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SUMMARY

1. A membrane fraction derived from deflagellated cells of a Salmonella strain
initiates polymerization of flagellin into ‘‘P-filaments” which differ in many respects
from flagellar filaments!.

2. When the membrane fraction was treated with 19, (w/v) Tween-20, 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 1:1.5 and that between organic phosphorus and saccharide
was about 1:10.

4. These components appeared to be tightly associated into a complex, which
had an sj, . value of 4.2.

5. On the addition of the soluble fraction practically 1009% 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.l 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 study 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 attempted to solubilize the membrane
fraction without loss of “activity” for the initiation of polymerization. When the
membrane fraction was treated with detergent, it was partly solubilized into a
fairly homogeneous small component, and on the addition of this component prac-
tically 100% 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.? 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.

MATERIALS AND METHODS

Preparation of flagellin

Salmonella strain SJ25, which produces normal flagella with 1,2 antigen,
was used. This was a gift from Dr. T. Iino3, Cultivation of the organisms and the
isolation and partial purification of flagella were carried out as described by HoTant
et al®. Partially purified flagella were suspended to give a concentration of about
10 mg/ml in a solvent containing 0.15 M NaCl, and were depolymerized into mono-
meric flagellin by heating at 65° for a few min. After clarification by centrifugation
at 105000 % g for 1 h, the solution was mixed with concentrated (NH,),S0, 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 solution*:5. The filaments were sedimented
by centrifugation at 78000 x g for 1 h and resuspended in 0.15 M NaCl to a final
concentration of about 10 mg/ml. Ilagellin solutions were obtained by heating
purified flagella solutions at 65° for 3 min.

Preparation of membrane fraction

The membrane fraction was prepared by the procedure of HOTANI ef al.!
with slight modifications (see I'ig. 1). Deflagellated cells were washed twice with
large volumes of distilled water and incubated at a density of about 1 g wet wt. per ml

WASHED CELLS 50 g (wet wt.) MEMBRANE FRACTION
—suspended in distilled water (containing 1 mg — mixed with Twe‘gn—ZO to
streptomycin and 100 units/ml penicillin) final conc. at 1% (w/v})

b—autolysis for 5 days at 37°

— incuba for 60 min at
centrifugation 10000 x g 15 min incubated for min

room temp.

] [ ]
Su[p. Ppt. {cell debris) Sup. Ppt.

—— centrifugation 10000 ~ ¢ 15 min dialysis against 10 mM Tris-HCI {pH 8.2}
| for 5-T days at cold
Sup. (yellow pH 5.6) Ppt. (discarded) centrifugation 105000 « x 120 min
— centrifugation 78000 - & 90 min I l
| Su!p, Ppt.
Sup. (nucleic acid, Ppt. SOLUBLE FRACTION
soluble protein) 10 mg (protein)

suspended in distilled water

centrifugation 78 000 ~ v 120 min

1
Sup. {(nucleic acid) Ppt.

suspended in 10 ml of

| 10 mM Tris-HCl (pH 8.2)

MEMBRANE FRACTION 50 my (protein)

I'ig. 1. Procedure for the preparation of soluble fraction.
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at 37° for 5 days in the presence of 1 mg/ml streptomycin and 100 units/ml penicillin.
In this period the cells underwent autolysis. The autolysate was centrifuged twice
at 10000 X g for 15 min 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
go min; the precipitate was washed with a large volume of distilled water, centri-
fuged and resuspended in 10 ml of solvent containing 10 mM Tris—HCl 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.

Assav for activity

Weassaved the activity by tollowing the increase in viscosity associated with the
formation of P-filaments. 0.1 ml of a given sample of membrane fraction or soluble
fraction was added to 0.53 ml of a flagellin solution containing 5-10 mg/ml protein,
0.15 M NaCl and 50 mM Tris-HCI buffer (pH 8.2) or o mM phosphate buffer
(pH 7.5); 0.5 ml of the mixture was used for measurement of viscosity. An Ostwald-
tvpe viscometer was used. The initial rate of increase in viscosity was taken as a
measure for expressing the initial rate of formation of P-filaments2.

Other methods

The sedimentation property of soluble fraction was examined using a Spinco
Model-E ultracentrifuge.

P-filaments were observed in a JEM T7 electron microscope with negative stai-
ning.

The concentration of protein contained in flagellin solutions was determined
by the biuret reaction® and that in the membrane or soluble fraction by the Lowry-
FFolin method?, using bovine serum albumin as a standard.

The saccharide component was determined by the phenol-H,50, method?®.

DNA and RNA were determined by the diphenylamine reaction® and the
orcinol reaction!?, respectively.

Organic phosphorus was determined by the method of Lowry aND LopEz!!.

Detergents

Tween-zo (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 1. 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 IIT), whilst the soluble fraction prepared with Tween-z0 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, 0.1 mlof 0.01 -10 %
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TABLE 1
SOLUBILIZATION OF MEMBRANE FRACTION WITH VARIOUS KINDS OF DETERGENT

Various kinds of detergent (Column 1) were added to a final concentration of 19, (w/v) to sus-
pensions of membrane fraction. After incubation at room temperature for 1 h, each suspension
was centrifuged at ro5000 x g for 1 h to precipitate heavy material. As a semi-quantitative
measure for expressing the amount of precipitated material, the diameter of pellet formed on
the bottom of the centrifuge tube was measured (Column 1I). Supernatant fluids were dialysed
against large volumes of solvent containing 1o mM Tris—HCI buffer (pH 8.2) for 10 h in the cold,
and concentrations of protein contained in dialysates were determined (Column III). Before
centrifugation each suspension contained 4.0 mg/ml protein. 0.1 ml of each dialysate was mixed
with o0.53 ml of a flagellin solution containing 5.0 mg/ml protein, o.15 M NaCl and 50 mM Tris—
HCl buffer (pH 8.2). The mixture was incubated at 60° for initiation of polymerization. The
initial rate of increase in viscosity associated with this process was measured (Column 1V).
Column V denotes the ratio [V/III.

(1 un (111) (V) )

Detergent Diameter of Protein Polymerization Relative activity
pellet (mm) (mgml) rate (Nspec/min) (Nspec/min per mg
protein)

Sodium dodecyl sulphate 9.5 3.1 0.018 0.006

Sodium deoxycholate 10 2.1 0.040 0.019

Sodium cholate 12 T4 0.035 0.025

Digitonin r3 1.5 0.029 0.020

Tween-20 15 0.9 0.043 0.047

Without added detergent 16 — —

{(w/v) Tween-20 was added to 0.53 ml of a flagellin solution containing (5 mg/ml)
protein, 0.15 M NaCl and 50 mM Tris-HCI buffer (pH 8.2), and the solution was
incubated at 60° for 2 1. No P-filaments were formed. Taking into account these
experimental results, we decided to use Tween-zo in the present study.

Effect of the concentration of Tween-20

Iig. 2 shows the effect of the concentration of Tween-20 on the extent of the
extraction of protein and saccharide from the membrane fraction. The membrane
fraction used in this experiment contained protein and saccharide at a weight ratio
of 1:1.0. In the range between 2 and 10 %, of Tween-zo, the extent of extraction was
approximately constant, and the extracted protein and saccharide amounted to
about 15 and 16°,, respectively. This means that selective extraction of either
protein or saccharide was unsuccessful, and each fraction contained protein and
saccharide approximately at the same ratio as the membrane fraction.

Soluble fractions obtained in the above experiment were added to flagellin
solutions at a constant volume ratio and, after incubation for a definite period, the
amount of P-filament produced in each mixture was determined. The result is shown
in I'ig. 3. Under the given set of experimental conditions, about 80 9, of the total
flagellin was polymerized when soluble fraction was prepared with 1-z %, Tween-zo
and, thereafter, the extent of polymerization decreased gradually with increasing
concentration of detergent. The reason for this decrease may be that high concentra-
tions of detergent inhibit polymerization. It seems that the optimal concentration
of detergent lies between 1 and 2 %,. From these experimental results, we decided to
use 1 9% of Tween-2zo for the preparation of soluble fraction (see Fig. 1). If the concen-
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tration of detergent were fixed at 1 %, the extent of extraction was little influenced
by changing other conditions, namely, temperature (0-37°), salt concentration
(0-0.15 M NaCl) and period of extraction (30 min to overnight).
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IMig. 2. Extraction of protein and saccharide from the membrane fraction with various concentra-
tions of Tween-20 .The detergent was mixed with suspensions of membrane fraction at various
concentrations, and mixtures were left standing at room temperature for 1 h. Final concentrations:
7-8 mg/ml protein, 11.6 mg/ml saccharide; 1o mM Tris-HCI buffer (pH 8.2); and various concen-
trations of Tween-20 .Thereafter, each mixture was centrifuged at 105000 x g for 2 h, and concen-
trations of protein (@) and saccharide () in the supernatant were determined by the Lowry—
Folin method and the phenol-H,SO, reaction, respectively. In each colorimetry, the presence of
Tween-2o0 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 with extracts of the membrane fraction with various
concentrations of Tween-20. Supernatant fluids obtained in the experiment of Fig. 2 were added
to 5.3 vol. of flagellin solutions containing 0.15 M NaCl, 6.0 mg/ml protein, and 1o mM phosphate
buffer (pH 7.5). The mixtures were incubated at 60° for 30 min and then diluted with 10 vol. of
cold distilled water. P-filament contained in each diluted solution was precipitated by centri-
fugation at r1o5000 x g for go min and determined by the biuret reaction. Ordinate denotes
percent of the precipitated protein in the total amount of flagellin used.

Sedimentation property of soluble fraction

Tig. 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!®. Fig. 5 shows the dependence of sedimentation

velocity on concentration. This result gives an s, value of 4.2.
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Fig. 4. Sedimentation diagrams of a preparation of soluble fraction. Centrifugation at 59780
rev./min at 20.8°. Protein concentrations: 2.9 (upper) and 1.8 mg/ml (lower). The photograph
was taken 112 min after reaching the maximal speed at angle 75°.

Fig. 5. Sedimentation velocity of soluble fraction in the presence of 10 mM Tris—-HCIl buffer
(pH 8.2). The abscissa denotes the concentration of soluble fraction expressed in terms of protein
component.
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Chemical composition of soluble fraction

It has been mentioned that the soluble fraction contains protein and (poly-)
saccharide at a weight ratio of about 1:1.5. The soluble fraction was free from DNA
and RNA, whilst the membrane fraction contained RNA as demonstrated by the
orcinol reaction.

The soluble fraction contained organic phosphorus amounting to about 1/10
by weight of the saccharide component. Although the lipid content was not deter-
mined, it seems likelv that a part of the organic phosphorus associates with lipid.
It remains unresolved whether the factor essential for initiation of polvmerization
of flagellin is associated with one or two of these components or with a complex
of them. Investigation of this problem is in progress.

Stability

The soluble fraction was stable to heat: its activity remained unchanged
after boiling for 1o min. The soluble fraction precipitated when exposed to below
pH 4, and the precipitate could be redissolved in 10 mM Tris—HCl buffer (pH 8.2)
without loss of activity. Incubation of soluble fraction in 0.1 M NaOH at room tem-
perature for 1o h led to complete irreversible loss of activity,

Formation of P-filaments
In the previous studyv?!, polymerization of flagellin, initiated by the addition
of membrane fraction, took place in a peculiar manner and the associated increase

Fig. 6. Electron micrographs of P-filaments produced by the addition of membranc fraction
(left) and of soluble fraction (right). Magnification x r15000. Negative staining with 19, uranyl
acetate.
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in viscosity involved a large lag period. By contrast, polymerization initiated by
the addition of soluble fraction occurs in a simple manner2.

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 10 mg flagellin per ml, 1.0 mg/ml protein
from the added membrane or soluble fraction, 0.15 M NaCl and 50 mM Tris—HCl
buffer (pH 8.2). After incubation at 60° for 1 h, each mixture was diluted with 10
vol. of distilled water, and P-filaments contained in the diluted solution were sedi-
mented by centrifugation at 105000 ¢ g for 2 h. P-filaments produced upon the
addition of membrane fraction and soluble fraction amounted on average to 40 4- 7
and 91 4 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°.

— -
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Fig. 7. Temperature dependence of the initial rate of polymerization initiated by the addition
of soluble fraction. Polymerization was followed by viscosity measurement. Sample solutions
contained 6.4 mg/ml flagellin, o.15 M NaCl, 50 mM Tris-HCIl buffer (pH 8.2) and a constant
concentration of soluble fraction (1.0 mg/ml in protein). The ordinate denotes the increment
of specific viscosity in the early period of polymerization.

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
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

value
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fraction is free from proteolytic enzymes. HOTANI e¢f al.?2 have shown, using the
soluble fraction, that P-filaments contain little amount of the protein originating from
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.
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