental data (Vaknin et al., 1993).
VFrom the isotherm.

FIGURE 11 Transmission electron micrograph of a SA monolayer bound to a binary DMPC/B-cap-DPPE monolayer at IT = 30 mN/m, T -18°C,
transferred to a carbon-coated electron microscopy grid and stained with 1% uranyl acetate. The scale bar is 5 ,um.

proportion, -90%, of the surface area under lipid monolay-
ers of B-BOCEC (losche et al., 1992; Vaknin et al., 1993)
we observed a lower protein density than in the cases re-
ported here. In the systems investigated here, the macro-
scopic surface structure as reported from fluorescence mi-

croscopy depends strongly on the isotopic constitution both
of the subphase buffer and the lipid chains (cf. Fig. 5). On
the other side we have some evidence that the average mi-
croscopic structure is similar within the frame of the model
in isotopically distinct preparations, as inferred from model
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FIGURE 12 (a) High-magnification electron micrograph of the sample shown in Fig. 11. The scale bar is 1000 A. (b) Fourier transform of a digitized
image from a square (166 X 166 nM2) section of a. Five Fourier peaks are indicated. The scale bar is (25 A)-'.
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refinements based on individual data sets (see footnote in
Results). We conclude therefore that both protein phases
are comparable in their average density, and stress that the
reported structural properties are not the properties of the
domain phase, but constitute an average over macroscopic
areas.
A correct determination ofthe solvent inaccessible volume

of the protein, VSA, is indispensable for a correct assessment
of proton exchange on the protein in D20 buffer, and thus
of protein's surface density. VsA = 66,000 + 6,000 A3 has
been determined from combined x-ray and neutron reflec-
tivity measurements (Vaknin et al., 1993). This result trans-
lates into a SD of the dry perprotonated protein of PSA = 2.08
X 10-6 A-2 and agrees well with typical results from neutron
scattering on protein solutions (Perkins, 1988). From the
amino acid composition of the SA tetramer (Green, 1975)
and in conjunction with the volumes occupied by amino acid
monomers in single crystals (see Perkins (1988), p. 155) one
can compute a composite volume which is also close to the
determined value for VSA: Ioacid = 69,370 A' agrees
again well with the experimental result for the protein. Since
we have consistently used the same value for VSA for the
modeling of all data sets, it is expected that even if the ab-
solute results for the protein densities may contain a sys-
tematic error, the relative shift due to the changes in surface
chemistry will not.
An uncertainty of - 10% in the result on VSA translates

into a large uncertainty of -40% in 8, the fraction of
exchangeable protons on the protein which are actually re-
placed by deuterons in D20 buffer. Thus 6 cannot be ex-
perimentally determined using neutron reflectivity measure-
ments. On the other hand, the uncertainty in 8 has no
influence on the SD profile but only on the molecular in-
terpretation of the SD in the protein slab. The errors result-
ing from the uncertainty in 8 are already accounted for in
the error bars given in Tables 2-4. Table 5 displays the
sensitivity of the relevant model parameters to changes in
8 and VSA for the case of the binary mixture of DMPC and
B-cap-DPPE.

Since the SD of the protonated lipid is much smaller than
that of the protein, errors in the lipid surface density have a
negligible impact on the structural parameters deduced from

TABLE 5 Dependence of Apr (area per SA molecule) and
of npr (number of water molecules per SA in the hydrated
monolayer) on VSA, the solvent inaccessible volume,
and on 6, the fraction of protons on the protein, which
exchanges in D20

VSA 8 SD(SA,D20) Apr nprl
P3 % A-2 A2
60,000 20 0.1543 3230 2310
66,000 57.5 0.1870 3295 2180
72,000 95 0.2194 3350 2070

VSA = 66,000 ± 10% was experimentally determined (Vaknin et al., 1993).
Scattering length densities (SD) of SA in D20, calculated for different 8,
are also given. The four data sets for DMPC/B-cap-DPPE (3:1) at ir = 15
mN/r, T 18C, were simultaneously evaluated. Note that VSA and S are
strongly coupled, i.e., x2 is identical for all parameter sets shown.

neutron data for the protein aggregates. In the single case
where the neutron reflectivity measurements are sensitive to
the lipid chains, i.e., for binary mixtures employing DMPC-
d54, we have detected a significant decrease of the surface
density of lipids after the application of the protein to the
subphase, most probably due to destruction inferred in the
surface monolayer by multiple perforation with the syringe.
We have not accounted for such a rearrangement in the cases
of pure B-cap-DPPE and of binary mixtures with cholesterol
since we had no means of determining precisely the structural
changes. The general conclusions on the structure are not
affected by this omission.

CONCLUSIONS

In previous work it has been shown that SA forms well de-
fined molecular layers upon adsorption from dilute solu-
tions to biotin-functionalized interfaces (Darst et al., 1991;
Vaknin et al., 1991a; Lbsche et al., 1992; LUsche, 1992;
Vaknin et al., 1993; Blankenburg et al., 1989; Herron
et al., 1992; Schmidt et al., 1992). It was thus proposed
that the streptavidin-biotin system may serve as a basis for
elaborate supramolecular structures aimed at the function-
alization of surfaces (Ahlers et al., 1990). In this work we
have demonstrated that the protein forms surface layers in
a number of different experimental situations, where we
have systematically varied the surface chemistry, and, us-
ing contrast variation methods, we have investigated how
the surface chemistry controls the micromorphology of the
self-assembled supramolecular structures. In all investi-
gated cases we found that the protein organizes in struc-
tures consistent with the general conception used in our
earlier work, and, by quantifying subtle differences, we
were able to formulate some principles, which we postu-
late might control the morphology of these self-assembled
systems.

APPENDIX

Neutron reflectivity of interfaces

The refractive index of a homogeneous medium i for neutrons, ni, can be
calculated if the atomic content of the unit volume, Vi, is known. Each
atomic species j has a scattering length bj associated with it. If vj atoms j
are located within Vi the refractive index is

A2 1 A2
=1--X

Vi X i vi =1-
2.7r Vi 2,ir

j i Vi
(Al)

where pi is the scattering length density (SD) of the medium i. Upon trav-
eling from vacuum into the medium, the neutron momentum changes from
kl to ki and its z component, ko,r, changes to

ki,= k - 4irp, (A2)

This can be re-written as

ki _= \ 2-V(A3)
where k4c is the critical value of k, for total reflection. The reflectivity
from an ideal interface between two media, where the SD changes
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discontinuously, is

i,i+l r ri,i+l (A4a)

with

ki, -ki+1,rii+' k + k
i, i+l,z (A4b)

r represents the reflection amplitudes and the asterisk denotes the com-
plex conjugate. If there is only one interface, separating a (semi-infinite)
substrate, 1, from a vacuum compartment, the resulting reflectivity is the
Fresnel reflectivity,

RF = RF(ko7) = 1 12

which can be approximated at k,z2»>> kj C2 as

(,koz 4
-

QC 4

(A5)

(A6)

The reflectivity decreases with the fourth power of k0,o (or of Q, =

2k,,,, as reflectivity curves are usually presented as a function of the mo-
mentum transfer).

For the case of a stratified sample with sharp interfaces, multiple re-
flections occur at each interface, giving rise to interference between the
different reflected beams. If only one layer of thickness di is located between
semi-infinite vacuum and subphase compartments, 0 and 2, the reflection
amplitude at this slightly more complicated surface is

roll + rl,2 exp(2iklzdl)
1 + ro,r,2 exp(2ikl,,dl)

(A7)

As before, the reflectivity is computed by multiplication with the com-
plex conjugate of r and contains oscillatory functions of Q, (via kl7 which
depends on k0), that are formally due to the exponential arguments in Eq.
A7 and comprise the fingerprint of the interference effects. The amplitude
of these oscillations, for example, is related to the contrast between the
different media, as seen from the fact that the ri,i, 1 determine the magnitude
of the exponentials at constant k and d. Multiple layered systems may be
analyzed by using a recursion formula based on the reflectivity of the one-
layer system and by working up from the bottom layer to the top. It is easy
to see that the solutions are not straightforward or intuitive, nor can they be
given in general as a closed analytic solution. They can in principle be
obtained, however, from numerical computations (Parratt, 1954), and, pro-
vided the thickness values di are chosen small enough, any arbitrary profile
of the SD at the interface can be approximated by such a multilayer structure.

For a real liquid interface, surface roughness has to be taken into account.
It can be thought of as being introduced by thermally excited capillary waves
with amplitudes in the Angstrom regime and may be modeled as a Gaussian
smearing of the sharp step in refractive index between interfaces (Als-
Nielsen and Kjaer, 1989). The impact of interface roughness is to decrease
the reflectivity of a surface at high Q, to below the values expected from
the Q2-4 law.2 (Analogously, due to an increase in diffuse scattering, a frozen
glass pane offers less specular light reflection than a clear pane does at
progressively larger incidence angles.) The rough surface scatters some
radiation into nonspecular directions and this may appear as an elongated
tail to the specularly reflected beam, i.e., for these contributions is Q. # 0
and Qy : 0. The geometry of detuning the specular reflection condition for
the experimental characterization of the surface roughness (Sinha et al.,
1988) is depicted for the Qy component in Fig. Al, where an angle Aar =

2ep is scanned to observe the decay of the signal, and for the Q, component
in Fig. A2, where an equivalent horizontal scattering angle, 20, is scanned.
A perfectly equivalent approach to the calculation of the reflectivity of

an interface, which gives more physical insight into the relationship between

2 Due to the gradual change in density, the transmission of the interface is
also augmented.

FIGURE Al A scan of the nonspecular reflection angle, ar, around cao
leads to a momentum transfer with a horizontal component Qy > 0.

the SD profile and the final result, is the kinematical approximation (Als-
Nielsen et al., 1982; Braslau et al., 1988). It relates the Fresnel normalized
reflectivity, RIRF, to the Fourier transform of the spatial changes of the SD
profile parallel to z and to the SD of the substrate, Pbulk:

R(Q,) 1 dp(z) 2

RF(QZ 2I dz exp(iQ~z)dz
F(Qz) Pbulk ~~interface

(A8)

In this simplest form, the kinematical representation uses an approxi-
mation for the phases in the argument of the exponential. Including a re-
fraction correction, i.e., using a more sophisticated description of the phases,
it can be demonstrated for molecularly thin layers with low absorption that

FIGURE A2 Scanning the horizontal diffraction angle, 20, leads to non-

zero values of the horizontal momentum transfer component Q_. A sche-
matic presentation of reflectivity curves, log R vs. QZ, is also included.
Dashed line: Fresnel reflectivity, RF, of the substrate; solid line: hypothetical
reflectivity signal, R, of a stratified interface. Below the critical angle for
total reflection, Qc, the observed value of R is unity.

Ai~ QCQlaQ*Q _

IA2
0

0
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both computation techniques lead to identical results for all except very
small momentum transfer values, Q, - Qc, where multiple scattering effects
have been neglected in the kinematical approach (Als-Nielsen and Kjaer,
1989).

If (dp(z)Idz) is modeled by a simple one-box approximation with surface
roughness ur, i.e., when the surface is conceived as covered with one ho-
mogeneous layer of thickness d and SD pi, Eq. A8 can be expressed as

R(Qz) - 1|~ (pbuk '-A) + piexp( -iQzd)} exp( _Q2of2) 2
RF(QM) Pbulk 2 A9

(A9)
where in real space the surface smearing of the steps Api at the top and
bottom of the layer has been modeled with an error function (Als-Nielsen
and Kjaer, 1989), i.e., around z = 0, the SD profile is defined as:

p(z) = Pbulk AX [1 - erf(z/2o)]. (A10)

For small angles where the surface roughness may be neglected, Q,r << 1,
this reduces to

R(QZ) 1 X [( _ p)2' + +P2pi(pblkA) cos(Qzd)], (A1)

which may be used to semiquantitatively estimate the overall thick-
ness of an interface structure, since the minimum in reflectivity is at
Qzd = ir if Pi < Pbulk.
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