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ABSTRACT The coupling of bacterial surface (S)-layer proteins to lipid membranes is studied in molecular detail for proteins
from Bacillus sphaericus CCM2177 and B. coagulans E38-66 recrystallized at dipalmitoylphosphatidylethanolamine (DPPE)
monolayers on aqueous buffer. A comparison of the monolayer structure before and after protein recrystallization shows
minimal reorganization of the lipid chains. By contrast, the lipid headgroups show major rearrangements. For the B.
sphaericus CCM2177 protein underneath DPPE monolayers, x-ray reflectivity data suggest that amino acid side chains
intercalate the lipid headgroups at least to the phosphate moieties, and probably further beyond. The number of electrons in
the headgroup region increases by more than four per lipid. Analysis of the changes of the deduced electron density profiles
in terms of a molecular interpretation shows that the phosphatidylethanolamine headgroups must reorient toward the surface
normal to accommodate such changes. In terms of the protein structure (which is as yet unknown in three dimensions), the
electron density profile reveals a thickness I, ~ 90 A of the recrystallized S-layer and shows water-filled cavities near its
center. The protein volume fraction reaches maxima of >60% in two horizontal sections of the S-layer, close to the lipid
monolayer and close to the free subphase. In between it drops to ~20%. Four S-layer protein monomers are located within

the unit cell of a square lattice with a spacing of ~131 A.

INTRODUCTION

Bacterial and archaeal surface layers are proteinaceous
structures observed on the outer cell envelopes of a large
number of prokaryotic organisms (for a recent compilation,
see Sleytr et al., 1996a). They constitute the outermost
component on such cells and consist of monomolecular
crystalline protein layers that have been intensively studied
for more than a decade. This research has been stimulated
by both biochemical and biotechnological motivations; sur-
face (S)-layer lattices are interesting objects with respect to
their physico-chemical properties and at the same time have
been demonstrated to open up new perspectives for a num-
ber of advanced applications (Sleytr and Sara, 1997; Sleytr,
1997). Recrystallized S-layers and S-layer-supported lipid
films can cover holes or porous supports with apertures up
to several microns in diameter and still maintain their struc-
tural integrity (Pum and Sleytr, 1994, 1996; Schuster et al.,
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1998a,b). The molecular details of protein coupling to lipid
membranes is a particular aspect in the focus of this work.

Most S-layers studied to date consist of one single protein
or glycoprotein species, which is specific for a particular
bacterial or archaeal species. Structural properties of S-
layers formed by different organisms, such as the degree of
glycosylation or the lattice symmetry, may thus vary
greatly. Molecular masses of the constituent proteins may
range from ~40 to ~200 kDa (Messner and Sleytr, 1992;
Sleytr et al., 1996a), lattice constants may range from 3 to
30 nm, and the S-layer thickness may range from 5 to 15
nm. On the other hand, general features are similar for many
of the lattices studied so far. Within the two-dimensional
(2D) crystalline unit cell, protein occupies only a fraction,
typically 30—70%, of the area; this leads to the formation of
well defined and identical pores. Similarly, a pronounced
asymmetry of the topographical and physico-chemical prop-
erties of the two faces oriented toward and away from the
cell membrane has been observed as a common feature of
most S-layer lattices studied so far. The inner face, pointing
to the cell membrane, is generally more corrugated than the
outer face (Baumeister and Engelhardt, 1987; Hovmoller et
al., 1988; Beveridge, 1994). In S-layers of bacillaceae, the
outer face does not bear excess charges at physiological pH
values, whereas the inner face is often net negatively
charged (Sara and Sleytr, 1996). Recently it has been re-
ported that some organisms form complex S-layer lattices
consisting of different protein species (Messner and Sleytr,
1992), and it has also been shown that, depending on growth
conditions, single strains may express different S-layer pro-
teins that may form different lattices (Sara et al., 1996). It is
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thus clear that S-layers are nonconserved structures of lim-
ited taxonomical value. Gene or protein sequencing, on the
other hand, has shown that S-layer proteins from different
organisms show a similar overall composition with a high
abundance of glutamic and aspartic acid residues and little
or no cysteine and methionine (Messner, 1996). Generally,
S-layer lattices are self-assembled structures formed from
their constituent monomeric units at their supporting enve-
lope layer through noncovalent bonds. In Gram-positive
bacteria, S-layers are associated with the peptidoglycan-
containing layer, in Gram-negative bacteria with compo-
nents of the outer membrane, and in most archaea with the
cytoplasmatic membrane (Sleytr et al., 1996b).

A general feature of isolated S-layer proteins from bacil-
laceae is their ability to recrystallize at a variety of inter-
faces and surfaces. Reconstitution of S-layer lattices has
been reported at technical surfaces such as glass, quartz, Si,
Pt, or Au (Pum and Sleytr, 1996), where their structure may
be characterized with high resolution using atomic force
microscopy (AFM). Recrystallization has also been
achieved on various artificial membrane interfaces, such as
vesicles (Kiipcii et al., 1995) or lipid monolayers at the
surface of aqueous buffer (Pum et al., 1993; Wetzer et al.,
1997). A systematic study of the association of S-layer
proteins with lipid monolayers of various compositions, pH
values, and ionic strengths of the buffer has recently been
reported (Wetzer et al., 1998).

Although the in-plane structure of reconstituted S-layer
lattices has recently been characterized with AFM in high
resolution (Pum and Sleytr, 1995), the classical method of
structural characterization is transmission electron micros-
copy (TEM), which is capable of imaging the lattices as
formed in vivo, after freeze-etching, or upon reconstitution
on various interfaces, after heavy ion staining (Pum et al.,
1989). Unfortunately, neither characterization technique re-
veals any information on the spatial relation of the lipid and
the protein components of the composite lipid/protein layer,
and only TEM is capable of providing some limited infor-
mation on the density distribution perpendicular to the in-
terface normal (Amos et al., 1982). We have therefore
recently started to characterize the formation of reconsti-
tuted S-layer lattices at lipid surface monolayers with alter-
native methods. Particularly revealing was a dual-label flu-
orescence microscopy study in which we have investigated
the complicated interrelation between order and disorder in
both the lipid and protein components on the mesoscopic
(micrometer) length scale (Diederich et al., 1996). We
found that the local order of the aliphatic chains in the
surface monolayer controls the nucleation and growth of 2D
S-layer protein crystallites, whereas Fourier transform in-
frared (FTIR) spectroscopy indicated that protein crystalli-
zation in turn increases the order of the aliphatic chains. It
was concluded that the order on the lipid chains and in the
protein aggregates is mutually dependent. From an analysis
of the temporal development of protein adsorption and 2D
crystal nucleation and growth we derived indirect argu-
ments that the coupling of the protein to the lipid might
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occur via the lipid headgroups, implying that direct contacts
between the protein and the hydrophobic sections of the
lipid monolayer are improbable. In this work, we have
followed up these observations and have collected direct
experimental evidence on the microscopic, i.e., molecular,
details of protein/lipid coupling using x-ray reflectometry.
We have further utilized grazing incidence x-ray diffraction
(GIXD) at the buffer/air interface to study the rearrange-
ment of aliphatic chains in the lipid monolayer upon protein
adsorption and crystallization. We have also characterized
the crystallinity of the S-layer protein itself with GIXD.
From these observations a detailed picture of the coupling
of an S-layer protein to a phospholipid surface monolayer is
developed.

MATERIALS AND METHODS

Bacillus sphaericus strain CCM2177 was obtained from the Czech Col-
lection of Microorganisms (Brno, Czech Republic). B. coagulans E38—66
was from F. Hollaus (Zuckerforschung Tulln, Tulln, Austria). Growth
conditions of the bacteria in continuous culture were as reported (Sleytr et
al., 1986), and extraction of the S-layer protein with guanidine hydrochlo-
ride (G-HCl, 5 M in 50 mM Tris/HCI buffer, pH 7.2, 20°C) was performed
as described (Sleytr et al., 1986). G-HCI extracts were dialyzed against
H,O (B. sphaericus) or 10 mM CaCl, (B. coagulans). The amino acid
composition of the S-layer protein from B. sphaericus CCM2177, c.f.
Table 1, has been determined in a standard procedure (Altmann, 1992) that
is incapable of quantifying proline. Also, cysteine and tryptophan are too
labile for a quantification with this technique. Furthermore, neither glu-
tamine and glutamic acid nor asparagine and aspartic acid can be discrim-
inated with this method. Methionine and histidine were found to be below
the detection limit. Cysteine is low in abundance in other S-layer proteins
for which the amino acid composition has been determined (Messner,
1996).

Self-assembly products were sedimented for 15 min at 40,000 X g and
4°C immediately before using the protein solution in experiments. The
clear supernatant that contains the disassembled S-layer protein monomers
(~2 mg/ml of the solution) was injected directly into the subphases of
phospholipid monolayers in the Langmuir film balance. Dipalmitoylphos-

TABLE 1 Amino acid composition of the S-layer protein
from B. sphaericus CCM2177 as determined using the
method described by Altmann (1992)

Amino acid Mol % Wt %
Lysine 4.86% 6.10%
Arginine 1.12% 1.71%
Histidine ~0 ~0
Asparagine/aspartic acid 14.99% 16.63%
Cysteine ND ND
Threonine 12.59% 12.38%
Serine 5.74% 4.86%
Glutamine/glutamic acid 12.01% 14.96%
Proline ND ND
Glycine 8.98% 4.98%
Alanine 14.99% 10.36%
Valine 9.80% 9.44%
Isoleucine 3.35% 3.69%
Leucine 5.99% 6.58%
Methionine ~0 ~0
Tyrosine 2.16% 3.43%
Phenylalanine 3.41% 4.89%
Tryptophan ND ND
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phatidylethanolamine (DPPE) was purchased from Avanti Polar Lipids
(Birmingham, AL) and used as received. It was dissolved in CHCly/
CH,OH (3:1; Merck, Darmstadt, Germany, p.a. grade) to form a spreading
solution of ~1.0 mg/ml. Ultrapure H,O was prepared by filtering in a
Milli-Q (Millipore, Bedford, MA) apparatus.

X-ray specular reflection and GIXD experiments were performed at the
BW1 beam line of HASYLAB (DESY, Hamburg, Germany). In addition,
x-ray reflection measurements in a more confined momentum transfer
regime from pure phospholipid monolayers as well as confirmation exper-
iments on protein/lipid layers were conducted in collaboration with F.
Rondelez at the Institute Curie (Paris, France). X-ray experiments at
Hamburg were performed using a custom-built Langmuir film balance
(surface area, 16 X 30 cm?) incorporated in a gas-tight, thermostatted Al
container with Kapton windows for the x-ray beam (Losche et al., 1993).
A polished (A/10) Pyrex (boron silicate) glass block, inserted into the
subphase to diminish to ~300 wm, the depth under the beam footprint on
the monolayer was used to suppress surface waves in the film balance. The
film balances were operated under computer control (R&K, Mainz, Ger-
many).

Experiments were performed at room temperature (77 = 21 = 1°C).
Lipid films were prepared by spreading DPPE from the stock solution on
a buffer containing 10 mM CaCl,, buffered with ~1 mM boric acid to pH
9.0 (B. sphaericus) or unbuffered, pH ~6 (B. coagulans). After evapora-
tion of the solvent, the films were compressed to a surface pressure 7 of
typically 28 mN/m. To reduce the volume of the subphase, a clean glass
rod with square cross section was then inserted behind the barrier. This
glass rod divided the subphase into a smaller portion, supporting the
interface film and containing the barrier, and a larger portion with the clean
surface, such that the volume accessible to perfusion with the protein was
reduced from ~300 ml to ~70 ml. After optionally characterizing the
phospholipid surface layer, typically 5-10 ml of the S-layer protein solu-
tion was injected through the compressed lipid monolayer into the aqueous
subphase. The protein was allowed to incubate the compressed phospho-
lipid monolayer for 10—12 h, and progress of the film formation was
sometimes monitored by recording the reflectivity at constant momentum
transfer Q,. In such cases, protein film formation, or reorganization within
the protein film, was assumed to be completed when no change in the
reflectivity signal was observed for more than 30 min. The propensity of
the S-layer protein to crystallize under the DPPE monolayer was very
sensitive to mechanical vibrations; disturbances of the sample film during
protein adsorption inhibited protein crystallization.

The set-up at the undulator beamline BW1 has been described in detail
(Weissbuch et al., 1997). The x-ray wavelengths, chosen in different runs,
were between A = 1.38 and 1.45 A. Experiments were performed with a
wet He atmosphere over the sample films. The beam footprint on the
sample was ~5 X 50 mm? in reflectivity experiments and in GIXD
experiments at large horizontal scattering angles, 26,, i.e., when diffrac-
tion from the lipid chains was observed. It was narrowed down by an
additional pair of horizontal slits to a size of ~1 X 50 mm? at low 20,
(~1°), i.e., when diffraction from the surface bound protein was observed,
to eliminate background scattering from the Kapton windows. For reflec-
tivity measurements, the incident beam was attenuated using various cal-
ibrated Al absorbers in different regimes of Q,. At O, > 0.4 A™!, the full
(nonattenuated) beam was used in the experiments. Whereas in GIXD
experiments with lipid monolayers beam damage is usually a minor prob-
lem only, we observed that it does pose a significant problem when
protein/lipid films are illuminated with the full x-ray beam. In separate
experiments we have measured the temporal decay of low-index Bragg
reflections in the full beam and in the GIXD measurements we have
translated the sample laterally such that new sample film was continuously
moved into the beam footprint. This ensured that at any time of the
diffraction experiments largely undamaged film was illuminated.

After completing the in situ x-ray scattering experiments, the crystal-
linity and the completeness of the reconstituted protein lattice was rou-
tinely checked by transferring the lipid/protein sample films to electron
microscope (EM) grids coated with carbon films. Typically, 15-20 EM
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grids were placed at different locations on the film balance in the region of
the beam footprint. They were inspected in the EM (Philips CM12) after
fixation with glutaraldehyde and negative staining with uranyl acetate.
Reflectivity data were analyzed with two different strategies; cf. Figs. 1
and 2. First, using conventional slab models (Als-Nielsen and Kjaer, 1989;
Als-Nielsen and Mohwald, 1991; Als-Nielsen et al., 1994; Vaknin et al.,
1991), i.e., by optimization of parameterized layered scattering length
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FIGURE 1 X-ray reflectivities of a DPPE monolayer on aqueous sub-
phase (10 mM CaCl,, pH 9) at a surface pressure 7 = 28 mN/m (a) and
the same monolayer after adsorption and recrystallization of an S-layer
from B. sphaericus CCM2177 protein (b). The surface pressure has risen to
~35 mN/m during S-layer formation. Results from various fit strategies, as
described in the text and indicated in the panels, are shown. They are
displaced for clarity and compared with identical data sets within each
panel. Error bars are given on all data points, except for a few at high O,
where they are omitted in the upper two curves for clarity; in most cases,
they are smaller than the printed symbols. The term free-form fit in the
legends relates to the model-independent inversions of the experimental
results based on b-splines as described in the text. The term partial protein
dl relates to a model in which it was assumed that underneath the recrys-
tallized primary S-layer a partial (~30% density of the S-layer) second
layer has been formed in which the protein is bound with its reverse side
attached to the S-layer; cf. footnote in the main text.
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FIGURE 2 Electron density profiles p.(z) used to model the experimen-
tal data shown in Fig. 1. (a) DPPE monolayer (10 mM CaCl,, pH 9) at m =
28 mN/m. Two modeling strategies have been used (see text) that both
describe the experimental data satisfactorily. A model-independent inver-
sion based on b-splines (——) leads to the reflectivity shown in the upper
curve in Fig. 1 a. The middle curve in Fig. 1 a has been constructed using
a three-box model (- - -) with the parameters d,,;,, = 18.8 A, pchin =
0317 e /A3 dyopg = 74 A, pP* = 0.507 e /A3, d,, = 7.8 A, p' = 0.352
e /A% g, =32 A, Cenainhead = 58 A, Opeaga = Ouysubphase = 2.7
A, where the underlayer (ul) underneath the lipid headgroups is believed to
contain Ca*>" cations (see text). The structure of the box model (i.e., the
layers with o; = 0) is indicated as a dashed line. () Comparison of p,(z)
of the surface layer structure before (- - -) and after (——) S-layer protein
(B. sphaericus CCM2177) adsorption to the DPPE monolayer. The elec-
tron density profile shown as a solid line has been used to construct the
reflectivity shown in the middle curve in Fig. 1 a.

ir/chain

density (SLD) distributions of the form:

o1 z—z
p(z) = i:EO 5(piv1 = p) X (1 - er((ﬁ(fi))’ (1)

where p denotes the SLD and p; is the (homogeneous) SLD in layer i (i =
0 points to the air space and i = n + 1 points to the aqueous substrate), z
denotes the distance from the surface, and z; are the locations where the
SLD values change from p; to p;,,. o; represents the r.m.s. roughness
values of the interfaces between adjacent layers, which are described as
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error functions (erf). Second, using the model-free constrained least-
squares approach of Skov Pedersen and Hamley (Hamley and Skov Ped-
ersen, 1994; Skov Pedersen and Hamley, 1994b), which uses b-splines
Bj(z) to describe the SLD distribution across the surface:

N

p(z) = E a;Bi(z), (2)

i=1

where N is determined by the accessible O, range via the sampling
theorem. In this approach, p(z) is determined in a constrained least-squares
fit which aims at suppressing solutions with large oscillations in p(z) that
often represent unphysical situations. Details are described in Skov Ped-
ersen and Hamley, 1994a,b.

Diffraction from 2D crystalline patches yields intensity, which, as a
function of the horizontal component, O, ~ (4m/A)sin(20,,/2), of the
scattering vector, peaks at Bragg positions Ql“;. In the absence of a

X
crystalline repeat in the vertical (z) direction, the intensity extends as a

smooth function, the Bragg rod profile /,,(Q,) of the vertical component of
the scattering vector, Q, ~ (27/A)sin(«y), where a is the vertical direction
of the scattered rays. The Bragg rod profiles resulting from the phospho-
lipid chains may be modeled (Als-Nielsen and Kjaer, 1989; Als-Nielsen et
al., 1994) by

1(0,) = X |M ()P X sinc? %L(QZ cos ¥ — (Qlf + €)sin )

(hk)

X exp(—=Q;0%), (3)

where |V]? is the Yoneda-Vineyard peak (Vineyard, 1982), L is the length
of the palmitoyl chains, é is a horizontal unit vector defining the tilt

azimuth, Q',:‘; is the in-plane reciprocal lattice vector, o is the vertical r.m.s.

displacement, and the sum is over all Bragg reflections contributing to the
intensity at the position Q,}:‘; From Eq. 3 it follows (Kjaer, 1994) that for
each peak (/,k) the coordinates Q"% and Q" are related by

0} = (Q - &tan ¥, “4)

where ¥ is the tilt angle of the chains measured from the surface normal.
For well resolved peaks, the ¥ and the azimuthal direction é can be
deduced directly from the set of equations, Eq. 4.

RESULTS

We have measured the x-ray reflectivity of DPPE on 10 mM
CaCl, at pH 9.0 before and after adsorption and crystalli-
zation of S-layer protein from B. sphaericus CCM 2177.
Pure phospholipid monolayers were characterized on the
liquid surface reflectometer at the Institute Curie and occa-
sionally on BW1, where the accessible O, range extends to
almost 0.8 A~'. As in the case of x-ray reflectivity from
dipalmitoylphosphatidylcholine monolayers on pure water
subphases, the data, shown in Fig. 1 a, were initially inter-
preted in terms of a layer model (Helm et al., 1987; Vaknin
et al., 1991), Eq. 1. Subsequently, to afford a direct com-
parison with the situation after S-layer formation at the
monolayer, the same data were also analyzed in the model-
free approach of Skov Pedersen and Hamley. Although this
latter approach does not directly lead to a molecular inter-
pretation of the interface structure, it is well suited to
generate electron density profiles that give rise to reflectiv-
ity models that describe the experimental data with high
fidelity; cf. Fig. 1 a. Cross-reference to the layer models
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then enables the choice of a physically reasonable solution
from the model-free approach, in cases where ambiguities
occur, as well as a discussion of the result in terms of a
molecular structure.

The reflectivity from floating phospholipid monolayers
on aqueous subphases have traditionally been interpreted in
terms of two-layer models (Helm et al., 1987; Vaknin et al.,
1991) in which one layer contains the hydrophobic chains
and one layer contains the hydrated lipid headgroups. Most
of the data analyzed in earlier investigations, however,
reached only O, ~ 0.4-0.5 A~' (or even considerably
lower Q, values in the case of neutron reflectometry work).
In this work, we have determined the x-ray reflectivities of
phospholipid monolayers and protein/phospholipid layer
systems at O, values as large as 0.8 A~'. Data analysis
revealed that although a conventional two-layer model was
capable of describing the experimental data sufficiently well
up to O, ~ 0.4 A~ it failed at higher momentum transfer
(lower curve in Fig. 1 a). On the other hand, we were able
to describe the extended data set satisfactorily with a three-
layer model in which the roughness parameters o; were
individually adjusted (middle curve in Fig. 1 a). The free-
form fit (upper curve in Fig. 1 a) describes the experimental
data equally well. In Fig. 2 a, the electron density profile
derived from the three-layer model (dashed lines) describ-
ing a DPPE monolayer on 10 mM CacCl, is compared with
the electron density derived from the model-free approach
(solid line). It is obvious that the features of the three-layer
model are generally consistent with the result from the
model-free approach. The layer closest to the air space
contains the densely packed hydrophobic chains (p, =~
0.318 ¢ /A% and has a thickness d, ~ 19 A. The
headgroups are organized in an adjacent layer, closer to the
aqueous subphase, which has a thickness of d,.,q =~ 7.4 A
and includes on average ~1.2 water molecules per PE
incorporated in the headgroups. This is consistent with an
orientation of the dipole connecting the phosphate and
amine moieties being almost parallel to the interface. In
comparison with the conventional interpretation of the mo-
lecular structure of phospholipid monolayers in terms of
two-layer models, the interface between the lipid’s head-
groups and its hydrocarbon chains is unexpectedly broad,
o, ~ 5.8 A, which is significantly larger than the value o ~
3 A usually attributed to thermally excited capillary waves
on the subphase and applied to all interfaces between dif-
ferent slabs describing a lipid monolayer. Moreover, the
peak electron density in the headgroup is considerably
lower and the headgroup further extended along the surface
normal than in the results from a traditional two-slab de-
scription. In addition, there is a pronounced accumulation of
electron density below the phospholipid headgroup, in the
range —34 A < z < —26 A, counting from the alkane/air
interface located at z = 0. We have first observed this
contribution to the electron density profile in the model-free
approach and found later that it requires involving a third
slab for a satisfactory description of the experimental data
beyond Q, ~ 0.5 A~ in the layer model description. This

Volume 76 January 1999

contribution to the p, profile might be interpreted as either
an accumulation of Ca®" ions in the headgroup region of the
lipid or a partial ordering of water molecules in close
contact with the headgroup resulting in a higher density of
water immediately underneath the headgroup layer. Al-
though the latter interpretation would only require an in-
crease in the water density by ~5% we also note that
alternatively an accumulation of ~0.3 Ca®" ions per lipid
molecule is sufficient to account quantitatively for the ob-
served increase in electron density. In what follows we will
use the model-free result to discuss the impact of the re-
crystallized S-layer on monolayer structure.

The x-ray reflectivity of the surface layer system after
adsorption and recrystallization of the S-layer protein from
B. sphaericus CCM2177 to DPPE is distinctively different
from that of the lipid-only monolayer profile. Fig. 1 b shows
a data set measured at DESY in which the reflectivity has
been determined over nine orders of magnitude in a Q,
range from 0.015 to 0.8 A~'. To confirm this result, we
have measured similarly prepared lipid/protein surface lay-
ers on the x-ray reflectometer at the Institute Curie in a Q,
range between 0.007 and 0.45 A~! over approximately
seven orders of magnitude and found agreement between
the measurements within experimental error (data not
shown). TEM micrographs of lipid/protein interface layers
transferred after reflectivity experiments showed complete
2D S-layer lattices composed of crystalline domains with
average diameters of ~5 um. No signs of beam damage
from the x-ray exposure was detected in the electron mi-
crographs.

For a quantitative analysis of the reflectivity data shown
in Fig. 1 b we have again employed the two different
approaches outlined above. In the layer model, Eq. 1, we
have assigned two slabs to the lipid chains and headgroups
and two additional slabs to the adsorbed protein layer. We
found that a three-layer model (two slabs for the lipid plus
one single slab to describe the protein) was completely
inadequate for modeling the experimental data. By contrast,
the four-slab approach affords a qualitatively correct de-
scription of the x-ray data in the low Q, regime (<0.3 A™',
cf. lower curve in Fig. 1 b). The best fit of the x-ray data is
found with a layer structure in which the protein is de-
scribed by one slab with a lower content of protein (~35
vol%)* and a thickness of ~45 A close to the lipid and one
slab with a larger content of protein (~46 vol %) and a
thickness of ~51 A further away from the lipid, such that
the total thickness of the adsorbed protein amounts to
~95 A, consistent with data derived from AFM und TEM

* Protein volume fractions throughout this work have been determined
from the data in Table 1 on the basis of the volumes determined for
crystallized amino acids (Perkins, 1988), corrected for a reduction in
packing density of the molecules in the protein (Losche et al., 1993). The
average electron density of the protein computed from the data in Table 1
is E = 0.412 ¢ /A3, Variations of the relative amounts of asparagine/
aspartic acid and glutamine/glutamic acid affect this result by less than
1.3%.
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(Pum et al., 1997). This model reproduces the average
reflectivity and the positions of the undulations in the re-
flectivity curve faithfully and particularly the position of the
reflectivity minimum at Q, ~ 0.215 A~ is well described.
The amplitudes of the undulations in the reflectivity curve,
however, are not well reproduced by this model, and at
larger Q, data and model reflectivity are in serious dis-
agreement. The second major minimum in the reflectivity
curve is predicted at O, ~ 0.51 A~! by the model, whereas it
is actually observed around 0.485 A~' (lower curve in Fig. 1
b).

A much better description of the experimental x-ray
reflectivities is afforded with the model-free approach de-
veloped by Skov Pedersen and Hamley (1994b), Eq. 2; cf.
middle and upper curves in Fig. 1 b. Fig. 2 b shows p,
profiles of the monolayer before (dashed line) and after
(solid line) protein adsorption and crystallization. An elec-
tron density profile extending from z = 0 to —150 A, where
it reaches the constant value attributed to the bulk aqueous
subphase, models the measured data set with high fidelity
(middle curve in Fig. 1 b), suggesting that a molecular
protein sheet is attached to the lipid headgroups of the
surface monolayer. Only minor discrepancies between the
data and the model are observed in the Q, regime around
0.48 A~ the region of the second major minimum in the
reflectivity, as well as at Q, > 0.7 A~ a region where the
experimental error bars are already large.* The reflectivity
model function derived from a partial-protein double-layer
model (see footnote) is shown in the upper curve in Fig. 1 b.

In what follows we will discuss the structural properties
of the lipid monolayer with the attached primary S-protein
layer (B. sphaericus CCM2177) and consider the partial
secondary protein layer as a contamination adhering to this
structure that comes about due to the extended time span
(~15 h) needed for sample preparation and measurement.
Fig. 2 b shows that the lipid monolayer, in the region z ~
—30 to 0 A, has qualitatively similar features with and
without adsorbed S-layer protein. The protein layer is easily
recognized at larger distances from the surface, between z =~
—30 and —140 A. It is characterized by two distinct bumps
in p, with maxima at z ~ —45 and —105 A. Between these
two maxima, p, drops to a minimum at z ~ —80 A.
Consistent with the fact that p, of protein matter is consid-
erably larger than that of H,O (Perkins, 1988), the profile

* An even better description of the experimental data is obtained if the
model allows for the partial formation of a second molecular protein layer
underneath the first. A b-spline model of the interface extending to z = 240
A describes the data nearly perfectly and suggests that ~30% of the
interface is covered with S-layer protein in a secondary layer. A compar-
ison of the p, profile in the region z = —240 to 140 A and z = —140 to
40 A suggests also that protein in the secondary layer is presumably
attached with its reverse side to the protein in the primary layer. We note
that the p, profiles of the models comprising only one protein layer and the
one comprising a partial secondary layer are virtually indistinguishable in
the region z = —140 to 0 A such that one may discuss the structural
properties of the lipid surface monolayer and the protein layer immediately
attached to it equally well within the frame of both models.
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never drops below the subphase value p, = 0.334 ¢ /A’ in
the region between z = —150 and —30 A. The complex
structural profile of the protein monolayer retrieved in this
approach to data evaluation explains why a four-slab model
describes the experimental data rather well whereas a three-
slab model fails to do so.

Direct evidence for the formation of a 2D S-layer protein
crystal layer under DPPE monolayers is obtained from the
observation of GIXD. Fig. 3 shows a contour plot (intensity
as a function of O, and Q,) of the diffraction from the B.
sphaericus CCM2177 S-layer protein. EM and optical mi-
croscopy consistently show that the size of the 2D protein
crystals is in the range of a few microns (Diederich et al.,
1996). As the beam footprint on the sample film is much
larger, one observes Bragg diffraction from a 2D crystal
powder, and it is not possible to discriminate different
diffraction peaks (%, k) if they have the same modulus |Q21; .
Over the complete accessible O, range up to {h, k} =
{5,1}, the observed peak positions are consistent with a
square lattice of dimensions |a] = |b| = 130.5 A; cf. Fig. 3.
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FIGURE 3 GIXD from an S-layer lattice (B. sphaericus CCM2177)
reconstituted underneath a DPPE monolayer. (7op) Contour plot of the
diffracted intensity /(Qy,, Q,). (Bottom) Q,-integrated diffraction intensity
1(Q,)- I(Q,,, O,) has been integrated between 0, =—0.05 and 0.20 A™".
Also indicated are the {h, k} indices corresponding to a square lattice with
la| = |[b| = 130.5 A.
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B. coagulans E38—66 on pure water. The surface area has been kept
constant during the S-lattice formation. (Top) Contour plot of /(Q,,, O,).
(Bottom) Q,-integrated diffraction intensity /(Qx,).

Independent of the diffraction from the 2D protein crys-
tal, one may observe GIXD from the DPPE monolayer. Fig.
4 shows in contour plots the diffraction intensity of the
first-order peaks of the hexagonal phase formed by the
palmitoyl chains of DPPE before and after crystallization of
the S-layer protein from B. coagulans E38—66.* It is ap-
parent that the reorganization of the lipid chains upon crys-
tallization of the protein at the lipid monolayer is minimal.
Quantitatively, the hexagonal lattice of the alkyl chains
shrinks marginally (Q,, increases from ~1.508 to ~1.514
A~") and the chains are slightly more upright at the inter-
face, as deduced from the Bragg rod, which extends less
into Q, after protein adsorption. This observation excludes
the possibility that the protein infers any major reorganiza-
tion of the lipid monolayer, as far the lipid chains are
concerned.

DISCUSSION

The recrystallization of S-layer proteins at lipid interfaces
poses intriguing questions regarding the interaction between
the constituents of the system that bear important implica-
tions for its structure and dynamics. We have started to
address these issues in earlier investigations (Diederich et
al., 1996); they are the focus of related work, in which we
have systematically studied the propensity of the S-layer
protein from B. coagulans E38—66 to recrystallize under-
neath monolayers of various lipids, distinguished by the
degree of saturation and the lengths of their hydrophobic
chains and the size, polarity, and charge of their headgroups,
under various subphase constitutions with respect to pH and

* We have also observed the GIXD from DPPE before and after adsorption
of the S-layer protein from B. sphaericus CCM2177 at pH 9.0. The results
are similar to those in Fig. 4 and show only minor structural differences in
the lipid chain regions due to the protein recrystallization. However, for
technical reasons we have never managed to measure both data sets on one
lipid monolayer, before and after protein recrystallization.
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ionic strength (Wetzer et al., 1998). A sensible model for the
reconstitution of S-layers at lipid interfaces must account
for the experimental observation that the protein is prefer-
entially adsorbed to the fluid lipid phase, whereas crystal-
lization is much faster underneath the ordered hexatic phase.
At the same time, protein recrystallization at disordered
lipid phase areas increases the order of the lipid chains there
(Diederich et al., 1996).

Electrostatic interactions play a prominent role in the
coupling and crystallization of the proteins at lipid mono-
layers (Wetzer et al.,, 1998); the exposure of cationic
charges by the lipid headgroups is required for the forma-
tion of reconstituted S-layers from B. coagulans, and it
seems of minor importance whether these exposed charges
are the trimethylamine functions in the zwitterionic choline
headgroup, Ca?" ions bound to zwitterionic or negatively
charged headgroups, or positively charged headgroups, such
as trimethylammonium propane. From these observations it
appears that specific contacts of positive charges with neg-
ative charges exposed by anionic side chains of the proteins
are required for protein adsorption and crystallization. In-
terestingly, S-layer protein crystallization occurs at choline
headgroups in pure H,O whereas it has not been observed at
ethanolamine headgroups on that subphase. This is consis-
tent with the finding that the anionic groups on the protein
are located in shallow pockets at the surface facing the lipid
membrane (Sara and Sleytr, 1993, 1996), such that the
charges are accessible only to moieties that protrude some-
what from the interface by means of a short tether.

In an S-layer, a large number of lipid headgroups face
each protein in the crystal lattice. For example, in the
S-layer formed by B. sphaericus CCM2177, ~100 lipids
occur per protein, or ~400 per unit cell of the S-lattice.
Undoubtedly, only a small fraction of those lipids are cou-
pled to the protein in specific electrostatic contacts. From
this conception, the speculation arises that some of the lipids
bound to the crystalline S-layer are immobilized whereas
others, presumably the largest fraction, are more mobile as
their headgroups are not specifically attached to the S-layer.
We expect thus that some of the lipids bound to the S-lattice
show a lateral mobility significantly reduced below that of
the remaining fraction and have coined the term semifluid
membrane to describe this property of the attached lipid
layer (Pum and Sleytr, 1994).

Molecular details in the coupling of S-layers (B. sphaeri-
cus CCM2177) to phospholipid monolayers is the focus of
the study reported here. Such S-layers are formed from one
single nonglycosylated protein species with a molecular
weight M, ~ 120,000 (Pum and Sleytr, 1994). A square
lattice with a lattice constant |a] = 128 A has been observed
in electron microscopy of the uranyl-stained S-layer (Pum
and Sleytr, 1994) and in scanning force microscopy (Pum et
al., 1997; Wetzer et al., 1997). The best estimate to date of
the thickness /, of the S-layer derives from AFM height
measurements at the edge of incompletely recrystallized
lattices and shows /, ~ 80 A. A quantitative evaluation of
the results presented in the preceding section leads to a
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detailed conception of the coupling of the S-layer to lipid
membranes and the structural rearrangements that the pro-
tein infers in phospholipid monolayers.

For the S-layer protein from B. coagulans E38-—66,
GIXD from the lipid chains before and after protein adsorp-
tion shows (Fig. 4) that rearrangements in the hydrophobic
part of the monolayer are small. This is surprising in view
of a significant increase in surface pressure that is typically
observed upon S-layer protein incubation of phospholipid
monolayers (Diederich et al., 1996). In quantitative terms
we find that the lattice constant decreases by ~0.35% from
4.183 t0 4.168 A; i.e., the area occupied by the chains and
thus the molecular density of DPPE in the surface mono-
layer decreases by less than 1%. This small area reduction
is accompanied by a slight decrease of the chain tilt angle
from 0 ~ 9.5° to ~6°. These results provide definite
evidence that the protein does not interpenetrate the hydro-
phobic section of the lipid monolayer, a conjecture that was
drawn from indirect evidence obtained in earlier fluores-
cence microscopic work (Diederich et al., 1996).

This conclusion is also supported by a comparison of the
p. profiles in the region of the DPPE monolayer before and
after S-layer recrystallization (Fig. 5). The profiles are es-
sentially identical in the region of the hydrophobic chains
(as assigned in the layer model). The integrated electron
densities differ by less than 0.15%, which is well below the
precision of the technique. By contrast, the electron density
after S-layer formation is slightly but significantly larger in
the headgroup region of the lipid. This is very likely due to
partial insertion of protein, presumably amino acid side
chains, into the lipid headgroup region. The integrated elec-
tron density difference in the space occupied by one head-
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FIGURE 5 Details of the p, profiles in the region of the DPPE mono-
layer before (- - -) and after (——) S-layer formation (B. sphaericus
CCM2177). The data are the same as those shown in Fig. 2 b. The
cross-hatched area, indicating the increase in scattering length of the PE
headgroup, amounts to more than four electrons and is consistent with the
replacement of ~1.5 H,0O molecules per lipid by peptide material upon
protein adsorption to the monolayer.
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group before and after S-layer formation (cross-hatched
area in Fig. 5) amounts to ~4.31 electrons. If one assumes
that this change is due to amino acid side chains replacing
water molecules associated with the lipid’s headgroups, it
must be noted that this is more than the ~1.2 H,O mole-
cules that we have quantified to be interdispersed between
the headgroups before protein incubation (see above).*
Consequently, the increase in electron density observed in
this region can be quantitatively accounted for only if one
assumes that the lipid headgroups, which are oriented es-
sentially parallel to the interface in the unperturbed mono-
layer (Pink et al., 1997), reorient somewhat during protein
adsorption toward the surface normal. This is also consistent
with the finding that the increase in electron density affects
the entire headgroup. In particular, an increase of p, is
observed at the phosphate moiety (the region where the p.
profile reaches its maximum) and even ~4 A above where
the glycerol backbone is located; if the peptide inserts that
deeply into the monolayer, the lipid’s headgroups must
reorient to accommodate the amino acid side chains.

A schematic representation of the surface topography as
derived from reflectivity measurements is depicted in Fig. 6.
To accommodate amino acid side chains that interpenetrate
the lipid’s headgroups upon S-layer protein binding, the
orientation of PE headgroup is tilted more toward the sur-
face normal at least on some of the lipids in the monolayer
that are directly associated with the peptide. This is likely to
facilitate an enhancement of electrostatic interactions be-
tween the amine functions of the lipid and anionic amino
acid side groups, which are presumably buried in pockets on
the protein’s surface (Sara and Sleytr, 1996). Within the
precision of the experiment one cannot, however, determine
whether all PE headgroups reorient by a relatively small
angle or a small number of headgroups per protein unit in
the S-layer reorient by a large angle. The increase in elec-
tron density within the headgroups upon peptide insertion,
consistent with an interpretation that at most one amino acid
side chain per three or four lipids inserts into the monolayer,
leaves two possibilities open. It might well be that amino
acid side chains interpenetrate the monolayer rather homo-
geneously, such that each side chain is in contact with a
number of lipid headgroups and all headgroups are affected;
alternatively, peptide might cluster within the lipid’s head-
group region, such that some headgroups are strongly af-
fected while some are not.

Information on the topography of the 2D S-layer protein
crystal along the surface normal can be extracted from the

*If peptide with an average electron density p,, = 0.412 ¢ /A’, the
average value of the S-layer protein, is thought to replace H,O with a bulk
density p!2° = 0.334 ¢ /A, an increase of 4.3 electrons in the headgroup
volume amounts to a volume exchange of >50 A3, i.e., more than the water
actually contained in that region before protein adsorption. With a similar
approximation one may estimate that the minimal increase in headgroup
layer thickness is ~1 A if all the water molecules in this volume are
replaced by peptide material. At the same time one may also estimate that
at most one amino acid residue per three or four lipid molecules interpen-
etrates the lipid monolayer.
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FIGURE 6 Schematic representa-
tion of the lipid/protein multilayer
structure for S-layer protein from B.
sphaericus CCM2177 as it emerges
from the analysis of the electron den-
sity profile (indicated on the left
side). Protein and lipids are approxi-
mately to scale. There is no structural
information for the protein available
to date on the atomic scale.

detailed p. profile shown in Fig. 2 b. If one assumes that no
lipid is removed from the monolayer upon protein binding
and crystallization, the electron density profile reflects ap-
proximately the distribution of protein and water within the
monolayer of protein that constitutes the S-layer. As no
detailed 3D structure of the protein is available, the average
electron density of the protein has been taken as a reference
to estimate the distribution of matter along the surface
normal. As the lateral coherence length of the beam in
reflectivity experiments is of the order of 1 wm (Vaknin et
al., 1991), this distribution is an average over many unit
cells. Consequently, water within a cavity or pore in a single
protein molecule and water between adjacent protein mol-
ecules cannot be discriminated. p, ~ 0.412 e /A® of the
S-layer protein from B. sphaericus CCM2177 is estimated
from the amino acid contents of the protein given in Table
1 by using tabulated density values of the amino acids
(Perkins, 1988) and correcting for the packing of peptide
chains in proteins (Ldsche et al., 1993). Fig. 7 displays the
resulting protein volume fraction profile in which the region
close to the lipid monolayer interface reflects the complex
topography discussed above. It is directly related to the solid
line in Fig. 2 b but plotted with the Z axis vertical (following
convention, the p, profiles in Figs. 2 and 5 have been
displayed with the z axis pointing along the horizontal).
From the plot it is apparent that the S-layer has a thickness
of I, ~ 90 A along the surface normal. This is consistent
with available AFM data from which d ~ 80 A has been
estimated (Wetzer et al., 1997). The protein forms a cavity
(or cavities) within the unit cell that is characterized by two
pronounced shoulders of the protein concentration profile at
a distance z ~ —50 and —105 A from the surface, where
~60% and 70% of the available area in the horizontal
section are attributed to protein, and a pronounced dip at z ~
—85 A where ~80% of the available area is occupied by
water. Size exclusion measurements revealed continuous
pores of a diameter of & ~ 35 A in the unit cell of the

S-layer (Weigert and Sara, 1996).* The observation that at
least 25% of the area within the S-layer is occupied by water
at any horizontal section through the layer structure is
consistent with this finding. In fact, the x-ray reflectivity
result would be consistent with the existence of one large
pore (& ~ 65 A) within the unit cell. The experimental
observation of a smaller cutoff diameter of ~35 A hints at
the formation of multiple pores within the unit cell, which
could accommodate four pores of this size. Such a structure
is in turn consistent with the available EM data (Pum and
Sleytr, 1994).

The cleft 3D topography of the S-layer as it appears from
the available data is responsible for the structured diffrac-
tion pattern observed in GIXD. As shown in Fig. 3, this
pattern is consistent with a unit cell size of (130.5)* A2
Integration over the protein volume fraction profile in Fig.
7 yields a total volume of ~760 nm? that is occupied by
protein within the unit cell. This is only a crude estimate as
it does not take into account Ca®" ions that are undoubtedly
bound on the protein within the S-layer. From the amino
acid composition and the molecular weight M, ~ 120,000
for the S-layer protein from B. sphaericus CCM2177, it is
estimated that one monomeric unit of the S-layer protein
should fill a volume ¥, of ~155 nm?>. It appears thus most
likely that the unit cell in the S-layer is composed of four
monomers that form four continuous pores spanning the
layer. A more detailed analysis of the diffraction data is in
progress.

*In the reference, S-layer proteins from B. sphaericus CCM2120 have
been investigated. This protein is believed to be very similar to the one
from B. sphaericus CCM2177. Corresponding measurements with the
CCM2177 protein did indeed yield very similar results (M. Sara, personal
communication).
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FIGURE 7 Interpretation of the electron density profile of the lipid/
protein multilayer structure in terms of the protein (S-layer protein from B.
sphaericus CCM2177) and water volume fractions within the S-layer at
various distances z from the aqueous surface. It is clearly seen that the
relative proportions of protein and water vary greatly in various horizontal
sections within the S-layer.

CONCLUSIONS

Although this study has been concentrating on the S-layer
lattice of protein from B. sphaericus CCM2177, we believe
that the main features of the resulting picture apply in
general to S-layers from bacillaceae coupling to lipid mem-
branes. This is due to the strong resemblance of the physico-
chemical properties of many S-layer proteins studied so far.
Moreover, in measurements with different species, e.g.,
with S-layer protein from B. coagulans E38—66, we have
observed similar results as those reported here, although the
B. coagulans protein deviates in physical size and in the
detailed structure of its S-layer lattice significantly from the
B. sphaericus CCM2177 protein.

A detailed picture of the internal structure of S-layers and
their coupling to lipid monolayers appears from the analysis
of x-ray scattering from layer systems on top of aqueous
surfaces. The electrostatic coupling that we have inferred
from studies of S-protein adsorption and crystallization at
various lipid monolayers (Wetzer et al., 1998) and from a
putative partial reorientation of the phospholipid head-
groups upon S-layer formation under lipid monolayers is
also the most likely coupling mechanism of S-layer proteins
to lipid vesicles. The impact of S-layer formation at a lipid
interface, if any, is to increase the order on the hydrophobic
lipid chains. This has been consistently observed in FTIR
spectroscopy (Diederich et al., 1996) and in GIXD (this
work). For the S-layer system from B. sphaericus
CCM2177 attached to DPPE monolayers we have demon-
strated in this study that the protein interacts strongly with
the PE headgroups. From x-ray reflectometry at high reso-
lution, O™ ~ 0.8 A~!, it appears that amino acid side

z
chains or peptide clusters interpenetrate the PE headgroups

S-Layer Protein Coupling to Lipids 467

to a plane in which the phosphates are located and probably
further beyond forming close contacts with the glycerol
backbones of the lipids. We found compelling evidence that
PE headgroups reorient upon protein binding, although it is
as yet not clear whether a few headgroups per protein
monomer unit in the S-layer reorient by a large angle or all
headgroups in the monolayer reorient by a small (average)
angle. In terms of the protein structure, the p. profile sug-
gests, consistent with size exclusion measurements with the
system (Pum and Sleytr, 1994), that water-filled pores span
the S-layer where they form cavities in the center of the
S-layer plane.

S-layer-supported lipid films are biomimetic structures
observed in cell envelopes of Gram-negative archaebacteria
that possess S-layers as the exclusive cell wall component
external to the cytoplasmic membrane (Sleytr et al., 1996a).
The composite S-layer/lipid system examined in this study
involved two selected eubacterial S-layer proteins, that are
in vivo attached to a peptidoglycan-containing cell wall
layer, and a phospholipid, DPPE, which is not commonly
observed in archaebacterial cytoplasmic membranes. How-
ever, S-layer attachment to lipid membranes has been
shown to increase the film stability of the resulting com-
posite systems significantly. This may lead to the develop-
ment of novel technologies that exploit these attractive
properties, e.g., for the construction of large robust model
membranes fit for the investigation of membrane-associated
and membrane-integral compounds (Schuster et al.,
1998a,b).
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