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Abstract 

Current models depict spiralin as a bitopic transmembrane protein with the transbilayer domain being an amphipathic a helix. 
However, though secondary structure prediction methods suggest a helical conformation for the hypothetical transmembrane segment of 
spiralin, no potential transmembrane helices could be detected in this protein using the method of Von Heijne (Von Heijne, G. (1992) J. 
Mol. Biol. 225, 487-494). Therefore, we have reconsidered the spiralin topological model by investigating the properties of the 
chemically synthesized peptides SM-BC3 (LNAVNTYATLAKAVLDAIQN-NH2) and SC-R8A2 (LNAVNTYATLASAVLEAIKN-NH2) , 
corresponding to the hypothetical transmembrane segments of spiralins of two distinct spiroplasma species. The hydrophobic moment plot 
method suggests that these spiralin amino acid stretches are class G amphipathic a helices (i.e., helices localized on the surface of a 
globular protein domain). Circular dichroism spectra showed that both peptides have little ordered structure in aqueous solutions but adopt 
a mainly helical conformation in the presence of 25% trifluoroethanol or in detergent micelles (up to 74% a helix). Both peptides formed 
concentration- and voltage-dependent pores in planar lipid bilayers with a unitary conductance of 130 pS in 1 M KCI and with mean 
numbers of monomers per conducting aggregates of 6 for SC-R8A2 and 9 for SM-BC3. However, the two peptides displayed a 
haemolytic activity only at high concentrations (>  250 /zM) and reacted with antibodies raised against membrane-bound spiralin. 
Together with previously published results, these data suggest that spiralin is a monotopic membrane protein anchored at the surface of 
the spiroplasma cell and that the 20-residue amphipathic segment is most probably a class G helix containing a B-cell epitope. 
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1. Introduct ion 

Owing to a small genome size (600-1700 kbp) and a 
cell envelope composed of only the plasma membrane, 
mollicutes ( 'mycoplasmas ' )  are the smallest and the sim- 
plest bacteria capable of  self-replication [1]. In all species 

Abbreviations: CD, circular dichroism; DOPE, dioleylphos- 
phatidylethanolamine; Fmoc, fluorenylmethyloxycarbonyl; HPLC, high 
performance liquid chromatography; IgG, immunoglobulin G; POPC, 
palmitoyloleylphosphatidylcholine; SC-R8A2, synthetic analogue of a 
putative ot helix of Spiroplasma citri strain R8A2 spiralin; SM-BC3, 
synthetic analogue of a putative a helix of Spiroplasma melliferum strain 
BC3 spiralin; t-Bu, t-butyl; TFE, trifluoroethanol; A~', membrane electri- 
cal potential; Ap, proton-motive force. 
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analyzed so far, the membrane contains a large number of  
proteins modified by covalently bound fatty acids [2]. As 
these acylated proteins are exposed on the cell surface, 
they are probably involved in the interactions between 
mollicutes and their milieu which is in most if not all cases 
a human, animal, or plant host. 

The plasma membrane of some species of  spiroplasmas 
(helical-shaped mollicutes) contains a major polypeptide 
named spiralin which has previously been purified [3,4] 
and shown to being acylated, mainly by tetradecanoate 
(14:0) and hexadecanoate (16:0) [5]. The gene encoding 
spiralin has been cloned in Escherichia  coli [6] and se- 
quenced [7,8]. The two topological models proposed so far 
suggest that spiralin might be a bitopic transmembrane 
protein [5,8]. In the model of Chevalier et al. [8], based on 
secondary structure predictions from the sequence, a 20-re- 
sidue amphipathic a helix lying within the last third of the 
polypeptide chain (Fig. 1) has been proposed as the trans- 
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membrane segment of spiralin. However, evidence for the 
presence in prespiralin of a cleavable signal peptide [9] 
suggests on the other hand that spiralin is a surface an- 
chored lipoprotein, in which case it should be devoid of 
any transmembrane domain: Indeed, though acylated trans- 
membrane proteins have been found in eucaryotes [10], the 
overwhelming majority of all known bacterial lipoproteins 
are devoid of potential membrane-anchoring sequences 
other than the fatty acyl groups [11,12]. Due to its abun- 
dance (=  20 to 30% membrane protein mass [3,4]), it is 
likely that spiralin has a structural function rather than an 
enzymatic one in the spiroplasma cell. 

Spiralin being unrelated to any other known protein, the 
elucidation of its function in the spiroplasma cell requires 
to determine its topology and notably to decide whether or 
not it spans the membrane. Since the amphipathic a helix 
mentioned above is the strategic domain of the transmem- 
brane model [8], we have investigated the topological 
propensities, the conformational properties, the pore-for- 
ming ability, the haemolytic activity, and the antigenicity 
of two chemically synthesized peptides, corresponding to 
the putative transmembrane segment of Spiroplasma mel- 
liferum (strain BC3) and its homologue in Spiroplasma 
citri (strain R8A2) spiralin. 

Manchester, UK) using Xenon gas at 8 kV and correct 
amino acid analysis after overnight hydrolysis at 110 ° C in 
6 M HCI containing phenol. Furthermore, NMR analysis 
of the structure of the peptides confirmed that their se- 
quences were those expected [14]. 

2.2. Computer-assisted sequence analysis 

The topology of spiralin was investigated with the 
TopPred II software [15]. In this method, the strategy for 
predicting bacterial plasma membrane-spanning sequences 
is very reliable and based upon hydrophobicity analysis 
and charge-bias analysis (the 'positive-inside' rule) of the 
amino acid sequence [16,17]. 

Secondary structure propensities were estimated by the 
three following methods: CF [18,19], GOR III [20], and 
PHD [21]. The CF and GOR III methods are both proba- 
bilistic, using observed frequencies of amino acid residues 
in proteins of known structure. The CF method uses singlet 
frequencies and propensities whereas the GOR III method 
incorporates doublet frequencies derived from the protein 
data base. The PHD method uses multilayered (neural) 
networks and, according to recent evaluations, outperforms 
previous methods, notably when homologous sequences 
are available for comparison [21]. 

2. Materials and methods 

2.1. Synthesis and purification of peptides 

Peptide synthesis was performed on a manually-oper- 
ated multiple peptide synthesizer under continuous-flow 
conditions using Fmoc/t-Bu protection strategy as previ- 
ously described [13]. Peptides were purified by preparative 
size-exclusion chromatography on a Sephadex G-15 2.5 × 
100-cm column in 6% aqueous acetic acid (flow rate 20 
ml /h)  and by semi-preparative reverse-phase HPLC. The 
latter was carried out on 8 × 250-ram Vydac C18 columns 
with a flow rate of 2 ml /min and detection being moni- 
tored by UV absorption at 240 nm. Fractions containing 
pure peptide were pooled and lyophilized, and the purity 
was checked by analytical HPLC. Both peptides provided 
expected molecular peak in fast-atom-bombardment mass 
spectrometry on ZAB EQ spectrometer (VG Analytical, 

2.3. Mean hydrophobic moment calculations 

Mean hydrophobic moment (( /~n))  values of the pep- 
tides were calculated according to the method of Eisenberg 
et al. [22] using the following equation: 

</'*o> = ((~Hnsin(6n))  2 + (~Hnc°s( 6n))2)1/2/u 

where N is the number of residues and n is a specific 
residue within the peptide sequence. H, is the hydropho- 
bic value assigned to residue n, and 6 is the angle in 
radians at which successive side chains emerge from the 
backbone when the periodic segment is viewed down its 
axis (e.g., 100 ° for the a helix). The normalized consen- 
sus hydropathy scale of Eisenberg et al. [23] and a window 
of 11 residues were used when </Zn> was plotted vs. 
< H >. DNA Strider" version 1.2 software [24] was used 
for < ]£H) VS. 6 plots. 

1 5 10 15 20 
(A) SM-BC3 E ~ F ] c  TPKAVKKDE[LNAVNTYATLAKAVLDAIQ~IAP COOH 

SC-RSA2[ LP  IC DPKKVTKDEtLNAVNTYATLASAVLEAIKN~AP COOH 
(B) S M - B C 3  c c h h h h h h h ] h h h h h h h h h h h h h h h h h h h h l h c  c 

S C - R 8 A 2  c c h h h h h h h h h h h h h h h h h h h h h h h h h h h l c c  c 
(C) S M - B C 3  c c c c c c h h h h h h h h h h h h h h h h h h h h h h h [ c c  c 

S C - R 8 A 2  ¢ ¢ c c c c h h h h h h h h h h h h h h h h h h h h h h h [ c c  c 
(D) SM-BC3 I h h h h h h h h s  s s s s s s h h h h h h h h h s s  s s [cc  t 

SC-R8A2 t s s s h h h h h s  s s s s s s h h h h s h h h h h h h h l c c  t 

Fig. 1. Secondary structure prediction of the putative transmembrane region (framed part of the sequence) of spiralins SM-BC3 and of spiralin SC-RSA2. 
(A) Sequences of S. melliferum BC3 and of S. cirri RSA2 spiralins [8]. LP, leader peptide [9]. Generation of secondary structure assignments: GOR III 
(B), PHD (C), and CF (D). Secondary structure: h, a helix; s, /3 sheet; t, turn; and c, coil. 
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2.4. Circular dichroism spectroscopy 

Circular dichroism (CD) of peptide solutions was 
recorded from 190 to 250 nm at 20°C with a Jobin-Yvon 
Mark V dichrograph equipped with a thermostatically con- 
trolled quartz cell with a path length of 1 mm. The samples 
contained 0.3 mg of peptide per ml of 10 mM sodium 
phosphate buffer pH 7.2 containing or not trifluoroethanol 
(TFE) or detergent. Three scans were performed per analy- 
sis and subsequently averaged. Corrections were made for 
buffer and detergent contribution. Ae was calculated on 
the basis of a mean residue mass of 115 Da and expressed 
in cm- 1 M- 1 [25]. 

The mean residue ellipticities at 222 nm ([0]222) of 
these peptides were calculated by using the relationship 
[ 0 ]222 = 100 O/cnl where 0 is the ellipticity (mdeg), c is 
the peptide concentration (mM), n is the number of amino 
acids in the peptide, and l is the path length (cm). The 
peptide a-helical content was evaluated using the follow- 
ing equation: % a helix = ( ( -  [ 0 ]222 - 2340)/30 300) X 
100% [26]. In this equation, the values are in deg cm 2 
dmol- 1. 

2.5. Functional assays with planar lipid bilayers 

The pore-forming activities of the two peptides were 
investigated at both the macroscopic and single-channel 
levels. The lipid mixture, POPC/DOPE (7:3, by mass) 
was dissolved 1% or 1%o in n-hexane for macroscopic and 
patch-clamp experiments, respectively. Electrolyte on both 
sides of the bilayer was 1 M KCI. Peptides in stock 
solution were added to the cis- or positive side of the 
bilayer. For the macroscopic conductance configuration 
(typically, several hundred channels), virtually solvent-free 
bilayers were formed by the apposition of two lipid mono- 
layers onto a 125-/xm diameter hole in a 25-/xm thick 
PTFE film sandwiched between two glass half cells [27]. 
For recording single-channel fluctuations, lipid bilayers 
were preformed at the tip of patch-clamp glass mi- 
cropipettes [28] either by the droplet or the 'tip-dip' meth- 
ods. Bilayer formation was monitored by the capacitance 
response and, prior to peptide addition, bare membranes 
were checked under applied potentials for electrical si- 
lence. 

2.6. Assay of haemolytic activity 

Human and sheep erythrocytes were prepared and 
haemolytic activities of the peptides were assayed as de- 
scribed by Bernheimer [29]. In both cases the erythrocytes 
were dispersed in 10 mM phosphate buffer (pH 7.4) 
containing 0.15 M NaCI and diluted to give a 545 nm 
absorbance (A545) of 0.8 corresponding to 100% lysis after 
treatment of the cells with 2% Triton X-100. Cell suspen- 
sions were treated with different concentrations of peptides 
for 30 min at 37°C and A545 was recorded after intact 

cells were removed by centrifugation at 5000 rpm for 5 
min at 20 ° C. 

2.7. Dot-blot analysis 

Peptide dot-blot analysis was performed as described by 
Canas et al. [30] using covalent attachment to Immobilon- 
AV membranes. Samples (5 ~1 containing 5, 10, or 20/xg 
of peptide) were applied to the membrane for 30 min to 
allow peptide adsorption. The primary antibodies were 
rabbit anti-membrane or anti-spiralin antibodies. The sec- 
ondary antibodies were goat IgGs labeled with peroxidase 
and directed against rabbit IgGs. 4-Chloro-l-naphthol was 
used as the enzyme substrate [31]. 

3. Results 

3.1. Topological propensities orS. citri and S. melliferum 
spiralins 

Since the method of Von Heijne [17] is presently the 
most reliable one for the prediction of the topology of 
membrane proteins, notably in bacterial plasma mem- 
branes, we have used it to investigate the amino acid 
sequences of S. citri and of S. melliferum spiralins. In 
both cases, the only pointed out transmembrane segment 
was the N-terminal signal sequence of prespiralins. No 
spanning sequences were predicted in the processed form 
of spiralins. In transmembrane polypeptides, lysine and 
arginine residues (K and R, positively charged amino acid 
residues) are manifold more abundant than aspartic acid 
and glutamic acid (D and E, negatively charged amino acid 
residues) in cytoplasmic segments, as compared to outer 
segments [17]. In the model of Chevalier et al. [8], the 
charge-bias does not fit the 'positive-inside' rule since the 
ratio is 15 ( K +  R) and 17 (D + E) in the outer polar 
segment vs. 9 (K + R), and 8 (D + E) in the cytoplasmic 
one for S. citri spiralin and 22 (K + R) and 17 (D + E) in 
the outer polar segment vs. 6 (K + R) and 9 (D + E) in the 
cytoplasmic one for S. melliferum spiralin. However, it 
should be noted that it is not possible to apply this rule 
here as sharply as for polytopic membrane proteins, be- 
cause in polar segments longer than 70 residues (which is 
the case for the outer polar segment of both spiralins), the 
content of charged residues does not seem to be dependent 
on their locations on either side of the membrane [32]. 

3.2. Secondary structure prediction and hydrophobic mo- 
ment plot analysis 

Fig. 1 summarizes the secondary structure predictions 
for the two peptides in the corresponding spiralins. For 
easier identification, the residues were numbered from 1 to 
20 in both sequences. The GOR III method and the PHD 
method predict a fully a-helical conformation for both 
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Fig. 2. Hydrophobic moment vs. hydrophobicity plots of peptides SM-BC3 
and SC-R8A2. Mean hydrophobicity per residue ((H)) and mean hy- 
drophobic moment per residue (</~H >) were calculated using the norma- 
lyzed consensus hydrophobic scale of Eisenberg et al. [23]. Full length 
SM-BC3 ( • )  and full length SC-R8A2 (O) fall in the globular protein 
domain of the plot. Among the twenty 11-residue stretches scanned in the 
sequences of SM-BC3 (filled small square) and SC-R8A2 ( o ) (10 stretches 
for each peptide), six sequences (stretches 8-18, 9-19, and 10-20 in 
SM-BC3 and their homologues in SC-R8A2) fall in the surface seeking 
peptide domain together with cecropins A and B of Hyalophoria ce- 
cropia, melittin of Apis mellifera, and ~hemolysin of Staphylococcus 
aureus. The fourteen other sequences fall in the same sector as full-length 
SM-BC3 and SC-R8A2; the coordinates of some of the points were so 
close that they are not resolved in the figure. 

segments within their respective proteins. Both helices 
extend in tlae direction of  the protein N-terminus and are 
interrupted on the C-terminal side by a segment of irregu- 
lar structure. The helical extension predicted by the PHD 

method (3 residues) is shorter than that predicted by the 
GOR III method (6 residues). In contrast to the two 
previous methods, the method of  Chou and Fasman (CF) 
predicts a shorter helical domain, localized roughly within 
the C-terminal side of  the stretch. 

The highest hydrophobic moment was observed for 
both peptides when ~ = 105 °, i.e., for a a-helical struc- 
ture. When the hydrophobic moment was plotted vs. the 
hydrophobicity, both SM-BC3 and SC-R8A2 mapped in 
the 'globular '  protein region of the plot (Fig. 2). The 
twenty l l-residue sequences (10 per peptide), obtained by 
scanning SM-BC3 and SC-R8A2, fell in a restricted area 
of  the Eisenberg plot. The three l l-residue sequences 
closest to the C-terminus of  each peptide (segments 8-18,  
9-19,  and 10-20), i.e., those displaying the highest hy- 
drophobic moment, laid in the 'surface'  region (S) of the 
plot whereas all the other sequences (from 1-11 to 7-17)  
were found within the 'globular '  region (G) of the plot. 
None of the peptides was found in the ' transmembrane'  
region (T) of  the plot. 

3.3. Circular dichroism (CD) spectroscopy analysis of the 
peptides 

CD spectroscopy was used to investigate the effects of  
an hydrophobic environment on the conformation of  SM- 
BC3. In a buffer containing no TFE or detergent, the 
peptide displayed a spectrum indicative of  a mainly ran- 
dom coil conformation (Fig. 3), with only 18% of helical 
conformation detected. However, 42% of helical confor- 
mation was detected upon the addition of  10% TFE and 
the proportion of helices raised to 78% when the TFE 
concentration was increased up to 25%. The spectra ob- 
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Fig. 3. Circular dichroism spectra of peptide SM-BC3 solubilized in different conditions. The polypeptide (0.3 mg/ml )  was solubilized in 10 mM sodium 
phosphate buffer pH 7.2 (a) or in the same buffer containing 10% TFE (b), 25% TFE (f), 1% SDS (e), 1% C]2E 8 (d), or 1% octyl glucoside (c). The 
spectra were recorded at 20 ° C. 
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Fig. 4. Macroscopic current-voltage curves compared for peptides SM- 
Be3 (panel A) and SC-R8A2 (panel B) in PoPe/DOPE planar bilayers, 
at two aqueous concentrations, curves 1:2.10 .6 M and curves 2: 
4-10 .6 M (cis-side). Electrolyte: 1 M KC1 both sides; room temperature. 
Characteristic voltages are defined by the crossings of the exponential 
branches (raising limb) with a reference conductance (broken line, 150 
nS). 0 = 125 Nm. 

tained when the peptide was solubilized in the presence of 
different detergents were similar to those recorded in the 
presence of 25% TFE. Specifically, the proportions of  
helices were 74, 73, and 65% for SM-BC3 solubilized in 
the presence of 1% SDS, 1% Ct2E8, or 1% octyl gluco- 
side, respectively. The conformation of SC-R8A2 was 
analyzed in buffer devoid of TFE or detergent, in the 
presence of 25% TFE, and in the presence of 1% octyl 
glucoside. The spectra (data not shown) were not signifi- 
cantly different from those recorded with SC-R8A2. 

3.4. Ion conductances induced by peptides SM-BC3 and 
SC-R8A2 in planar lipid bilayers 

In the macroscopic conductance configuration, adding 
2 - 1 0  - 6  M peptide to the cis-side of the bilayer (an 
estimation of the intrinsic peptide concentration within the 
bilayer will be given in Discussion) led, within 10 to 15 
min, to the development of  highly voltage-dependent cur- 
rents both for positive and negative voltages (Fig. 4). After 
equilibrium was reached, V~, the characteristic voltage at 
which the exponential branch crossed a reference conduc- 
tance was noted and the peptide bath concentration dou- 
bled. Results for both analogues are summarized and ana- 
lyzed in Table 1. From concentration- and voltage-depend- 
encies, an analysis previously described for alamethicin, 
the prototype of pore-forming peptides through the aggre- 
gation of amphipathic helical monomers [33], allows to 
derive N, the apparent and mean number of  monomers  per 
conducting aggregate. N = VR/V ~, where V~ is the charac- 
teristic voltage shift for an e-fold change in concentration 
and V e the voltage increment resulting in an e-fold change 
in conductance. Note the quasi-symmetry in these ( I - V )  
current-voltage curves, higher thresholds (V c) for SC- 
R8A2 peptide but a significantly reduced voltage-depen- 
dence as compared to SM-BC3. The size of  the aggregates 
appear higher too, with the latter analogue. 

With slightly reduced aqueous peptide concentrations 
and bilayers at the tip of  patch-clamp micropipettes (inter- 
nal diameter around 1 /zm), single-channel current fluctua- 
tions were recorded. For example in the case of  SM-BC3, 
within long bursts of  activity, unitary current rapidly flick- 
ered between hardly resolved closed and open states (not 
shown). The unit conductance was 130 pS in 1 M KC1 and 
the probability for the open state was about 0.8 at 150 mV. 

3.5. Haemolytic activity of peptides SM-BC3 and SC-R8A2 

Fig. 5 shows the haemolysis of human and sheep 
erythrocytes as a function of the concentration of SM-BC3 
and of SM-R8A2. There was no lytic activity for SC-R8A2 
for concentrations < 100 /zM. Beyond that concentration 
threshold, 44% of human erythrocytes and 25% of sheep 
erythrocytes were lysed with 250 /xM SC-R8A2. At high 

Table 1 
Analysis of conductance data 

P e p t i d e s  Concentration-dependence Voltage-dependence N 

V¢1 (mV) Vc2 (mV) V~ (mV) V~ (mV) 

SM-BC3 170 117 71 7.6 9 
SC-R8A2 204 148 75 12.5 6 

Vci, characteristic voltage at which the ascending limb of the exponential branch of current crosses a reference conductance. Peptide concentrations: 
2.10 - 6  M and 4.10 -6 M for V¢1 and V~2, respectively. V~ = 0.5AV~ × e, with e = 2.78. N, mean number of monomers per conducting aggregate [32]. 
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Fig. 5. Erythrocyte lysis by peptides SM-BC3 and SC-R8A2. Human or 
sheep erythrocyte suspensions were exposed to varying concentrations of 
peptide SM-BC3 or of peptide SC-R8A2 and the amount of released 
hemoglobin was determined by measuring the absorbance at 545 nm 
(A545). Complete lysis (100%) was obtained by the addition of 2% Triton 
X-100 to the cell suspensions. Symbols: activity of SM-BC3 on human 
erythrocytes ( [] ) and on sheep erythrocytes ( • ) ;  activity of SC-R8A2 on 
human erythrocytes (©)  and on sheep erythrocytes (O). 

concentration (1 mM peptide), 60% of erythrocytes were 
lysed in both cases. The haemolytic activity of SM-BC3 
was similar to that of SM-R8A2 in the case of human 
erythrocytes but significantly weaker in the case of sheep 
erythrocytes with 3% of lysis at a concentration of 250 
/xM and 30% at 1 mM. In the assay, no spontaneous 
haemolysis was observed in the absence of peptide. In 
comparison, melittin induced 100% lysis in human 

A B C 
a 

erythrocytes and in sheep erythrocytes at concentrations 
> 0.03 ~M and > 3.5 /xM, respectively. 

3.6. Antigenicity of peptides SM-BC3 and SC-R8A2 

Since B-cell epitopes are specific targets of the binding 
sites of B-cell immunoglobulin receptors and circulating 
antibodies, antibodies elicited by a protein in its native 
conformation are specific for surface determinants of the 
intact three-dimensional structure of the protein. To assess 
whether peptides SM-BC3 and SC-R8A2 are B-cell epi- 
topes we have tested their reactivity with antibodies elicited 
with native, membrane-bound spiralin. 

The dot-blot analysis revealed that peptides SM-BC3 
and SC-R8A2 covalently attached to Immobilon-AV mem- 
branes were capable of binding antibodies raised against 
native spiralin (Fig. 6). In contrast, antibodies raised against 
membrane proteins of Mycoplasma gallisepticum (a species 
which, as spiroplasmas, also belongs to the Mollicutes 
class of eubacteria) were not bound by the peptides (C and 
F in Fig. 6). In these experiments, the homologous 
antigen-antibody reaction between peptide SC-R8A2 and 
anti-S, citri-R8A2 spiralin antibodies gave, as expected, a 
stronger label than the heterologous reaction between pep- 
tide SM-BC3 and anti-S, citri-R8A2 spiralin antibodies 
(compare A and D in Fig. 6). However, the reverse was 
not true since antibodies directed against S. melliferum- 
BC3 spiralin gave a stronger label in the heterologous 
reaction (compare B and E in Fig. 6). The results of the 
dot-blot analysis indicate that the two synthetic peptides 
contain a B-cell epitope identical or similar to an antigenic 
determinant localized on the surface of spiralin. 

b 

c @  

d O  

• 

B 
Fig. 6. Dot-blot immunodetection of peptides SM-BC3 and SC-R8A2. 
Antigens: SM-BC3 (a, b, and c: 5, 10, and 20 /xg of peptide, respec- 
tively) and SC-R8A2 (d, e, and f: 5, 10, and 20 /zg of peptide, 
respectively). Antibodies: anti-spiralin SC-R8A2 (A and D), anti-spiralin 
SM-BC3 (B and E), and anti-membrane of M. gallisepticum (C and F). 
The sera were used at a 50-fold dilution. 

4. Discussion 

Two of the three algorithms used in this study to predict 
secondary structure (PHD and GOR III methods vs. CF 
method) suggested a fully helical conformation for the two 
homologous 20-residue segments of spiralin of S. citri 
R8A2 and S. melliferum BC3. This was experimentally 
confirmed by analyzing the solution conformation of two 
synthetic analogs of these sequences. Circular dichroism 
(CD) spectra of the peptides solubilized into different 
media revealed that peptide helicity was significantly en- 
hanced only in the presence of TFE as a co-solvent or in 
the presence of surfactant micelles. Since the use of high 
concentrations of TFE in conformation studies may be 
misleading, it should be stressed that in the present study, 
peptide CD spectra were recorded at low TFE concentra- 
tions (<  25%). It should also be noted that the helical 
conformation of SM-BC3 in 30% TFE was demonstrated 
by NMR spectroscopy [14]. It was furthermore shown in 
this latter analysis that the sequence encompassing residues 
4 to 20 (see Fig. 1) formed an amphipathic a helix 
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whereas the three N-terminal residues (L-N-A) displayed a 
much more flexible conformation. 

Three main types of helices can be discriminated by the 
hydrophobic moment plot: membrane spanning helices 
(class T helices), membrane surface seeking helices (class 
S helices), and globular protein helices (class G helices) 
[22,23]. The two peptides SM-BC3 and SC-R8A2 were 
identified by this method as class G helices with, however, 
characteristics making them not too different from class S 
helices. This was experimentally confirmed by two facts. 
Firstly, both peptides were capable of forming voltage-de- 
pendent pores as do membrane seeking a-helical amphi- 
pathic polypeptides such as alamethicin [33,34] or amphi- 
pathic a-helical transmembrane segments of channel pro- 
teins [35,36]. We thus assume that the pores formed by 
SM-BC3 and SC-R8A2 result from helices clustering un- 
der the form of a bundle perpendicular to the plane of the 
membrane with hydrophilic sidechains lining the central, 
ion-conducting pore and hydrophobic sidechains interact- 
ing with the fatty acyl chains of the lipids (for review see 
[37-39]). Secondly, these peptides displayed a haemolytic 
activity as expected from surface seeking polypeptides. 
However, haemolytic activity toward both human and 
sheep erythrocytes was significant at only very high con- 
centrations. Indeed, 0.25 to 1 mM peptide concentrations 
were required to achieve about 50% haemolysis whereas, 
in the same conditions, 100% lysis was observed with 
about 1 /xM melittin (Fig. 5). Since the haemolytic activity 
of amphipathic peptides is highly dependent on their con- 
tent in positively charged amino acid residues [40], the low 
haemolytic activities of SM-BC3 and SC-R8A2 are proba- 
bly due to the fact they contain only two charged amino 
acids: one basic residue (K in both cases) and one acidic 
residue (D in SM-BC3 and E in SC-R8A2). 

A comparison of these concentrations with those needed 
in the bulk to induce a pore-forming activity in planar lipid 
bilayers is not straightforward. The actual or intrinsic 
peptide concentration in the bilayer can only be tentatively 
estimated. The ratio of macroscopic conductance at a given 
voltage and concentration to the average-single channel 
conductance (amplitude × probability of opening) repre- 
sents the number of available conducting aggregates in the 
bilayer, e.g., 2 .10  4 for SM-BC3 at 150 mV and 4 . 1 0  - 6  

M. Thus, the conducting aggregate density is 1.7- 108 per 
cm 2 or since N = 9 (monomers per conducting aggregate), 
the overall density of peptide monomers involved in the 
pore forming activity would be about 1.5 • 1 0  9 per cm 2 of 
planar lipid bilayer. Assuming 70 ~2 for the average 
cross-sectional area of a phospholipid molecule, we arrive 
at an apparent peptide (involved or available in pore 
formation)/lipid of 10 -5. Ultimately, this figure would 
have to be compared with the whole protein (spiralin) 
density in situ whence new models for its topology will be 
devised. Finally, it is worth noting that the number of 
monomers involved in pore-forming activity is only a 
minor fraction of the total number of monomers in or 

associated with the bilayer, according to a recent study 
with alamethicin [41]. 

With regard to macroscopic conductance data, lower V~ 
thresholds (Fig. 5), higher voltage-dependence (Fig. 5), 
and larger number of helices per bundle (Table 1) for 
SM-BC3 as compared to SC-R8A2 are probably due to the 
position of the lysyl residue along the sequence (Fig. 1). 
Indeed, the major difference between the two peptides lies 
in the position of the lysyl residue which is close to the 
middle of SM-BC3 and thus more likely to feel the 
transmembrane field, whereas in SC-R8A2 this charged 
residue is situated just before the C-terminus. 

These data thus provide a theoretical and experimental 
support for an amphipathic a-helical conformation of the 
homologous stretches comprising residues 139 to 168 in 
spiralin of S. citri R8A2 and residues 143 to 162 in 
spiralin of S. melliferum (numbering of the residues is as 
in [7,8] minus the 23-residue signal sequence [9]). How- 
ever, they suggest that, in contrast to the model depicting 
spiralin as a bitopic membrane protein [5,8], these seg- 
ments do not span the spiroplasma membrane. It should 
also be noted that owing to the very high abundance of 
spiralin in the spiroplasma cell (about 25% of the mem- 
brane intrinsic protein fraction [3,4]), the presence of such 
channels in the plasma membrane might be lethal to the 
bacterium if a threshold potential is reached. Indeed, the 
concentration dependence shown in Fig. 4 suggests that the 
transmembrane potential of spiroplasmas (A~ = - 8 0  mV 
and Ap------ 123 mM [42]) might be large enough to 
enhance the pore-forming activity of the peptides, espe- 
cially if the latter are present at high concentration in the 
membrane which is the case of spiralin [3,4]. 

Though the hypothesis of a membrane surface helix 
cannot yet be definitively ruled out, other lines of argu- 
ment strongly suggest that the a helix evidenced in spi- 
ralin is localized at the surface of a globular domain of the 
protein. This interpretation is supported by the fact that 
this helix contains a B-cell epitope capable of binding 
antibodies raised by native, membrane-bound spiralin. In- 
cidently, the cross-reactions between the two peptides 
suggest that this epitope is probably involved in the anti- 
genic relatedness observed between the spiralins of S. citri 
and S. melliferum [43]. The obtention of antibodies raised 
specifically against this epitope will hopefully allow to 
determine its precise localization in the protein and its 
accessibility to antibodies on the spiroplasma cell surface. 

Spiralin containing a cleavable N-terminal signal se- 
quence [9] and being acylated [5] is probably a monotopic 
protein bound onto the outer leaflet of the plasma mem- 
brane of spiroplasmas by its lipidic moiety, which seems to 
be a rule amongst bacterial plasma membrane-bound acyl 
proteins [11,12]. This monotopic model of spiralin is fur- 
thermore corroborated with the absence of any transmem- 
brane segment, as predicted by the method of Von Heijne 
[17] in the processed form of S. citri and S. melliferum 
spiralins. 
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