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Abstract

The surface of spiroplasmas, helically shaped pathogenic bacteria related to the mycoplasmas, is crowded with the membrane-anchored
lipoprotein spiralin whose structure and function are unknown. In this work, the secondary structure of spiralin under the form of detergent-
free micelles (average Stokes radius, 87.5 A) in water and at the air/water interface, alone or in interaction with lipid monolayers was
analyzed. FT-IR and circular dichroism (CD) spectroscopic data indicate that spiralin in solution contains about 25 & 3% of helices and
38 + 2% of B sheets. These measurements are consistent with a consensus predictive analysis of the protein sequence suggesting about 28%
of helices, 32% of B sheets and 40% of irregular structure. Brewster angle microscopy (BAM) revealed that, in water, the micelles slowly
disaggregate to form a stable and homogeneous layer at the air/water interface, exhibiting a surface pressure up to 10 mN/m. Polarization
modulation infrared reflection absorption spectroscopy (PMIRRAS) spectra of interfacial spiralin display a complex amide I band
characteristic of a mixture of 3 sheets and « helices, and an intense amide II band. Spectral simulations indicate a flat orientation for the
sheets and a vertical orientation for the o helices with respect to the interface. The combination of tensiometric and PMIRRAS measurements
show that, when spiroplasma lipids are used to form a monolayer at the air/water interface, spiralin is adsorbed under this monolayer and its
antiparallel B sheets are mainly parallel to the polar-head layer of the lipids without deep perturbation of the fatty acid chains organization.
Based upon these results, we propose a ‘carpet model’ for spiralin organization at the spiroplasma cell surface. In this model, spiralin
molecules anchored into the outer leaflet of the lipid bilayer by their N-terminal lipid moiety are composed of two colinear domains (instead
of a single globular domain) situated at the lipid/water interface. Owing to the very high amount of spiralin in the membrane, such carpets
would cover most if not all the lipids present in the outer leaflet of the bilayer. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The spiroplasmas form a group of pathogenic bacteria
related to the mycoplasmas [1]. In contrast to the vast
majority of eubacteria, their cell envelope being devoid of
a cell wall, is composed of only the plasma membrane. The
spiroplasma cell is helically shaped under favorable growth
conditions and displays a vigorous motility based upon
swimming periods alternating with direction changes [2].
Swimming and re-orientations are due to a screw-like
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rotation and to flexions and contractions of the cell helix,
respectively [3,4]. A membrane-bound cytoskeleton which
follows, intracellularly, the shortest helical line on the
cellular coil seems to play a central role in spiroplasma cell
shape and motility [5,6]. The fibrils of this cytoskeleton are
composed of a single protein species [7], whose gene (fib)
has been sequenced [8]. The cell membrane of spiroplasmas
is also characterized by the presence of spiralin, a major
lipoprotein accounting for up to 20—30% of the total mem-
brane protein mass in these bacteria [9,10]. An N-terminal
N-acyl(S-diacylglyceryl) cystein anchors spiralin into the
outer leaflet of the membrane lipid bilayer [11-13], while
the whole polypeptidic chain is exposed to the outer
medium [11]. Interestingly, the N-terminus of this lipopro-
tein is responsible for its immunomodulatory activity [14].
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To date, neither the structure nor the cell function of spiralin
are known, although spiralin genes from several species of
spiroplasmas have been sequenced [15,16]. The failure to
find a spiralin homolog in data banks suggests that this
protein is specific to the spiroplasmas.

Since spiralin accounts for about 25% of the whole
membrane protein mass [10] and is a rather small protein
(219 amino acid residues in Spiroplasma melliferum, [15]),
the spiroplasma membrane outer surface is crowded with
spiralin molecules. We hence believe that its cellular func-
tion is very probably a structural and mechanical one rather
than a catalytical one. Since spiroplasmas are obligate
parasites of animals or plants, spiralin might protect the
lipids and possibly the proteins of the spiroplasma cell
membrane against host lipases and proteases. Furthermore,
owing to its very high abundance on the cell surface, it
probably influences membrane curvature and thus contrib-
utes, at least to some extent, in addition to the contractile
cytoskeleton, to cell shape determination. It should be
noted, however, that the mechanism responsible for the
spiroplasma helical shape and motility being coupled to
the transmembrane electrical potential of the cell [17—19] is
certainly more complex than would suggest just the asym-
metric localization of spiralin.

We have addressed the problem of the structure of
spiralin and its interfacial properties, by analyzing the
secondary structure of the pure molecule in water by infra-
red (IR) and circular dichroism (CD) spectroscopy. The data
thus obtained were compared with structure predictions
deduced from the spiralin amino acid sequence. Further-
more, its structure and orientation at the air/water interface
in the presence or absence of a lipid monolayer were ana-
lyzed by polarization modulation infrared reflection absorp-
tion spectroscopy (PMIRRAS). Finally, the lateral distribu-
tion of this molecule was observed by Brewster angle
microscopy (BAM).

2. Materials and methods
2.1. Chemicals

Dimyristoylphosphatidylcholine (DMPC), dimyristoyl-
phosphatidylglycerol (DMPG), and phosphatidylserine
(PS) from Avanti Polar Lipids (Birmingham, AL) were
solubilized in chloroform or chloroform/methanol (10%,
v/v) at about 5 mM. N-lauroyl sarcosine (Sarkosyl) and 3-
[(3-cholamidopropyl) dimethylammonio]-1-propyl sulfo-
nate (CHAPS) were obtained from Sigma (USA). Organic
solvents, methanol and CHCl; from Prolabo, were the
purest available.

2.2. Spiralin purification

S. melliferum BC3 was grown and plasma membranes
were isolated as previously described [20]. Spiralin was

purified by preparative agarose suspension electrophoresis
in the presence of 10 mM CHAPS after selective extraction
with 100 mM CHAPS from the membrane protein fraction
insoluble in 10 mM Sarkosyl [9,20]. Detergent-free spiralin
micelles were obtained by dialysis against 50 mM sodium
phosphate buffer pH 7.4 for 6 days at room temperature.
Hydrophobic beads (BioBeads SM-2 from BioRad, USA)
were used to adsorb detergent molecules diffusing out of the
dialysis bag. The concentration of the protein was finally
adjusted to 4 mg/ml.

2.3. Size-exclusion chromatography

Since spiralin molecules assemble in water in the absence
of detergent under the form of globular lipoprotein micelles
[20], the preparation described above was subjected to size-
exclusion chromatography to assess its homogeneity and
determine the Stokes radius of the micelles. The chromatog-
raphies were performed at room temperature in a Superdex
200 HR column (diameter, 1 cm; height, 30 cm) (Pharmacia,
Uppsala, Sweden). The buffer used for column equilibration
and protein elution (0.4 ml/min) was 50 mM sodium phos-
phate buffer pH 7.0 containing 0.15 M NaCl. Spiralin and
reference proteins (thyroglobulin, ferritin, catalase, apotrans-
ferrin, hemoglobin and cytochrome ¢) were detected by light
absorption at 280 nm. A plot of the elution volumes (V) vs.
log Stokes radii (R;) of spiralin and of the reference proteins
was used for the determination of spiralin micelles R.

2.4. Spiroplasma membrane lipid extraction

Pellets of isolated S. melliferum membranes were
extracted three times for 30 min at room temperature and
in the dark with 20 volumes of chloroform—methanol (2:1,
v/v). After each extraction, proteins were removed by
centrifugation (3000 X g, 15 min, 18 °C). The clear lipid
solutions were pooled, dried under a stream of nitrogen and
stored at — 80 °C. The lipids were solubilized in chloro-
form (10 mg/ml) just before use.

2.5. Protein and cholesterol determination

Spiralin concentration was determined by the bicincho-
ninic acid method using acetone-washed and dried spiralin
as standard [21]. Total cholesterol was colorimetrically
determined in the spiroplasma purified lipid fraction using
the Sigma Diagnostics cholesterol reagent kit (Sigma, St.
Louis, MO).

2.6. Secondary structure prediction

Secondary structure prediction of spiralin was performed
by analyzing the amino acid sequence with a combination of
the following methods: HNN, GOR IV, SIMPA96, SOPMA
and PHD via NPS@, the Network Protein Sequence Anal-
ysis [22].



S. Castano et al. / Biochimica et Biophysica Acta 1562 (2002) 45-56 47

2.7. Circular dichroism spectroscopy

Circular dichroism of spiralin detergent-free micelles was
recorded between 190 and 250 nm at 20 °C with a Jobin—
Yvon Mark V dichrograph equipped with a thermostatically
controlled quartz cell with a path length of 1 mm. The
sample contained 0.4 mg of protein per ml of 10 mM
sodium phosphate buffer pH 7.4. For each analysis, at least
three scans were performed and subsequently averaged.
Corrections were made for buffer contribution. The singular
value decomposition (SVD) method was used for the
deconvolution of the spectra [23].

2.8. Film formation and surface pressure measurements

The experiments were performed on a homemade glass
rectangular Langmuir trough (18 cm’, 50 cm?), since
spiralin displayed a very high affinity for the walls of the
‘classical’ teflon troughs. The surface pressure (II) was
measured by the Wilhelmy method using a filter paper
plate. The trough was filled with 60 mM phosphate buffer
pH 7.3, using ultra pure water (Milli-Q, Millipore). The
experiments were carried out at 23 £2 °C. A few micro-
liters of spiralin stock solution (4 mg/ml in phosphate buffer
25 mM, pH 7.4) were always injected into the subphase to
define the total spiralin concentration.

To obtain mixed spiralin/lipid films, lipids were spread at
the air/water interface from chloroform or chloroform/meth-
anol (10%, v/v) solutions using a Hamilton microsyringe
until the desired pressure was reached. In a second step, a
few microliters of the spiralin stock solution were injected
into the subphase and the pressure increase (AIT) was
recorded for each spiralin concentration after 30—40 min.

2.9. FT-IR and PMIRRAS spectroscopy measurements and
spectral simulations

The absorbance spectrum of a bulk sample of spiralin
was obtained by conventional FT-IR transmission spectro-
scopy after the aqueous solution was evaporated on a ZnSe
window while the absorbance spectra of spiralin micelles in
water was done in a CaF, liquid cell with modulable
thickness.

Interface studies of spiralin and mixed spiralin/lipid
monolayers were done in situ by PMIRRAS. The spectra
were recorded on a Nicolet 740 spectrometer equipped with
a HgCdTe detector cooled at 77 K. Generally, 200 or 300
scans were coadded at a resolution of 4 and 8 cm ~ ' for pure
spiralin or mixed spiralin/lipid monolayers, respectively.
Briefly, PMIRRAS combines FT-IR reflection spectroscopy
with fast polarization modulation of the incident beam
between parallel (p) and perpendicular (s) polarizations
[24—27]. Two-channel processing of the detected signal
allows to obtain the differential reflectivity spectrum:

AR/R = (R, — R,).»/ (Ry + Ry).

To remove the contribution of liquid water absorption and
the dependence on Bessel functions, J,, the monolayer
spectrum is divided by that of the subphase. When the
incidence angle is fixed at 75°, transition moments prefer-
entially oriented in the plane of the interface give intense
and upward-oriented bands, while perpendicular ones give
weaker and downward-oriented bands.

The decomposition of the amide I spectral region (1600—
1800 cm ~ ') into individual bands was performed with the
Peaksolve (version 3.0, Galactic) software and analyzed as a
sum of Gaussian/Lorentzian curves, with consecutive opti-
mization of amplitudes, band positions, half-widths and
Gaussian/Lorentzian compositions of the individual bands.

PMIRRAS spectra of protein monolayer at the air/water
interface were calculated with a homemade software based
on the 4 X 4 matrix formalism of Berreman [28,29]. The
infrared optical indices of the isotropic and oriented protein
structures have been calculated using the optical indices of
the pure secondary structures (o helices, B sheets) previ-
ously determined [30].

2.10. BAM measurements

The morphology of pure spiralin and mixed spiralin/lipid
layers at the air/water interface were observed using a
Brewster angle microscope (NFT BAM2plus, Goéttingen,
Germany) mounted on the glass Langmuir trough. The
microscope was equipped with a frequency doubled Nd:Yag
laser (532 nm, 20 mW), polarizer, analyser and a CCD
camera. The spatial resolution of the BAM was about 2 um
and the image size 625 X 500 um.

3. Results
3.1. Spiralin micelles size

An average Stokes radius of 87.5 £ 7.5 A was determined
for spiralin micelles by size-exclusion HPLC in the complete
absence of detergent. Since the aggregates are spherical [14],
an average diameter of 175 A corresponds to the size of a
globular protein of ca. 700 kDa, equivalent to about 28
monomers of spiralin. Assuming the core of the micelles is
filled with the fatty acyl chains (three per monomer), while
the crust is composed of the polypeptide chains, such a ratio
cannot be obtained with compact monomers having a diam-
eter of 38 A (i.e. the diameter of a spiralin polypeptide chain
if it were globular and extremely compact). The structure of
the micelles can thus be interpreted as globular aggregates of
lipoprotein monomers whose polypeptide chain displays a
more elongated and probably flexible structure.

3.2. Prediction of spiralin secondary structure

The amino acid sequence of S. melliferum spiralin
deduced from the sequence of its gene and after deletion
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of the signal sequence upstream of the Cys residue [11] was
analyzed using a combination of five different algorithms.
The resulting consensus prediction suggests that the secon-
dary structure of spiralin is composed of 28.3% of a helices,
31.5% of P sheets and 40.2% of irregular structure (Fig. 1).
According to this approach, spiralin should contain three
helices encompassing the sequences P32-K64, K140—
1163, and Y183—EI188, and nine B strands ranging from 4
to 14 residues and scattered over the whole sequence. It is
noteworthy that the second helix has been characterized
experimentally by the synthetic peptide approach [11,31]
and that, according to the prediction, the first helix might be
broken at the level of T54.
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3.3. Secondary structures of spiralin in solution

To get a first insight into spiralin secondary structure, the
IR spectrum of the lyophilized molecule was registered (not
shown). The amide I and II domains, characteristic of the
protein, are very broad and centered around 1650 and 1545
cm ~ !, respectively. The broad amide I domain shows a very
complex structuration and the contribution of numerous
secondary structures: « helices, B sheets, 3 turns and coils.

In aqueous solution, i.e. in conditions more relevant to
the native state, spiralin displayed a high tendency to self-
aggregate into globular micelles (see Spiralin micelles size).
The IR spectrum in solution was hence characteristic of self-
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Fig. 1. Spiralin sequence and secondary structure predictions by statistical methods. h: « helix; e: B sheet; c: irregular structure (coils and turns).
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Fig. 2. IR spectrum of spiralin micelles in buffer. (—) Experimental
spectrum—[spiralin]=0.15 mM; (...) peaks of the deconvoluted amide I
band; phosphate buffer 60 mM, pH=7.3; T=23 °C.

aggregated spiralin. It displayed a broad amide I domain
centered around 1650 cm ~ ' and an amide IT domain around
1550 cm ~ ' (Fig. 2). The deconvolution of the amide I band
(Table 1) allowed to attribute the main contributions [32—
36] to antiparallel B sheet structures (36 £ 5% with compo-
nents at 1630 and 1680 cm ~ ') and o helices (28 + 5% at
1659 cm ). B turns (1670 cm ~ ') and coils (1650 cm ~ 1)
represent 22 & 5% and 14 £ 5% of the secondary structures,
respectively.

Independent measurements by circular dichroism (CD) in
comparable experimental conditions allowed to attribute
22% of a helices and 40% of B sheets, which is in the
range of the data obtained by FT-IR (Table 1). Overall
contributions of 3 turns and coils are estimated to be 38%
due to the inability of the CD technique to accurately detect
these types of secondary structures.

3.4. Spiralin adsorption at the air/water interface

Since spiralin displays a very high affinity for teflon and
a much weaker tendency to adsorb on glass, the studies of
spiralin at the air/water interface were performed in home-
made glass Langmuir troughs instead of the usual teflon
troughs.

Table 1
Secondary structures of self-aggregated spiralin in aqueous buffer
determined by IR and CD spectroscopy

Secondary structure IR data CD data
Amide I Estimated Estimated
frequency (cm)  content (%)  content (%)

antiparallel B-sheet 1630 -1680 365 405

a-helix 1659 28+5 22 £5

B-turn 1672 22+5 }

coils 1644 14+£5 38+5

Immediately after spiralin injection into the aqueous
subphase, there was a jump in lateral pressure (IT) followed
by a progressive and slow increase of II (7 mN/m in more
than 2 h, Fig. 3) demonstrating that spiralin progressively
adsorbed at the interface and displayed surface-active prop-
erties. At the protein concentrations used, the maximal
lateral pressure of 10 mN/m was reached in more than 5 h
and the layer formed was stable (not shown).

3.5. Morphology of the spiralin layer at the air/water
interface investigated by BAM

BAM images, registered at several lateral pressures
during the adsorption kinetics at the air/water interface,
displayed a progressive increase of the average normalized
gray level from 78 to 231 when lateral pressure increased
from 0.5 to 6.5 mN/m (Fig. 4). This progressive variation of
luminosity is characteristic both of average thickness and
refractive index increases at the interface consecutive to
spiralin adsorption. The global homogeneity of the lumi-
nosity at the resolution scale of the microscope (2 pm)
suggests the homogeneity of the protein layer, which was
progressively formed at the interface. The circular domains
of more intense luminosity which appeared punctually (Fig.
4, image d) probably correspond to multilayer protein
aggregates of higher thickness.

3.6. Structure and orientation of spiralin at the air/water
interface investigated by PMMIRAS spectroscopy

Since spiralin formed stable layers at the air/water inter-
face, its structure and orientation in the film were studied, in
these conditions, by PMIRRAS spectroscopy. The PMIR-
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Fig. 3. Kinetics of lateral pressure (1) increase after spiralin injection () in
subphase. [spiralin] =300 nM. Subphase: phosphate buffer 60 mM, pH="7.3;
T=23 °C.
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a 0,5 mN/m b) 3,5 mN/m

c) 6,5 mN/m

d) 9,5 mN/m

Fig. 4. BAM images of the air/water interface after spiralin injection in the subphase. (a) IT=0.5 mN/m—GL=178-0S=50. (b) IT=3.5 mN/m-GL=190-
0S=50. (c) [I1=6.5 mN/m—GL=96-0S=120. (d) IT=9.5 mN/m—GL=120-0S =120. Subphase: phosphate buffer 60 mM, pH=7.3; T=23 °C. Image
size: 625 x 500 um. Reference black level =25—GL=gray level; OS = obturation speed.

RAS spectra (Fig. 5) were registered at several lateral
pressures after successive protein injections in the subphase.

All the spectra displayed an amide I domain from 1600 to
1700 cm ~ ' and an amide IT domain centered around 1540
cm ', The amide I band contained several contributions
with the positive and intense one at 1625 cm ™' being
characteristic of antiparallel p sheets [32—36]. When the
lateral pressure increased, there was an intensification of
these two bands showing the progressive increase of spiralin
concentration in the IR beam without orientation change. As
already described and discussed in previous works [30,37],
the additional negative band around 1670 cm ~ ' is charac-
teristic of o helices with peculiar orientation.

To go further in the investigation of the orientation of the
identified secondary structures, spectral simulations were
performed. Fig. 6 shows the simulated spectra obtained for a
layer of spiralin either with an isotropic orientation of the

two main secondary structures identified or an anisotropic
orientation of the two motifs: a vertical orientation of the o
helices and a flat orientation of the P sheets. A good
agreement was obtained between the second simulated
spectrum and the experimental one in spite of the impreci-
sion on the spiralin indices used for the simulations.

3.7. Spiralin interaction with lipid monolayers

Since spiralin is a protein anchored in the spiroplasma
membrane outer leaflet, it was relevant to study its inter-
action with lipid surfaces. Monolayers of various lipid
composition were thus formed at the air/water interface: a
monolayer of zwitterionic phospholipids (DMPC), mono-
layers of negatively charged phospholipids either with
saturated and defined chain length (DMPG) or with variable
chain lengths and unsaturation (natural PS), and finally with
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Fig. 5. PMIRRAS spectra of spiralin at the air/water interface. From bottom
to top: [1=3.6; I1=5.6; I[1=7.6; [1=9.6 mN/m. Subphase: phosphate
buffer 60 mM, pH=7.3; T=23 °C.

lipids extracted from spiroplasma membrane (SmBC3 lip-
ids). This latter fraction is a complex mixture of cholesterol,
glycolipids and polar lipids [38].

The kinetics of lateral pressure variation (AIT) of the
initially compressed lipid monolayers (15-21 mNm) after
spiralin injections in the aqueous subphase are presented in
Fig. 7. The AIT variations differed significantly according to
the lipid composition of the monolayer. The highest AIT
variations (>2 mN/m) were obtained for negatively charged
phospholipids (DMPG and natural PS). At the same con-
centration of spiralin in the subphase and during the same
time scale, the AIT variation observed with zwitterionic
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Fig. 6. Simulations of PMIRRAS spectra of spiralin at the air/water
interface. (—) PMIRRAS experimental spectrum of spiralin I7=9.6 mN/m;
(- - -) simulation for an isotropic monolayer of spiralin (10 A); (...)
simulation for an anisotropic monolayer of spiralin (10 A) with flat 3 sheets
and vertical o helices.
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Fig. 7. Kinetics of spiralin interactions with lipid monolayers: variations of
lateral pressure of the lipid monolayer (AII) after spiralin injections in the
subphase. t=0 min: [spiralin] =83 nM in the subphase. Each arrow (|)
represents an addition of 83 nM of spiralin in the subphase. (- - -) DMPG—
IIy=17 mN/m; (- — —) PS—IIy=21 mN/m; (— — —) DMPC-II,=15
mN/m; ( ) spiroplasma lipids (SmBC3)—1I1,=16 mN/m; subphase:
phosphate buffer 60 mM, pH=7.3; T=23 °C.

DMPC was weaker ( = 0.5 mN/m), while there was almost
no AII variation after spiralin injection under the SmBC3
lipid monolayer. It was then possible to establish a hierarchy
of spiralin insertion into the lipid monolayer as a function of
its composition: negatively charged phospholipids (DMPG,
natural PS)>zwitterionic phospholipid (DMPC)>natural
SmBC3 lipids. It should be noted that although the lack
of AIT variation characterizes a lack of insertion, it does not
rule out the potentiality of protein adsorption under the
monolayer.

3.8. Structure and orientation of spiralin in mixed protein/
lipid layers investigated by PMIRRAS spectroscopy

The in situ PMIRRAS spectra of pure lipid (DMPG,
natural PS and SmBC3 lipids) and mixed spiralin/lipid
monolayers are presented in Fig. 8. In the spectra of pure
lipid monolayers, the bands around 1730 and 1225 ¢m ~ !
are characteristic of the stretching mode of the C=0 ester
and phosphate groups of the lipid polar heads, and the band
around 1460 cm ~ ' is assigned to the scissoring mode of the
methylenes (6 CH,) of the lipid acyl chains.

The ‘subtracted’ spectra result from the subtraction of the
pure lipid spectrum from the mixed spiralin/lipid one and
they allow to extract the characteristic contributions of the
protein. A first observation shows that the spiralin spectrum
differed strongly according to the lipid monolayer environ-
ment. With negatively charged DMPG, the spectrum dis-
plays a broad amide I domain. The large and positive
component centered around 1653 cm ~ ' is assigned to «
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helices mixed with coils. The lack or very weak amide II
band reveals an orientation of the helix with its axis parallel
to the interface. Deconvolution of this broad amide I domain
also allows to assign two positive amide I contributions

around 1623 and 1690 cm ~ !, which are characteristic of p
sheets mainly oriented with the strand axis parallel to the
interface. The spectrum of spiralin in the negatively charged
PS lipids is very different. The amide I domain contains a
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I1=27 mN/m; (—) subtracted spectrum—[spiralin] =350 nM in the subphase. Bottom: (. . .) spiroplasma lipid (SmBC3) monolayer—IT =16 mN/m; (- - -) mixed
spiralin/SmBC3 lipid monolayer—I1 = 16 mN/m; (—) subtracted spectrum—[spiralin] = 166 nM in the subphase. Subphase: phosphate buffer 60 mM, pH=7.3;

T=23 °C.
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positive contribution around 1635 cm ~ ' and a negative one
around 1670 cm ~ !, while the amide Il band around 1550
cm ' is rather intense. These features are characteristic of
both tilted B sheets and « helices [26,27,37].

Since the structure and the orientation of spiralin were
strongly dependent on the lipid environment, the study on
natural SmBC3 lipids is more representative of the natural
conditions. The PMIRRAS subtracted spectrum of spiralin
in the presence of a SmBC3 lipid monolayer displays an
intense amide I band characteristic of the protein. Since
PMIRRAS spectroscopy is only sensitive to surface con-
tribution, this proves the interaction of spiralin with SmBC3
lipids even if no lateral pressure variation was observed. The
amide I domain displays two main positive contributions
around 1625 and 1685 cm ~ ' characteristic of antiparallel B
sheets mainly oriented parallel to the interface. The band
around 1200 cm ~ ! is characteristic of a perturbation of the

lipid polar head phosphate groups. The signal to noise ratio
on the PMIRRAS spectra does not allow to extract precise
information on the lipid chain organization since the 6(CH,)
band is weak and not very sensitive to disorder. Addition-
ally, all bands involving CH, groups also contain the
spiralin/lipid chain contribution and cannot be used to draw
conclusions about the phospholipid chains modification.

3.9. Morphology of the mixed spiralin/SmBC3 lipid layer at
the air/water interface investigated by Brewster angle
microscopy

Fig. 9a shows the BAM image of a pure SmBC3 lipid
monolayer at 22 mN/m. The image displays a heteroge-
neous surface with contrasted domains of very high lumi-
nosity (normalized gray level 250) in a dark background
(gray level 50). This characterizes a phase separation of the

Fig. 9. BAM images of a monolayer of SmBC3 spiroplasma lipid the air/water interface after spiralin injection in the subphase. Spiroplasma lipid monolayer:
Image (a) IT=22 mN/m—GL=80-0S=120. Mixed spiralin/spiroplasma lipid monolayer: Image (b) IT=22 mN/m—GL=80-0S=120: Image (c) I1=22
mN/m—GL=88-0S =250: Image (d) I1=23 mN/m—-GL=136—-0S=250. Image size: 625 x 500 um. Reference black level =25 at OS = 50; [spiralin] =209

nM in the subphase. Subphase: phosphate buffer 60 mM, pH=7.3; T=23 °C.
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lipids with liquid condensed domains in a liquid expanded
phase. When spiralin was injected into the subphase, a
change in the morphology of the monolayer was observed
(Fig. 9b,c,d). The average normalized gray level, and thus
the luminosity, progressively increased from 192 up to 680;
these values will be used in the next part to calculate the
thickness of the layer at the interface. The initial lipid
domains progressively disappeared upon spiralin adsorption
and the final state displayed a relatively homogenous phase
of very high luminosity.

4. Discussion and conclusion

Secondary structure prediction from the sequence using
statistical methods suggests that spiralin is a “mixed” o/p
protein containing about 28% of helices, 32% of { sheets
and 40% of irregular structures (turns and coils). Direct IR
spectrum of lyophilized spiralin, even if these experimental
conditions are not relevant for the native structure of the
protein in hydrated conditions, confirms the complex fold-
ing of the protein. It should be also noted that the predicted
amphipathic o helix centered on the A153 residue (Fig. 1)
has been experimentally confirmed [11,31] as well as the
predicted turn P108—G111. The latter was confirmed by the
trypsic cleavage occurring between K109 and H110 [14].
The trypsic dissection of spiralin thus led to the hypothesis
that spiralin comprises two distinct domains of comparable
size: a trypsin-sensitive domain from C1 to K109 followed
by a trypsin-resistant domain from H110 to E219. The first
domain displays a very hydrophobic N-terminus which,
owing to the triacylation of the initial cystein, is responsible
for the amphiphilicity of spiralin. However, the absence of
any predicted membrane spanning hydrophobic helix within
the sequence of spiralin [11] indicates that both domains are
exposed on the surface of the spiroplasma cell.

To go further, it was more relevant to study spiralin
structure in aqueous conditions, since protein structure is
strongly dependent on hydration [39,40]. Since spiralin
strongly self-aggregates in solution and forms globular
micelles of 175+ 15 A diameter, the IR and CD spectra
recorded for aqueous solutions of spiralin are characteristic
of secondary structure of spiralin in detergent-free lipopro-
tein micelles. There is a relatively good agreement between
the results obtained by these two independent methods since
both identify a main contribution of B sheets (38 + 2%),
while a helices represent 25 + 3% of the secondary struc-
ture. Furthermore, there is also a good agreement between
the structural predictions and the spectroscopic data for
spiralin in solution.

Spiralin forms stable layers at the air/water interface and
displays surface-active properties. Thus, its tertiary folding
exhibits an amphipathic character with the polypeptide
probably in contact with water and the N-terminus with
the three acyl chains in the air. The progressive kinetics of
spiralin adsorption at the air/water interface reflects the slow

disaggregation process of the stable spiralin micelles in
solution. The homogeneous and progressive increase of
luminosity observed on the BAM images obtained during
spiralin adsorption characterizes the increase of the protein
concentration at the interface to form a homogeneous phase
at the resolution scale of the microscope (2 pm). Using a
spiralin refractive index of n=1.53 [41], the software
incorporated in the BAM microscope gives an average
thickness of 15 A for the more condensed protein layer.
The diameter of a spiralin polypeptide folded under a single
compact and globular domain would be of 38 A. Thus, even
if the calculation performed using the BAM images is only
an estimation, it strongly suggests that a monolayer of
spiralin forms at the interface and the protein does not adopt
a globular form but a more extended and flat organization.
This hypothesis is consistent with the diameter of the
spiralin micelles obtained in detergent-free solutions and is
confirmed by the PMIRRAS spectra which display a com-
plex amide I band and an intense amide II band, character-
istic of a mixture of B sheets and « helices. Spectral
simulations show that B sheets adopt a flat orientation at
the interface. The accumulation of spiralin molecules at the
interface leads to both an increase of the lateral pressure and
of the amide B sheet band intensity. Additionally, the
negative band around 1670 cm ~ ' shows the progressive
tilt of the o helices towards a more vertical orientation when
IT increases. This structuration and anisotropic flat orienta-
tion of the B sheets parallel to the interface plane are in good
agreement with the weak thickness value estimated by
BAM. Thus, even if PMIRRAS spectroscopy does not solve
the tertiary structure of spiralin, i.e. the 3-D arrangement of
the identified secondary structures, it allows to conclude to a
peculiar organization and orientation of the different struc-
tural motifs.

Since spiralin is a membrane-anchored lipoprotein, its
study in interaction with lipid monolayers stabilized at the
air/water interface presents a great interest to better under-
stand its properties and those of similar molecules. The
measured lateral pressure variations show that the mecha-
nism of interaction, the structure and the orientation of the
protein are strongly dependent on the nature of the lipid
environment. The AIT increase indicates that spiralin inserts
in negatively charged phospholipid monolayers of DMPG
and PS. In contrast, on natural SmBC3 lipid monolayers, the
lack of or very weak AIT increase, together with the amide I
band characteristic of spiralin on PMIRRAS spectrum
indicate that spiralin adsorbs mainly under this lipid mono-
layer. Actually, the PMIRRAS spectra show a versatile
folding of spiralin depending on the lipid environment. A
mixed antiparallel 3 sheet/a helical structure was observed
on the negatively charged DMPG and PS phospholipids, but
while the main axis of both structures was parallel to the
interface in the case of DMPG, a tilted orientation was
observed when spiralin inserted into PS lipids. On spiro-
plasma lipids, the PMIRRAS spectrum allows to conclude
that spiralin mainly folds into antiparallel 3 sheets with a
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flat orientation of the strands at the interface. The relative
width of the amide I band shows the presence of other
secondary structures, which are mainly flat-oriented at the
interface since the amide II band is very weak. Furthermore,
on the subtracted spectrum, the band around 1200 cm ~ ' is
characteristic of a perturbation of the lipid polar head
phosphate groups proving the adsorption of spiralin under
the monolayer without deep perturbation of the lipid molec-
ular organization. These results are then consistent with a
‘carpet model’ of spiralin molecules anchored in the lipid
monolayer by their own acyl chains, and inducing neither
severe changes in the lipid chains organization nor impor-
tant AT increases. In this model, the protein is flat-adsorbed
under the lipid monolayer, occupying a large molecular area
and only perturbing the lipid polar heads.

Thus, independent of the lipid environment, spiralin
structure and orientation are different from those observed
for pure spiralin at the air/water interface. It is also impor-
tant to emphasize that due to the versatility of the protein
structure, the study on spiroplasma lipids are the most
relevant with respect to the natural in vivo conditions.
Therefore, only the morphology of mixed spiralin/spiro-
plasma lipid monolayer was further investigated by BAM.
The image of the pure (protein-free) spiroplasma lipid
monolayer compressed to 22 mN/m is characteristic of a
biphasic mixture of liquid condensed domains in a liquid
expanded fluid phase. From the average gray level, it is
possible to estimate the thickness of the lipid monolayer
using n=1.50 for the lipid refractive index [42]. The
estimation gives a thickness of 17 A, in good agreement
with the thickness expected for the half of a membrane. The
progressive spiralin adsorption led to an important increase
of luminosity and a higher homogeneity of the surface layer.
Several concomitant phenomena can explain these observa-
tions. The homogeneous spiralin adsorption under the lipid
monolayer leads to changes both in layer refractive index
and thickness, and contributes to the homogeneous increase
of luminosity. Simultaneously, changes in the morphology
of the lipid monolayer can happen to lead to a more
homogeneous liquid expanded or condensed phase. Even
if it is not possible to accurately deconvolute the respective
contributions of the two phenomena, the lack of important
perturbation in lipid organization observed by PMIRRAS
spectroscopy favors the first one. Again, the relatively
homogeneous gray level at the final state allows to estimate
the average thickness of the mixed spiralin/spiroplasma lipid
layer, using a homemade software [43] to model the two
layers with refractive indexes of n=1.50 and n=1.53 for the
lipids and the protein, respectively. A total thickness of 25—
30 A was estimated. This gives an 8— 13-A thickness for the
adsorbed protein layer taking into account the 17-A thick-
ness of the lipid layer and hypothesizing that there is no
significant change in the lipid layer due to spiralin adsorp-
tion. Such a calculation suggests again that only a mono-
layer of spiralin is adsorbed under the lipid layer. The weak
thickness compared to the 38 Aofa single-domain, globular

protein is also in good agreement with the anisotropic and
flat orientation of the protein antiparallel B sheets at the lipid
interface.

Altogether these results are consistent with ‘spiralin
carpets’ anchored in the outer leaflet of the membrane by
their lipid moiety but without penetration of the polypeptide
chain within the bilayer. The weak 8§—13 A thickness of the
spiralin adsorbed layer and the main antiparallel B sheet
folding with a flat orientation at the interface rules out the
hypothesis of a compact and globular protein since this one
would give a much larger thickness (38 A). Furthermore,
these results support the hypothesis that spiralin is com-
posed of two colinear domains, both adsorbed on the lipid
polar heads, the first one being tightly anchored to the
membrane by the acyl chains of the N-terminus. Owing to
the very high amount of spiralin in the membrane (25—-30%
of the total membrane protein mass [9,10]), such carpets
should cover most if not all the lipids present in the outer
leaflet of the bilayer suggesting a dual role of spiralin
protecting the lipids of the membrane outer layer and, at
the same time, influencing membrane curvature. Since S.
melliferum is a honey bee pathogen devoid of a cell wall
[44], the protection of its membrane lipids by spiralin (e.g.
against lipases) might be crucial for its survival in the
digestive tract of the insect. Further investigations are
necessary to solve precisely the tertiary structure of the
protein and the relative orientation of the two protein
domains.
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