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Summary 

1. The membrane proteins from Spiroplasrna citri have been resolved into 16 
components  by SDS-polyacrylamide gel electrophoresis. By this technique it 
was also shown that the molecular weights of  these proteins ranged from 
13 000 to 160 000. One of  the proteins, which had an apparent molecular 
weight of  26 000 was the most abundant  and represented more than 22% of 
total membrane protein. We have designated this protein spiralin. None of the 
proteins contained carbohydrate.  

2. Spiralin has been isolated by a procedure which involves removal of  some 
membrane proteins with the neutral detergent Tween 20, selective solubiliza- 
tion of  the Tween residue in DOC and fractionation of the DOC-soluble mate- 
rial by agarose-suspension electrophoresis. The homogenei ty of spiralin was 
demonstrated by analytical polyacrylamide gel electrophoresis under different 
conditions and by crossed immunoelectrophoresis.  

3. Spiralin appeared to bind less DOC than the other membrane proteins of 
S. cirri. This observation does not  imply, however, that  the binding of DOC to 
spiralin is weak. Spiralin was neither soluble in detergent-free buffers nor in 
Tween 20, which indicated that it is an intrinsic membrane protein. 

4. The amino-acid composi t ion of  spiralin was quite different from that of 
the membrane.  Spiralin lacked methionine,  histidine and t ryptophan,  and had 
a low content  of  glycine, leucine, tyrosine and phenylalanine, but  a high con- 
tent  of threonine, alanine and valine. 

* To whom reprint requests should be addressed. 
Abbreviations: SDS, sodium dodecyl sulfate; DOC, sodium deoxycholate; TMV, tobacco mosaic 
virus. 
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Introduction 

Purification of membrane proteins is a fundamental  step in the study of bio- 
membrane structure since pure products are required for extensive investiga- 
tions, including characterization of individual membrane components.  Isolated 
membrane proteins also offer the possibility to build single protein membrane 
systems, which may be very useful models to correlate membrane structure 
with function at the molecular level [ 1 ]. 

In the present paper, we describe the purification and partial characteriza- 
tion of a mycoplasma membrane protein, which has been named spiralin because 
it is the main protein in the cell membrane of Spiroplasma citri. This organism, 
which has the unusual property of having a helical shape without  being sur- 
rounded by a cell wall [2,3] is, like many other mycoplasmas, very suitable as 
a model in membrane research. The variability in electrophoretic rates of migra- 
tion in agarose of DOC-solubilized S. cirri membrane proteins has been de- 
scribed previously [4]. It should be possible to exploit these differences for the 
large scale purification of some of these components.  This paper describes the 
purification of spiralin by agarose-suspension electrophoresis [5,6] in veronal 
buffer in the presence of deoxycholate.  

Materials and Methods 

Culturing of  Spiroplasma cirri and preparation of cell membranes 
S. cirri C 189 (ATCC 27665) was grown as described previously [4]. After 

osmotic lysis of the cells and digestion of DNA by deoxyribonuclease [3], the 
cell membranes were washed extensively with diluted p-buffer [7] as described 
previously [8] and once with distilled water before freeze-drying. 

Preparation of  antiserum against the cell membrane 
Three rabbits were immunized by subcutaneous injections with a suspension 

of whole membranes mixed with Freund's complete adjuvant as described in a 
previous paper [4]. 

Solubilization of the cell membrane with different detergents 
The membrane proteins were solubilized with the anionic detergents SDS, 

Sarkosyl (sodium lauryl-sarcosinate) and DOC as described earlier [9]. Briefly, 
membrane samples containing 20 mg protein per ml in 0.1 M Tris • HC1 buffer 
(pH 8.0) were solubilized by the addition of an equal volume of either 0.2 M 
SDS, or 0.2 M Sarkosyl, or 0.5 M DOC in distilled water. The mixtures with 
Sarkosyl and DOC were kept at 0°C and the mixture with SDS was kept at 
5°C for 1 h before centrifugation. 

Solubilization of the membrane by this procedure with the neutral detergent 
Tween 20 was rather inefficient and the following modifications were made. 
A sample of membrane was mixed with an equal volume of 10% (w : v) Tween 
20 in distilled water. The mixture was dialyzed for 48 h at 4°C against 5 mM 
glycine-NaOH buffer (pH 9.5) containing 1 mM EDTA, 5 mM 2-mercapto- 
ethanol and 0.02% (w : v) sodium azide. 

The supernatants obtained by centrifugation of the mixture at 180 000 X g 
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for 1 h [9] were called SD$, Sarkosyl, DOC and Tween supernatants. The 
material insoluble in Tween 20, designated Tween residue, was solubilized with 
0.25 M DOC in 0.05 M Tris • HC1 buffer (pH 8.0) as described above. 

Polyacrylamide gel electrophoresis 
Experiments performed in tubes. These experiments were run in quartz 

tubes, which made it possible to detect the protein zones by scanning the gels 
at 280 nm. The gels were also scanned at 310 nm to identify artifacts [10]. 
The experiments were performed as described in the legend to Fig. 9 in a pre- 
vious paper [9]. The gels were subsequently stained for proteins with Amido 
Black 10 B or with Coomassie Brilliant Blue R-250 and for glycoproteins by 
the periodic acid-Schiff technique [ 11 ]. 

Slab gel experiments. The experiments illustrated in Figs. 2B, 3, 5A and 5B 
were performed as described in the legend to Fig. 4, ref. 9 and that  in Fig. 2A 
as described in the legend to Fig. 5, ref. 9. Human albumin, the coat protein of 
TMV, human carbonic anhydrase B and cytochrome c were used as markers for 
the molecular weight determinations [12,13]. The gels were stained with 
Amido Black 10 B. 

Two-dimensional polyacrylamide-gel electrophoresis. The components in the 
DOC supernatant were fractionated by two-dimensional electrophoresis as de- 
scribed earlier [9] with the following modifications. The buffer was 0.1 M gly- 
cine-NaOH buffer (pH 9.1) in both directions. In the first direction 26 mM 
DOC was included in the gel and in the catholyte.  In the second direction 20 
mM SDS was included in the whole system. Other conditions were: voltage, 
100 V; current, 70 mA; duration of the run, 2.5 h for both the first and the 
second direction. Before staining with Amido Black 10 B the DOC was removed 
from the gel by soaking in 25% isopropanol. 

Analysis in pore gradient. The homogeneity of spiralin was checked by poly- 
acrylamide-pore gradient gel electrophoresis. The experiments were run in the 
G E 4  apparatus from Pharmacia Fine Chemicals, Uppsala, Sweden. The concen- 
tration range of the gels, which were prepared in our laboratory, was T = 5-- 
30% and C = 5%. The detergent-free buffer was either 0.1 M glycine-NaOH 
buffer (pH 9.1) or 80 mM Tris-acetic acid buffer (pH 8.6). The samples were 
run overnight at a voltage of 200 V and 100 V respectively. Human serum pro- 
teins and phycoerythrin,  a coloured protein having a molecular weight of 
290 000 [14], were used as markers to get a rough estimation of the size of 
spiralin under these conditions. 

Immunoelectrophoresis experiments 
Crossed immunoelectrophoresis. The purity of spiralin was determined by 

crossed immunoelectrophoresis [15,16] in agarose gel containing DOC to pre- 
vent aggregation of the amphiphilic membrane proteins [17,18]. Veronal buff- 
er (pH 8.6, I =. 0.03) was used and 13 mM DOC was included in the gel [4]. In 
some experiments 13 mM DOC was also added to the catholyte which nar- 
rowed the width of  the precipitation peaks. The electrophoresis was performed 
at 10°C in the first direction and at room temperature for the second direction. 
After completion of the electrophoresis, the plates were incubated at 37°C for 
24 h, soaked for 48 h in 0.15 M NaC1, and for 1 h in distilled water. The plates 
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were then dehydrated and finally stained with Amido Black 10 B. 
Fused-rocket immunoelectrophoresis. Fused-rocket immunoelectrophoresis 

[ 19] is a very sensitive method for the evaluation of a fractionation procedure, 
and can indicate which fractions to pool for maximal yield or purity of a cer- 
tain component.  The technique is especially useful if the proteins cannot be 
easily detected by absorbance measurements. 5 pl aliquots from fractions col- 
lected after agarose-suspension electrophoresis were applied, without  removal 
of the agarose suspension, to a double row of wells (diameter: 3 mm) in an 
agarose gel strip (20 X 100 X 1 mm) in the same order as they were collected. 
The strip was placed along the long side of a glass plate (85 X 100 mm) and 
after 2 h incubation at 37°C, to allow diffusion of the proteins, the rest of the 
plate was covered with a 1 mm thick agarose gel containing antiserum against 
the S. citri membrane proteins. The electrophoresis was then run at room tem- 
perature with the sample wells on the cathodic side of the gel. Subsequent pro- 
cedures were the same as in the crossed immunoelectrophoresis experiments. 

Preparative agarose-suspension electrophoresis o f  the DOC supernatant. For 
agarose-suspension electrophoresis [5] a 0.17% suspension of agarose [20], is 
used as the supporting medium. The agarose was obtained from Bio-Rad Lab- 
oratories, Calif., U.S.A., the column is commercially available from Mr. Larsson, 
S~ilgv~igen 4, S-752 45 Uppsala, Sweden. Usually 0.5 ml of the DOC superna- 
tant  of the Tween residue, which contained approximately 3 mg of membrane 
material, was applied to the column. Before application a pellet of agarose ob- 
tained by centrifugation of 0.5 ml of the agarose suspension at 18 000 X g for 
3 min was suspended in the sample. Veronal buffer (pH 8.6, I = 0.03) was used 
and the experiments were performed in the presence of 13 mM DOC in the col- 
umn and in the catholyte.  The conditions were as follows; voltage, 700 V; cur- 
rent, 12 mA; duration of the run, 10 h; temperature of the cooling water, 
10°C. Bromophenol blue was applied 2 cm in front  of the sample and used as 
marker. When the zone of bromophenol blue has migrated to the lower part of 
the column, it started to sharpen and when this phenomenon occurred the elec- 
trophoresis was stopped. The proteins were detected by measuring absorbances 
at 285 nm (instead of 280 nm since the buffer strongly absorbs light at this 
wavelength) and 310 nm [21]. The proteins were also detected by fused-rocket 
immunoelectrophoresis [ 19]. 

Amino acid analysis 
Samples of both unfractionated membrane and spiralin were dialyzed against 

distilled water and lyopholized. The samples were then hydrolyzed for 24 h 
and 72 h in 6 M HC1 at l l 0 ° C  in thoroughly evacuated ampoules and the 
amino acid content  was determined with a Durrum D-500 amino acid analyzer. 
The values for threonine and serine were extrapolated to zero time, assuming 
zero and first order kinetics, respectively. The amounts of valine, isoleucine and 
phenylalanine were determined after 72 h hydrolysis if these figures were 
higher than those obtained after the shorter hydrolysis time [22]. Half-cysteine 
and methionine were determined as cysteic acid and methionine sulfone, 
respectively, after performic acid oxidation [23]. The amount  of proline was 
also determined after performic acid oxidation. The t ryptophan content  was 
determined with a Biocal BC 200 amino acid analyzer after hydrolysis in 3 M 
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p-toluene sulfonic acid at 115°C in thoroughly evacuated ampoules for 24 h 
[24].  The content  of the other amino acids was calculated as the average value 
from the two determinations. Corrections for losses during 24 h hydrolysis 
were taken as 32% for the amino sugars. 

Pro t e in  d e t e r m i n a t i o n  
Protein was determined under the assumption that dry membranes contained 

46% (w : w) of  protein [4].  

Results and Discussion 

T h e  p r o t e i n s  o r S .  citri  cell  m e m b r a n e  
Fig. 1A shows a SDS-polyacrylamide gel electrophoresis of S. citri  membrane 

proteins. Up to 16 components  could be detected after staining for proteins. 
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F i g .  1.  S D S - p o l y a c r y l a m i d e  e l e c t r o p h o r e s i s  o f  m e m b r a n e  p r o t e i n s  s o l u b i l i z e d  w i t h  S D S .  A .  G e l  stained 
w i t h  A m i d o  B l a c k  10  B.  B. G e l  s t a i n e d  w i t h  t h e  S c h i f f  r e a g e n t .  C .  S c a n n i n g  d i a g r a m  o f  t h e  e l e c t r o p h o r e -  
g r a m  a t  2 8 0  a n d  3 1 0  n m .  D 5  = s p i r a i i n .  
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Major and minor components  are indicated by D and d, respectively, analogous 
to earlier experiments with Acholeplasma laidlawii [9]. A gel, which has been 
stained for carbohydrates,  is shown in Fig. lB. The carbohydrate positive zone 
did not  coincide with any protein zone but  rather with the SDS front, which 
indicates that there are no glycoproteins in the S. citri membrane. The glyco- 
lipids contained in the membrane [3] were probably responsible of  this stain- 
ing. Fig. 1C shows an ultraviolet scanning diagram of the gel shown in Fig. 1A 
before staining. Spiralin (component  D 5) is the most  heavily stained zone on 
the gel shown in Fig. 1A. In the scanning diagram, however, spiralin gives a 
comparatively small peak, which can be explained by its amino acid composi- 
tion: spiralin lacks t ryptophan and must, therefore, have a comparatively low 
specific absorbance (see Amino acid composition of  the S. cirri membrane and 
ofspiralin, p. 284) 

Figs. 2A and 2B show the result of  molecular weight estimation of the mere- 
brane proteins by electrophoresis in SDS-polyacrylamide gel slabs. This tech- 
nique permits more accurate comparative electrophoresis of  proteins than the 
gel rod technique used previously [4]. The estimated molecular weights are 

1 

Fig.  2. Molecular  we igh t  e s t i m a t i o n  of  m e m b r a n e  p r o t e i n s  by S D S - p o l y a c r y l a m i d e  gel e l ec t rophores i s .  

S a m p l e s :  1, m e m b r a n e  so lubi l ized  wi th  SDS;  2, m a r k e r  p r o t e i n s :  h u m a n  s e r u m  a l b u m i n  (tool.  wt .  68 000) ,  
h u m a n  ca rbon ic  a n h y d r a s e  B (tool.  wt .  29 000) ,  the  coa t  p ro t e in  f r o m  T M V  (tool. wt .  17 500)  and  c y t o -  
c h r o m e  c (tool.  wt .  17 200) .  Gels :  A:  e l ec t ropho re s i s  in 0 .05  M s o d i u m  p h o s p h a t e  b u f f e r  (pH 7.0)  con-  
t a in ing  0 .02  M SDS and  0 .05  M 2 - m e r c a p t o e t h a n o l ;  B: e l ec t ropho re s i s  in  0.1 M Tris  - HCI b u f f e r  (pH 8.0)  
c o n t a i n i n g  0 .02  M SDS. 
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T A B L E  I 

E S T I M A T I O N  O F  M O L E C U L A R  W E I G H T S  OF  S. C I T R I  M E M B R A N E  P R O T E I N S  

P ro t e i n  z o n e  Molecu la r  P ro t e in  zone  Molecular  

w e i g h t  w e i g h t  

d l  13 000  D 1 0  69 0 0 0  
d2 16 000  d l l  81 000  
d3 18 000  D 1 2  89 0 0 0  

d4 22 0 0 0  d13  107 000  

D5 * 26 000  d14  120 000  
d6 35 000  d15  135 000  
D7 39 000  d16  160 000  
D8 52 000  

D9 63 000  

* D5 = spiral in.  

listed in Table I. They range from 13 000 to 160 000, spiralin having a molec- 
ular weight of 26 000. The same results were obtained both with (Fig. 2A) and 
without  (Fig. 2B) 2-mercaptoethanol. 

Fig.  3. S D S - p o l y a c r y l a m i d e  gel e l e c t r o p h o r e s i s  o f  p r o t e i n s  so lubi l ized  by  d i f f e r e n t  de t e rgen t s .  Sample s :  1, 
1, 25 ~tl o f  SDS s u p e r n a t a n t ;  2, 10 pl o f  SDS s u p e r n a t a n t ;  3, 25 pl of  Sa rkosy l  s u p e r n a t a n t ;  4,  50 pl o f  
D O C  s u p e r n a t a n t ;  5, 50 pl o f  T w e e n  s u p e r n a t a n t ;  6,  100  pl o f  the  T w e e n  s u p e r n a t a n t ;  7, 30 pl o f  DOC 
s u p e r n a t a n t ;  8,  10  btl of  D O C  s u p e r n a t a n t  of  the  Saxkosyl  res idue;  9, 50 ~tl of  D O C  s u p e r n a t a n t  of  the  
Wween res idue .  
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Solubilization of the proteins by different detergents 
The aim of these experiments was to select a detergent for the extraction of  

spiralin from the membrane as efficiently and as selectively as possible. The 
membrane was solubilized by the ionic detergents SDS, Sarkosyl and DOC and 
by the neutral detergent Tween 20. The electrophoregram of the proteins solu- 
bilized by SDS was used as a reference since this detergent quantitatively 
solubilized all the membrane proteins. 

The electrophoregram of Fig. 3 shows that spiralin was solubilized most  effi- 
ciently and selectively by DOC. The protein was extracted quantitatively 
whereas some other proteins remained in the residue, especially those having 
the higher molecular weight. By comparison with the other proteins of the 
membrane,  spiralin was poorly soluble in Sarkosyl. It is to be noted that Tween 
20 solubilized the same proteins as DOC, with the exception of  spiralin which 
seemed to be insoluble in this detergent. The results indicated that, in contrast 
to other detergents, DOC had a rather high affinity for spiralin, and this was 
exploited for a preparative purpose in the following way. The membrane was 
first extracted with Tween 20 to remove the proteins soluble in this detergent. 
The residue was then extracted by DOC to give a spiralin rich supernatant 
(compare the composit ions of  samples 1, 7 and 9 in Fig. 3). 

Purification of spiralin by agarose-suspension electrophoresis 
Fig. 4 shows the electrophoregram and the fused-rocket immunoelectrophor-  

esis of an agarose-suspension electrophoresis of  the DOC extract of the Tween 
residue. These results indicate that  the proteins were separated into three 
zones. The fractions corresponding to the different zones were pooled into 
three fractions as indicated on the electrophoregram. After concentration they 
were analyzed by SDS-polyacrylamide gel electrophoresis (Figs. 5A and 5B). 
Fraction I contained most  of  the proteins present in the DOC supernatant of  
the Tween residue, but  comparatively little of  spiralin. Fraction II contained 
only spiralin. Fraction III contained mainly component  d 11. Fig. 5B summa- 
rises the extraction procedure for spiralin. 

Most of proteins bind approximately the same amount  of  SDS per weight 
unit, and consequently become equally charged per unit area [25]. It is usually 
not  possible to separate proteins efficiently by agarose suspension electro- 
phoresis in the presence of  SDS, since electrophoresis in this non-sieving 
medium separates molecules chiefly according to their surface charge density 
[5]. Amphiphilic proteins can bind large amounts of the anionic detergent 
DOC, of ten wi thout  denaturation [26,27].  It can thus be expected that  intrin- 
sic membrane proteins will behave in agarose suspension electrophoresis in the 
presence of DOC in a similar manner to SDS-solubilized proteins. Most of the 
DOC soluble proteins from S. cirri membrane behaved as expected in agarose 
suspension electrophoresis, but  spiralin and component  d l l  moved more slow- 
ly. Our interpretation of this result is that spiralin binds less DOC per unit area 
than the majority of other  DOC soluble proteins from S. cirri membrane. This 
does not  necessarily mean that the binding of DOC by spiralin is weak. 

Crossed immunoelectrophoresis of spiralin 
Homogenei ty  of  spiralin was checked by crossed immunoelectrophoresis 



A 

051 

0.6 
E o  

<¢ 
I 

Em u o o  

.~ 0.5 

0.4 
0 

I-- 
C~ x / 

/ / 

III II I 

1 '0 2'0 
FRACTION NUMBER 

B 

30 

283 

III II I 
i!i~!iiiii~iiiii 

F i g .  4 .  F r a c t i o n a t i o n  o f  t h e  D O C  s u p e r n a t a n t  o f  the  T w e e n  res idue  b y  agarose - suspens ion  e l e c t r o p h o r e s i s .  
A .  A b s o r b a n c e  curve  o f  the  fract ions .  T h e  f rac t ions  c o r r e s p o n d i n g  to  the  h a t c h e d  areas in the  e l ec t ro -  
p h o r e g r a m  w e r e  c o n c e n t r a t e d  and  c h e c k e d  for  h o m o g e n e i t y .  B. F u s e d - r o c k e t  i m m u n o e l c c t r o p h o r e s i s  o f  

the  s a m e  f r a c t i o n a t i o n .  

with a serum containing antibodies directed to the whole membrane of  S. citri. 
Spiralin (Fig. 6A) was compared with the unfractionated DOC supernatant of  
the Tween residue. The spiralin sample contained a large excess of the protein 
to show that it was not  contamined by minor components .  In immunoelectro-  
phoresis, the most dominant  precipitation line was the one corresponding to 
spiralin. This precipitation line was extremely heavily stained and the area 
covered by it was always slightly coloured. Since spiralin is the major compo- 
nent in the S. cirri membrane, production of  antibodies in the rabbit against 
other proteins than spiralin may be diminished. Spiralin could also be more 
immunogenic than other proteins in the membrane. 
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Fig. 5. SDS-po lyac ry l amide  e lec t rophores i s  of  f rac t ions  I,  II and I l I  of  the agaxose suspens ion  electro-  
phoresis .  Samples:  A: 1, 50 pl of  f rac t ion  I; 2, 50 pl of  f rac t ion  III ;  B: 1, 30 t~l of SDS s u p e r n a t a n t ;  2, 
50 pl of  DOC s u p e r n a t a n t ;  3, 50 ttl of  the DOC s u p e r n a t a n t  of  the T w e c n  residue;  4, 50 pl of  f rac t ion  Ii 
(pur i f ied  spiral in);  5, 100 pl of  f rac t ion  II;  6, 100 pl of  T w e e n  s u p e r n a t a n t .  

Electrophoretic behaviour o f  spiralin in different systems 
Spiralin was analyzed by SDS-polyacrylamide electrophoresis in gels of dif- 

ferent concentrations. The protein was homogeneous in all the experiments 
(Figs 7A--C). It was also possible to perform electrophoresis of purified spira- 
lin on an analytical scale in the absence of detergent and wi thout  precipitation 
(Fig. 7D). However,  when spiralin was analyzed by polyacrylamide gradient gel 
electrophoresis wi thout  detergent (Figs. 8A and 8B), the zone was diffuse and 
its position corresponded to a molecular weight much larger than 300 000. This 
observation has also been noted for purified membrane proteins of  A. laidlawii 
(Johansson, K.E. and Hjert6n, S., unpublished}, and indicates that the proteins 
precipitated in the gels at a critical protein concentration. Fig. 9 shows a two- 
dimensional polyacrylamide-gel electrophoresis of the DOC supernatant. All 
proteins, except  spiralin, fall on an approximately straight line, indicating that 
spiralin may differ from the other proteins of S. cirri membrane in DOC bind- 
ing. 

Amino  acid composit ion o f  the S. citri membrane and o f  spiralin 
Table II shows the amino acid and amino sugar composit ion of  spiralin and 



285 

® 

A 

Fig. 6. Crossed i m m u n o e l e c t r o p h o r e s i s  of  pur i f ied spiralin. Plates: A, F rac t ion  II (pur i f ied  spiralin);  B, 
DOC s u p e r n a t a n t  of  the  T w e e n  residue.  The  e x p e r i m e n t a l  condi t ions  have  been  publ ished earl ier  [4 ] .  

of  the unfract ionated membrane.  The membrane contained amino sugars, but 
not  spiralin, which confirms that  this componen t  is not  a glycoprotein.  This 
means that the electrophoret ic  behaviour of spiralin depended only on its 
amino acid composi t ion and distribution. 

The amino acid composi t ion of  spiralin was quite different  from that  of the 
membrane.  Spiralin did not  contain methionine,  histidine, and t ryptophan,  and 
had a low content  of glycine, leucine, tyrosine and phenylalanine, but  a high 
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F i g .  7.  P o l y a c r y l a m i d e  ge l  e ! e c t r o p h o r e s i s  o f  s p i r a l i n  in  d i f f e r e n t  gel  s y s t e m s .  B u f f e r s :  A ,  B a n d  C, 0 . 1  

M T r i s  • HCI  b u f f e r  ( p H  8 . 0 )  c o n t a i n i n g  2 0  m M  S D S :  D ,  0 . 1  M g l y c i n e - N a O H  b u f f e r  ( p H  9 . 1 )  w i t h o u t  

d e t e r g e n t .  C o m p o s i t i o n s  o f  t h e  ge l s :  A :  T = 8 %  C = 3%;  B:  T = 6 % ,  C = 3 % ;  C: T = 4 % ,  C = 2%;  D :  T = 

8 % ,  C = 3 % ;  [ 3 0 ] .  

content of  threonine, alanine and valine. The unknown amino acid might have 
been ornithine or methylated lysine, but it was probably an artifact since it 
was not present in the membrane sample. 

Hydrophobicities of spiralin and of  whole membrane proteins have been cal- 

A B 

4 2 

F i g .  8 .  E l e c t r o p h o r e s i s  o f  s p i r a l i n  in  p o l y a c r y l a m i d e - p o r e  g r a d i e n t  ge l s .  B u f f e r s :  A,  0 . 1  M g l y c i n e - N a O H  

b u f f e r  ( p H  9 . 1 ) ;  B ,  8 0  m M  T r i s - a c e t i c  a c i d  b u f f e r  ( p H  8 . 6 ) .  S a m p l e s :  1 ,  p h y c o e r y t h r i n ;  2 ,  s p i r a l i n ;  3 ,  

D O C  s u p e r n a t a n t  ; 4 ,  h u m a n  s e r u m .  
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Fig.  9.  T w o - d i m e n s i o n a l  p o l y a c r y l a m i d e - g e l  e l e c t r o p h o r e s i s  o f  the  D O C  s u p e r n a t a n t .  A p h o t o g r a p h  of  

a s t a ined  sec t ion  of  the  run  in D O C  has  b e e n  inse r ted  on the  b o t t o m  of  the  SDS gel. D5 = spiral in .  

culated from their amino acid composition by multiplying the hydrophobici ty 
of each amino acid [28] by its concentration expressed as mole per cent and 
summing the products. The hydrophobicities for the S. cirri membrane and 
spiralin were found to be 102 and 93 kcal/mol, respectively. These values are 
not extreme and should be compared with the values for purified membrane 
proteins from A. laidlawii which are in the range of 95--100 kcal/mol (Johans- 
son, K.E. and Hjert~n, S., unpublished). The hydrophobici ty  values of water 
soluble proteins are often in this range. This shows that  spiralin is not  an ex- 
tremely hydrophobic protein. However it is not  possible to extract it from S. 
citri cell membrane with aqueous solutions, even with the procedure of Mar- 
chesi et al. [29] or with Tween and only poorly with Sarkosyl. Furthermore it 
precipitated when DOC was removed from the solution by dialysis (see next  
section) and so spiralin must be regarded as an intrinsic membrane protein. 
These solubility properties suggest that  spiralin may be bound to the mem- 
brane by a'sequential or a conformational  hydrophobic anchor which is buried 
in the apolar region of the phospholipid bilayer. 

The amount  o f  spiralin in the S. citri membrane 
Spiralin was extracted from 160 mg (dry weight) of membranes containing 
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TABLE II 

THE AMINO ACID COMPOSITION OF THE S. CITRI MEMBRANE AND ITS MAIN COMPONENT 

SPIRALIN 

The amount of amino sugar is expressed as mo] per 100 mol of amino acid. The deviation in per cent of 

the amino acid composition of spirMin compared to the membrane is also given in the table. By deviation 

we mean the difference (in per cent) in amino acid composition betweenspiralin and the unfractionated 

membrane. The signs + and -- indicate that spiralin contains more and less, respectively, of the corre- 

sponding amino acid. The values for histidine and arginine have been placed between parentheses, since 

the low values for these amino acids in spira]in are not accurate. The amount of each amino acid residue 

in spiralin has been calculated assuming a molecular weight of 26 000 for this protein. 

A m i n o  S. cirri Spiraline 
acid m e m b r a n e  - -  - - -  

( m o l  %) t o o l  % Devia t ion  (%) R e s i d u e s  

m o l e c u l e  

Asp 1 1 . 5 3  1 3 . 5 3  +19  33 

T h r  6 . 9 4  9 . 4 1  +36  23 

Ser 5 .08  4 . 5 8  - - 1 0  11 

Glu 1 0 . 2 3  1 0 . 4 4  +2 26 

Pro 3 . 6 2  4 .21  + 1 6  10 

G l y  7 .24  5 . 0 7  - - 3 0  13 

Ala 8 . 3 2  1 2 . 5 0  + 5 0  31 

1 / 2  Cys  0 . 6 7  0 . 6 4  - -5  2 

Val  7 .76  1 1 . 9 1  + 5 0  29 

Met  1 .65  0 - -  0 

Iso  8 . 1 0  6 . 8 6  - - 1 5  17 

L e u  7 .43  4 . 9 2  - - 3 4  12 

Tyr 3 . 0 4  2 . 2 6  - - 2 6  6 

Phe 3 . 4 8  1 .55  - - 5 5  4 

His 1 . 2 0  0 . 1 1  ( - - 9 1 )  0 

U n k n o w n  0 0 . 2 5  --- 0 

Ly s  1 0 . 1 1  1 1 . 5 0  + 1 4  28  

Trp 0 . 7 4  0 - -  0 

Arg 2 .84  0 . 2 5  ( - 9 1 )  1 

G I C n  0 .21  0 - -  

G a l N  t r aces  0 - -  

74 mg of  protein. The pure spiralin from agarose suspension electrophoresis 
was dialyzed at 5°C for 72 h against 8 1 of veronal buffer (pH 8.6,  [ = 0.03) 
containing 0.02% sodium azide and for 48 H against 6 1 of 10 mM ammonium 
bicarbonate buffer (pH 8.0) to remove the DOC. Spiralin precipitated during 
the dialysis and 12 mg of  the protein were recovered by freeze-drying after 
acidification of  the buffer with acetic acid. The yield calculated by dividing the 
hatched area in Fig. 4 B by the total area of the peak, was of 71.4%. If it is as- 
sumed that the extraction of spiralin with DOC was quantitative, and losses 
during dialysis were negligible, then the starting material contained at least 
10.5% of the membrane dry weight, i.e. at least 22.1% of total membrane pro- 
tein. Though the function of spiralin is yet  unknown,  such a predominant pro- 
tein probably plays an important role in the physiology of the S. citri cell. It is 
tempting to speculate that spiralin has a structural function related to the 
helical morphology of  the S. cirri cell. 
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