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SUMMARY 

I. A membrane fraction derived from deflagellated cells of a Salmonella strain 
initiates polymerization of flagellin into "P-fi laments" which differ in many  respects 
from flagellar filaments 1. 

2. When the membrane fraction was treated with i °o (w/v) Tween-2o, it 
was partially solubilized, giving a fraction which was effective for initiation of poly- 
merization. 

3. The soluble fraction contained protein, (poly-)saccharide and organic phos- 
phorus presumably originating from phospholipid. The weight ratio between protein 
and saccharide was about I : 1.5 and that  between organic phosphorus and saccharide 
was about I : IO. 

4. These components appeared to be tightly associated into a complex, which 
had an S~o ' ~. value of 4.2. 

5. On the addition of the soluble fraction practically IOO % of the total 
flagellin was polymerized into P-filaments. When P-filaments were washed with 
distilled water, they contained only trace amounts of saccharide and organic phos- 
phorus. 

INTRODUCTION 

HOTANI et al. 1 have reported that  a membrane fraction, derived from an 
autolysate of deflagellated cells of a Salmonella strain, initiates polymerization of 
flagellin into "P-filaments" which largely differ in morphological and physicochemical 
properties from flagellar filaments. However, the preparation of the membrane 
fraction used in that  s tudy was contaminated with proteolytic enzymes, by  which 
a part  of the mixed flagellin was digested before polymerization. Indeed, only less 
than 50 % of the total  flagellin could be recovered in the form of P-filament. 

Subsequently to the above study, we a t tempted to solubilize the membrane 
fraction without loss of "act ivi ty"  for the initiation of polymerization. When the 
membrane fraction was treated with detergent, it was part ly solubilized into a 
fairly homogeneous small component, and on the addition of this component prac- 
tically IOO % of the flagellin was polymerized into P-filaments. Hereafter, the 
preparation of this component will be referred to as "the soluble fraction". This 
success made it possible to investigate the biochemical properties of P-filament. 
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HOTANI et al. 2 have shown that the primary structure of flagellin remains unchanged 
upon polymerization and that P-filament contains small amount of protein origi- 
nating from the added soluble fraction. 

In this paper we report the preparation of the soluble fraction and some 
of its properties. It contains protein, (poly-)saccharide and presumably phos- 
pholipid. These componens have not been separated successfully, and it remains 
unresolved whether the factor required for the initiation of polymerization is 
associated with one or two of the components or with a complex of them. 

M A T E R I A L S  A N D  M E T H O D S  

Preparation of flagellin 
Sahnonella strain S,|25, which produces normal fagel la with 1,2 antigen, 

was used. This was a gift from Dr. T. IINO ~. Cultivation of the organisms and the 
isolation and partial purification of flagella were carried out as described by HOTANI 
el al. 2. Partially purified flagella were suspended to give a concentration of about 
lO mg/ml  in a solvent containing o.15 M NaC1, and were depolymerized into mono- 
meric flagellin by heating at 65 ° for a few rain. After clarification by centrifugation 
at 1050o0 ~< g for I h, the solution was mixed with concentrated (NH~)2SO 4 to 
a final concentration of 0. 7 M and left standing at room temperature. In a few hours 
long flagellar filaments were reformed in the solution4, 5. The filaments were sedimented 
by centrifugation at 78000 × g for I h and resuspended in o.15 M NaC1 to a final 
concentration of about IO mg/ml. Flagellin solutions were obtained by heating 
purified flagella solutions at 65 ° for 3 rain. 

Preparatiou of membrane fraction 
The lnembrane fraction was prepared by the procedure of HOTANI el al. l 

with slight modifications (see Fig. I). Deflagellated cells were washed twice with 
large volumes of distilled water and incubated at a density of about I g wet wt. per inl 

WASHED C E L L S  50 g (wet  wt. I M E M B R A N E  FRACTION 

t--suspended in distilled water (containing 1 mg [ mixed with T w e e n - 2 0  to 
/ 

final lC'~ w / v  [ streptomycin and 100 units/ml penicillin) cone. at 

~ a u t o l y s i s  for  5 daYs at 37 ° 
~-eentrifu~alion 1 0 0 0 0  ",: ,~ 15 rain incubated for  60 rain at 

room temp. 

l I [ ~P~t. Sup. Ppt.  ( ( 'ell  d e b r i s )  Sup. 
/ 

~ centrifugation 1 0 0 0 0  - ~, 15 rain ~ dialysis against l0 mM T r i s - H C 1  (pH 8.2)  
for 5-7 days at co ld  7 

Sup. (ye l low pH 5.6) Ppt.  ( d i s c a r d e d )  c en t r i t uga t i on  105 000 ;< .L: 120 rain 

? centrifugation 78 000 - ~ 90 rain S~p. PD t. 

I 
Sup. (nuc le ic  ac id ,  Ppt. S O L U B L E  FRACTION 

soluble pro te in )  ] 10 mg  (p ro te in )  

suspended in distilled w a t e r  

~ - c e n t r i f u g a t i o n  7 8 0 0 0  ." .q 120 rain 
I 

Sup. (nuc le ic  acid} Ppt. 

~_suspended  in 10 ml  (ff 
i 10 raM T r i s - H C I  {pH 8.21 

M E M B R A N E  FRACTION 50 mg (p ro te in )  

F i g .  1. Procedure  for the  prepara t ion  of so luble  fract ion.  
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at 37 ° for 5 days in the presence of I mg/ml streptomycin and IOO units/ml penicillin. 
In this period the cells underwent autolysis. The autolysate was centrifuged twice 
at IOOOO × g for 15 rain to remove heavy material. The supernatant was yellow and 
slightly opalescent; its pH was 5.3-5.6. This fluid was centrifuged at 78000 × g for 
9 ° min; the precipitate was washed with a large volume of distilled water, centri- 
fuged and resuspended in IO ml of solvent containing IO mM Tris-HC1 buffer 
(pH 8.2). This suspension will be called "the membrane fraction". The procedure 
for obtaining the soluble fraction from this fraction will be described later. 

Assay for activity 
We assayed the activity by following the increase in viscosity associated with the 

formation of P-filaments. o.I ml of a given sample of membrane fraction or soluble 
fraction was added to o.53 nil of a flagellin solution containing 5-xo mg/ml protein, 
o.I 5 M NaC1 and 5 ° mM Tris-HC1 buffer (pH 8.2) or Io mM phosphate buffer 
(pH 7.5) ; 0.5 ml of the mixture was used for measurement of viscosity. An Ostwald- 
type viscometer was used. The initial rate of increase in viscosity was taken as a 
measure for expressing the initial rate of formation of P-filaments 2. 

Other methods 
Tile sedimentation property of soluble fraction was examined using a Spinco 

Model-E ultracentrifuge. 
P-filaments were observed in a JEM T 7 electron nlicroscope with negative stai- 

ning. 
The concentration of protein contained in flagellin solutions was deternlined 

by the biuret reaction 6 and that in the membrane or soluble fraction by the Lowrv- 
Folin method v, using bovine serum albunlin as a standard. 

The saccharide component was determined by the phenol-H,2SO 4 method 8. 
DNA and RNA were determined by the diphenylamine reaction 9 and the 

orcinol reaction TM, respectively. 
Organic phosphorus was determined by the nlethod of LowRy AND LOPEZ H. 

Detergents 
Tween-2o (polyoxyethylene sorbitane monolaurate), sodium deoxycholate, 

sodium cholate, digitonin, and sodium dodecyl sulphate were used. The detergents 
were obtained commercially and used without purification. 

RESULTS 

Partial solubilization of membrane fraction with detergents 
First, several kinds of detergent were compared with respect to usefulness for 

the present purpose. The experimental results obtained are given in Table I. The 
extent of overall solubilization of membrane fraction increased in the order sodium 
dodecyl sulphate >sodium deoxycholate >sodium cholate >digitonin >Tween-20 
(Columns II  and III),  whilst the soluble fraction prepared with Tween-20 was highest 
in relative activity (Column V). The relative activity depended on the kind of deter- 
gent used. The reason for this remains uncertain. However, Tween-20 seems to be 
most useful for the present purpose. In a separate experiment, 0.I ml of 0.0I - i 0  % 
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T A B L E 1  

S O L U B I L I Z A T I O N  O F  M E M B R A N E  F R A C T I O N  W I T H  V A R I O U S  K I N D S  O F  D E T E R G E N T  

Various kinds of detergent  (Column 1) were added to a final concentrat ion of 1% (w/v) to sus- 
pensions of membrane  fraction. After incubat ion at  room tempera ture  for 1 h ,  each suspension 
was centrifuged at Io5ooo × g for i h to precipitate heavy material. As a semi-quant i ta t ive  
measure for expressing the am oun t  of precipitated material,  the diameter  of pellet formed on 
the b o t t o m  of the centrifuge tube was measured (Column II) .  Superna tan t  fluids were dialysed 
against  large volumes of solvent containing to mM Tris-HC1 buffer (pH 8.2) for io h in the cold, 
aud concentrat ions  of protein contained in dialysates were determined (Column I I I ) .  Before 
centrifugation each suspension contained 4.o mg/ml protein, o. 1 ml of each dialysate was mixed 
wi th  o.53 ml of a flagellin solution containing 5.o mg/nfi protein, o.i 5 M NaC1 and 5 ° mM Tr i s -  
HC1 buffer (pH 8.2). The mixture  was incubated at 6o ° for initiation of polymerization. The 
initial rate  of increase in viscosity associated with this process was measured {Column IV). 
Column V denotes the ratio i \ : / I I I .  

(1) (1I) (111) 
Detergent Diameter of Protein 

pellet (ram) (mg/ml) 

Sodium dodecyl sulphate  9.5 3.~ 
Sodium deoxycholate l o 2. 
Sodium cholate 12 r. 4 
Digitonin ~ 3 1.5 
Tween-2o 15 0.9 
Wi thou t  added detergent  l(~ 

(iv) (v) 
Polymerization Relative activity 
rate 01spee/min) (~?spee/min per mg 

protein) 

o.o18 o.oo6 
0 . 0 4 0  o . o i  9 

0.o35 o.o25 
0 . 0 2 9  o . 0 2 o  

0.o43 o.047 

(w/v) Tween-2o was added  to o.53 ml of a flagellin solut ion conta in ing (5 mg/ml) 
prote in ,  o.I  5 M NaC1 and  5o mM Tris-HC1 buffer (pH 8.2), and  the solution was 
incuba ted  at  6o ° for 2 h. No P-f i laments  were formed. Tak ing  into account  these 
expe r imen ta l  results,  we decided to use Tween-2o in the  present  s tudy.  

Effecl of the concentration of Tween-zo 
Fig. 2 shows the effect of the  concent ra t ion  of Tween-2o on the  ex ten t  of the  

ex t rac t ion  of prote in  and saccharide from the membrane  fract ion.  The membrane  
f ract ion used in this  exper iment  conta ined  prote in  and saccharide at  a weight  ra t io  
of I : z.6. In  the  range between 2 and zo % of Tween-2o, the  ex ten t  of ex t rac t ion  was 
a p p r o x i m a t e l y  cons tant ,  and  the ex t r ac t ed  prote in  and saccharide amoun ted  to 
about  z5 and I6  %, respect ively.  This means  t ha t  selective ex t rac t ion  of e i ther  
protein  or saccharide was unsuccessful,  and  each fract ion conta ined  prote in  and 
sacchar ide  a p p r o x i m a t e l y  at  the same ra t io  as the m e m b r a n e  fract ion.  

Soluble f ract ions ob ta ined  in the  above  exper iment  were added  to flagellin 
solut ions at  a cons tan t  volume ra t io  and,  af ter  incubat ion  for a definite period, the  
amoun t  of P-f i lament  produced in each mix tu re  was de termined.  The result  is shown 
in Fig. 3- Under  the  given set of exper imen ta l  condit ions,  about  8o o; of the  to ta l  
flagellin was polymer ized  when soluble fract ion was p repared  with  z-2 % Tween-2o 
and,  thereaf ter ,  the ex ten t  of po lymer iza t ion  decreased g radua l ly  wi th  increasing 
concentra t ion  of detergent .  The reason for this  decrease m a y  be t ha t  high concentra-  
t ions of de tergent  inhibi t  polymer iza t ion .  I t  seems tha t  the  op t ima l  concentra t ion  
of de te rgent  lies between z and i %. F r o m  these exper imenta l  results,  we decided to 
use z % of Tween-2o for the  p repara t ion  of soluble fract ion (see Fig. z). If the concen- 

Biochim. Biophys. Acta, 211 (tO7 o) 4r 7 424 



EXTRAORDINARY POLYMERIZATION OF FLAGELLIN 4 2 I  

tration of detergent were fixed at 1%, the extent of extraction was little influenced 
0 o by changing other conditions, namely, temperature ( -37) ,  salt concentration 

(o-o.15 M NaC1) and period of extraction (30 rain to overnight). 

8 C  

~-~/ ~ - ~ ~  

o 

; E 

t J  , , , , , ¢ /  , 
1 2 3 4 5 10 O0 1 2 3 4 ~ 10 

Tween-  20 ( °/o, w/v  ) Tween 20 (°/o, w / v  ) 

i"ig. 2. Ext rac t ion  of protein and saccharide from the nlembrane fraction with various concentra- 
t ions of Tween-2o .The detergent  was mixed wi th  suspensions of membrane  fraction at  various 
concentrat ions,  and mixtures  were left s tanding at room tempera ture  for i h. Final concentrat ions : 
7.8 nlg/ml protein, 11.6 mg/ml  saccharide; io mM Tris-HC1 buffer (pH 8.2); and various concen- 
t ra t ions  of Tween-2o .Thereafter, each mixture  was centrifuged at  lO 5 ooo × g for 2 h, and concen- 
t ra t ions  of protein (O) and saccharide (©) in the supe rna tan t  were determined by  the L o w r y -  
Foliu method and the phenol-H2SO 4 reaction, respectively. In  each colorimetry, the presence of 
Tween-2o in sample solutions was taken into account.  The ordinate denotes percentages of extrac- 
ted protein and saccharide in total  amounts  of these materials  added to each original suspension. 

Fig. 3- Polymerization of flagellin incubated wi th  extracts  of the membrane  fraction with various 
concentrat ions  of Tween-2o. Superna tan t  fluids obtained in the exper iment  of Fig. 2 were added 
to 5.3 vol. of flagellin solutions containing o.15 M NaC1, 6.0 mg/ml  protein, and io mM phospha te  
buffer (pH 7.5). The mixtures  were incubated at  60 ° for 3 ° min and then diluted with io vol. of 
cold distilled water.  P-filament contained in each diluted solution was precipitated by  centri- 
fugat ion at  105000 × g for 90 rain and determined by  the biuret  reaction. Ordinate denotes 
percent  of the precipitated protein in the total  am oun t  of flagellin used. 

Sedimentation property of soluble fraction 
Fig. 4 shows sedimentation patterns of a soluble fraction. Each diagram appears 

to consist of a single peak, although this does not necessarily mean that the soluble 
fraction was chemically homogeneous 12. Fig. 5 shows the dependence of sedimentation 
velocity on concentration. This result gives an S~°o, ~ value of 4.2. 

o 

1 2 3 

Protein ( r a g / m l )  

Fig. 4. Sedimentat ion diagrams of a prepara t ion  of soluble fraction. Centrifugation at 5978o 
rev . /min  at 20.8 °. Protein  concentrat ions:  2.9 (upper) and 1.8 mg/ml  (lower). The pho tograph  
was taken 112 rain after  reaching the maximal  speed at  angle 75 °. 

Fig. 5. Sedimentat ion velocity of soluble fraction in the presence of io mM Tris-FIC1 buffer 
(pH 8.2). The abscissa denotes the concentrat ion of soluble fraction expressed in te rms of protein 
component .  
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Chemical compositio~z of soluble fraclio~, 
I t  has been mentioned that  the soluble fraction contains protein and (poly-) 

saccharide at a weight ratio of about  I : 1.5. The soluble fraction was free from DNA 
and RNA, whilst the membrane fraction contained RNA as demonstrated by the 
orcinoI reaction. 

The soluble fraction contained organic phosphorus amount ing  to about i / i o  
by weight of the saccharide component .  Although the lipid content was not deter- 
mined, it seems likeh" that  a part  of the organic pliosphorus associates with lipid. 
I t  remains unresolved whether the factor essential for initiation of polynlerization 
of flagellin is associated with one or tw() of these components  or with a complex 
of them. Investigation ()f tltis problem is in progress. 

Stabili O' 
Tlte soluble fraction was stable to heat :  its act ivi ty remained unchanged 

after boiling for io rain. The soluble fraction precipitated when exposed to below 
pH 4, and the precipitate could be redissolved in IO mM Tris-HCl buffer (pH 8.2i 
without  loss of activity. Incubat ion of soluble fraction in o.I M NaOH at room tem- 
perature for IO h led to complete irreversible loss of activity.  

FormatioJl o j t'-/ilameJzts 
111 the previous s tudy ], polymerization of flagellin, initiated bv the addition 

of membrane fraction, took place in a peculiar manner and the associated increase 

Fig. 6. Flectron micrographs of 1)-filaments produced by the addition of membrane  fraction 
(left) and of soluble fraction (right). Magnification x i5ooo. Negative staining with I I~{1 uranyl 
acetate. 

Biochim. Bioph~'s. Hera, 21I (t97 o) 417-424 



EXTRAORDINARY POLYMERIZATION OF FLAGELLIN 423 

in viscosity involved a large lag period. By contrast, polymerization initiated by 
the addition of soluble fraction occurs in a simple manner 2. 

Another important difference between the membrane fraction and the soluble 
fraction is in the final extent of polymerization. The difference became clear from the 
following experiment. Three independent preparations of membrane fraction or 
soluble fraction were added to flagellin solutions at a fixed protein ratio for initiation 
of polymerization: each mixture contained IO mg flagellin per ml, I.o mg/ml protein 
from the added membrane or soluble fraction, o.15 M NaC1 and 5o mM Tris HC1 
buffer (pH 8.2). After incubation at 6o ° for 1 h, each mixture was diluted with IO 
vol. of distilled water, and P-filaments contained in the diluted solution were sedi- 
nlented by centrifugation at 105000 < g for 2 h. P-filaments produced upon the 
addition of membrane fraction and soluble fraction amounted on average to 4 ° 3 :7  
and 91 _+_ 4 % of the total flagellin used, respectively. 

In spite of these differences, filaments produced by the additon of membrane 
fraction or soluble fraction were indistinguishable in physicochemical properties as 
well as in morphology (Fig. 6). 

Fig. 7 shows the temperature dependence of the rate of polymerization initiated 
by the addition of soluble fraction. Polymerization took place at physiological 
temperature, although the rate of polymerization at this temperature was a little 
less than that at the optimal temperature, 65 ° . 

' )O6 

,C2 

OC 3 ~°  dC ° 50  ° 6¢Y vO° 80  ° 
Tern pe re t  u r e  

Iqg. 7. T e m p e r a t u r e  dependence  of the  initial ra te  of po lymer iza t ion  in i t ia ted  by  the  addi t ion  
of soluble fract ion.  Po lymer iza t ion  was followed by  v iscos i ty  m e a s u r e m e n t .  Sample  solut ions  
con ta ined  6. 4 m g / m l  flagellin, o.15 M NaC1, 5 ° m M  Tr i s -HCl  buffer  (pH 8.2) and  a c o n s t a n t  
concen t r a t i on  of soluble f rac t ion ( i .o n lg /ml  in protein).  The  o rd ina te  denotes  t he  i nc remen t  
of specific v iscos i ty  in the  ear ly  period of po lymer iza t ion .  

DISCUSSION 

When the membrane fraction was found to initiate polymerization of flagellin 
into P-filament, it was supposed that the relatively large structure of membraneous 
particulates might be an important factor for the initiation of polymerization. 
This possibility, however, has been eliminated in the present study. The factor 

• ° value associates with a protein-polysaccharide-lipid complex which has an s~ . . . .  

of 4.2. 
Purification and characterization of the factor required for the initiation of 

polymerization has not been accomplished. The soluble fraction might perhaps be 
fractionated into components from which the essential one can be isolated. Never- 
theless, the soluble fraction is useful for the investigation of P-filament, since this 
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fraction is free from proteolytic enzymes. HOTANI et al. 2 kave shown, using the 
soluble fraction, that P-filaments contain little amount of the protein originating froin 
the added soluble fraction and that the primary structure of flagellin remains un- 
changed after polymerization. In this connection, the following experiment is note- 
worthy. When P-filaments were washed with a large volume of distilled water, they 
contained only traces of saccharide and organic phosphorus, namely 0.4 and 0.05 % 

by wt. of the total amount of P-filament, respectively. Therefore, it is likely that 
components of the soluble fraction have incorporated into P-filaments as indispens- 
able parts. 

ACKNOWLEDGEMENTS 

We wish to thank Mr. H. Hotani, Dr. S. Asakura and Prof. S. Suzuki for helpful 
discussions and technical advice. Determination of organic phoshporus was kindly 
performed by Miss K. Oshima in this institute. 

R E F E R E N C E S  

I H.  HOTANI, S. ASAKURA AND T. IINO, Biochim. Biophys. Acta, 194 (I969) 572. 
2 H.  HOTANI, T. Ooi ,  H.  I{AGAVVA, S. ASAKURA AND S. YAMAGUCHI, Biochim. Biophys. Acta, 

214 (197 ° ) 207. 
3 T. IINO, Genetics, 46 (1961) 1465 • 
4 G. L. ADA, G. J .  \ ' .  NOSEL AND A. ABBOT, Nature, 199 (1963) 1257. 
5 K.  \¥AKABAYASHI, H.  HOTANI AND S. ASAKURA, Biochim. Biophys. Acta, t75  (1969) 195. 
6 E .  LAYNE, in  S. P.  COLO\VICK AND N. O. I(APLAN, Methods in Enzymology, Vol. 3, A c a d e n l i e  

Press ,  N e w  Y o r k ,  1957, p. 45 TM 
7 ()- H.  LOWRY, N. J .  ROSEBROUGH, A. [,. FARR AND l~. J .  RANDALL, J. Biol. Chem., 193 (1951) 

265. 
J .  E.  HODGE AND g .  T. I:OFREITER, in  R.  L. WHISTLER AND ~{. L.  "~¥OLFROM, Methods in 
Carbohydrate Chem., Vol.  i ,  A c a d e m i c  Press ,  N e w  Y o r k ,  1962 , p. 388. 

9 \V. MEJBAUM, Z. Physiol. Chem., 258 (1939) 117. 
IO Z. DISCHE AND K. SCHWARZ, Microchim. Acta, 2 (1937) 13. 
11 O. H.  L o w R Y  AND J.  A. LOPEZ, J. Biol. Chem., 162 (1946 ) 421. 
12 D. M. ENGELMAN AND H. J.  MOROWlTZ, Biochim. Biophys. Acla, 15 ° (1968) 376. 

Biochim. Biophys. Acta, 211 (197 o) 417 424 


