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\UMMARY  The peptidoglycan (PG) component of the envelope of
Vibrio parahaemolyticus A55 was studied in relation to the salt
dependency of the organism. A bag-shaped PG (murein sacculus)
was isolated and purified by digestion of freshly harvested intact whole
cells with sodium dodecyl sulfate (SDS) and then protease treat-
ment. Whole cells lyze in salt-deficient or hypotonic conditions and
this can be measured by turbidometry. Lysis is prevented by ad-
dition of 0.35 m NaCl or acidification to below pH 4.5. 'The isolated
PG or murein sacculi did not seem to require salt for structural
integrity. The PG obtained by the same method from subcellular
fractions, that is, envelope fractions, prepared either with or without
NaCl, was extensively fragmented. The main amino acids and amino
sugars of the murein sacculus were glucosamine, muramic acid,
alanine, glutamic acid, 2, 6-diamnopimelic acid (A,pm) in a molar
ratio of 0.4:0.6:1.7:0.9:1.0. A polyglucose, which was only
degraded by Pseudomonas isoamylase, and poly-s-hydroxybutyrate
(PHBA) were found in the murein sacculus. The murein sacculus
of the organism is discussed in comparison with PG of other gram
negative bacteria and marine or halophilic microorganisms.

1 Parts oﬂf this work were presented at the 40th 21st Kansai Area Meeting of the Japanese Society
Annual Meeting of the Japanese Society of Micro- of Microbiology in Osaka in September, 1968.
biology in Nagoya in March, 1967 and at the
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INTRODUCTION

Vibrio parahaemolyticus is a halophilic marine
bacterium found in water of coastal areas and
estuaries and it requires appropriate amounts
of salts. It is unique in that it can also pro-
liferate in mammals, producing strong entero-
and cardiotoxic substances that are occasionally
fatal to human beings. (Miwatani and Takeda,
1976). Deneke and Colwell (1973) suggested
that it my represent a biological intermediate
between marine and terrestrial microorganisms.
We became interested in whether the cell
envelope of V. parahaemolyticus has any unique
structure which fits the organism for both
marine and parasitic environments.

The main constituents of gram negative
bacteria are outer-, inner- and PG-layers. 'The
shape of the envelope is due to a rigid layer
consisting of a complex of PG or murein sac-
culus and lipoprotein (Martin and Frank, 1962).
PG works also as a crucial site for bacterial
cell growth and division (Ryter et al., 1973).
The endotoxin-like activity of PG has become
attractive recently because of its clinical signifi-
cance as an immunopotentiator (Kotani et al.,
1975; Heymer, 1975).

The chemical structure of PG is sometimes
associated with physiological and ecological
characteristics of certain bacteria. For in-
stance, in Arthrobacter (Krulwich et al., 1967),
Myxobacter (Johnson and White, 1972) and
Caulobacter (Goodwin and Shedlarski, 1975),
the structure of PG alters during morpho-
genesis of the organisms. Schleifer and
Kandler (1972) have reviewed the taxonomical
and ecological significances of the variations in
the structure in different groups of microor-
ganisms.

Since the time of its second discovery made
by Takikawa (1958), V. parahaemolyticus has
been known to be inactivated very rapidly in
distilled water (Lee, 1972). Kitaura et al.
(1965) noticed that cells or subcellular fractions
prepared in 3%, NaCl solution became much
smaller when washed with distilled water.
The envelopes of some marine or halophilic
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bacteria were solubilized (Buckmire and Mac-
Leod, 1965) or fragmented (Ohtani and Masui,
1969) when suspended in low salt solution.
Constituents of the envelopes in these organ-
isms seemed to have salt-dependent structure.
Particularly, it was considered that the PG
layer of the organisms was not continuous but
that it consisted of units of PG patches as-
sembling each other by the presence of cation.
Thus as a first step in studies on the envelope
of the organism, we examined whether the
structure of PG, which is the central part of
the envelope, is salt-dependent. For this
purpose, we examined lysis of the organism in
solution of low salt concentration and then we
attempted to demonstrate morphological ap-
pearence of chemically purified PG com-
ponent.

MATERIALS AND METHODS

1. Organism and cultivation

The organism used throughout was Vibrio para-
haemolyticus (strain AS55, serotypes 05: K15, Kana-
gawa phenomenon-hemolysin production positive).
The strain was originally isolated by Takikawa as a
causative agent during an epidemic of food poison-
ing in Yokohama, Japan, in 1955 (Takikawa, 1958)
and has been maintained at Osaka City Institute of
Hygiene.

Part of the methods used to maintain the culture
and to obtain large populations of cells have been
described (Tamura et al., 1969). The standard
medium was composed of 1% each of casamino
acids, yeast extract and maltose and 0.5 NaCl,
adjusted to pH 7.8 with NaOH. The strain grew
very rapidly in this medium with a generation time
of about 10 min under vigorous reciprocal agitation
at 37 C and it reached the late exponential growth
phase in four to five hours. At this stage a large
amount of crushed ice was added and the cells were
collected by centrifugation at 11,300 X g for 30 min
in the cold. The cells were washed three times
with cold buffered saline (BS) consisting of 0.02 nM
potassium phosphate (pH 7.0) and 0.5 m NaCl. To
obtaining intact murein sacculi, fresh cells were
rapidly treated with sodium dodecylsulfate (SDS) but



for other purposes they were frozen until required.
Before lyophilization, cells or cell envelopes were
washed with a small amount of distrilled water, ad-
justed to pH 4.5 with a few drops of acetic acid.

2. Measurement of cell lysis

A cell suspension was adjusted to an optical den-
sity at 550 nm (OD;;) of 10.0 with BS and then
diluted 20 times with various test solutions to give a
final volume of 2.0 ml. The resulting decrease in
OD was measured in a Shimadzu Bausch and Lomb
Spectronic 20 colorimeter. For this experiment,
cells were obtained from an exponentially growing
culture and used within 24 hr. For measurement of
release of materials with ultraviolet (UV) absorp-
tion from the cells during lysis, lysis was interrupted
at the desired time by adding an equal volume of
0.02 M potassium phosphate buffer (pH 7.0) con-
taining 1 M NaCl to the cell suspension. Then the
mixture was centrifuged at 11,500 x ¢ for 30 min
and the OD of the supernatant at 260 nm was meas-
ured. Lysis was expressed as the reduction in OD
as a percentage of the initial OD of control cells in
BS.

The cell counts were made before and after lysis
in a Petrofi-Hauser cell counter under a phase
contrast microscope.

3. Preparation of cell envelope fraction

Two alternative methods were employed to pre-
pare cell envelopes. One was conventional mecha-
nical disruption of the cells and then differential
centrifugation. The other was hypotonic treatment
of the cells, based on the assumption that the PG
component in the cell envelope was not released ap-
preciably after lysis of the cells in solutions of low
salt concentration (see Results, section 2).

1) Preparation of cell envelopes by mechanical
treatment in the presence of 0.5 M NaCl (envelopes-
1y

A paste of frozen intact cells, 22 g wet weight, was
suspended in 150 ml of BS and shaken (2,000 strokes
per min) in a Braun cell homogenizer for 10 min
with 30 g of glass beads (Glasperlen, 0.11 to 0.12
mm) in a Duran glass bottle of 75 ml volume with
CO, cooling. The disrupted cell suspension was
diluted 10 fold with BS and the envelope fraction
was collected by differential centrifugation at 4,500
x g and 10,500 x g for 30 min each. This fraction
was washed twice with 500 ml of BS with centri-
fugation, and then treated with 500 ml of 1 M NaCl

and washed 3 times with 500 ml volumes of BS.
The yvield of the envelope fraction (envelopes-1) was
9% by weight of the whole cells used as starting
material (Table 1).

2) Preparation of cell envelopes by hypotonic
treatment (envelopes-1IT)

A frozen paste of intact cells, 12 g wet weight,
was suspended in 1.2 liter of chilled 0.02 M potas-
sium phosphate buffer, pH 7.0 and stirred for 1 hr
at 4 C. The lysed cells were collected by centri-
fugation at 11,300 x g for 30 min and washed suc-
cessively once with 500 ml of 1M NaCl solution
and three times with distilled water with centrifuga-
tion. The lysed cells were dispersed in 100 ml of
the above buffer containing 10 mg of crystalline
trypsin (Sigma), incubated at 37 C for 1 hr and cen-
trifuged as above. Trypsin digestion was repeated
and then the cells were washed thoroughly with
distilled water and lyophilized. The yield of this
preparation was 119%, by weight of the initial whole
cells (Table 1). The supernatant and washing ob-
tained after lysis and trypsinization were pooled,
dialyzed against distilled water and lyophilized for
weighing and analysis of diaminopimelic acid (A,pm).
After this treatment the cells retained a rod-shape
but seemed to be free from cytoplasmic debris other
than granular inclusions (Fig. 6). As seen in Table
1, the Aypm contents of envelopes-I and -1I were
almost equal.

4,  Enzymatic digestions

L-11 enzyme: the enzyme was obtained from
Flavobacterium species and was shown to lyse PG
due to its endopeptidase activities hydrolyzing -D-
Ala-Gly-p-Ala-1.-Ala-, or -Gly-Gly- linkages and/or
N-acetylmuramyl-L-alanine amidase (Kato et al.,
1962; Kato and Strominger, 1968; Kato et al.,
1968; Matsuda, Kotani and Kato, 1968; Suginaka
et al., 1970; Hirata, 1970; Hamada et al., 1971;
Hirachi et al., 1971). Five mg of PG (step 3 or 5
preparation, see Results, section 5) were hydrolysed
at 37 C in 2ml of 0.0125 m phosphate buffer of
pH 8.0 containing 12 units (against Staphylococcus
aureus cell walls) of the enzyme. L.-3 enzyme: the
main activities of the enzyme were D-Ala-meso-
A,pm endopeptidase and N-acetylmuramyl-L-ala-
nine amidase, and the enzyme was partially, purified
from the culture filtrate of Streptomyces species
(Mori et al., 1960; Mori and Kotani, 1962; Kato,
Strominger and Kotani, 1968; Matsuda, Kotani
and Kato, 1968; Katayama, 1973). The PG pre-
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paration (500 pg) was incubated at 37 C in 200 gl
of 0.02 m phosphate buffer of pH 7.8 containing 8
units (against Lactobacillus plantarum cells) of the
enzyme. ALE enzyme: the enzyme was produced
by Staphylococcus epidermidis strain EP-KI1 (Sugi-
naka et al., 1967). The enzyme showed N-acetyl-
muramyl-L-alanine amidase and -Gly-Gly- endopep-
tidase activities. The PG preparation (500 pg) was
incubated at 37 C with one unit (against Staphylo-
coccus aureus cell walls) of the enzyme in 200 pl
of 0.0125 M phosphate buffer of pH 6.8 containing
0.1 M NaCl. The hydrolyse of PG by these three
enzymes were monitored by measuring increase
of free amino groups. Lysozyme (Sigma, twice
crystallized): PG was hydrolyzed at 37 C in 1 ml
of 0.1 M Tris-HCI buffer, pH 8.5 containing 1 mg
of PG and 20 xg of the enzyme. Charalopsis en-
zyme: this enzyme was a generous gift from Dr.
P. A. Miller (Lederle Lab., American Cyanamid
Co., N.Y.). The PG preparation (5mg) was in-
cubated at 37 C in 0.025 M acetate buffer, pH 4.5
containing 50 yg of the enzyme for 4 hr. The hy-
drolytic actions of lysozyme and the Charalopsis en-
zyme were monitored by measuring increase in re-
ducing power. Amylases: Pseudomonas isoamy-
lase was kindly supplied by Prof. T. Harada of the
Institute of Scientific and Industrial Research, Osaka
University. The enzyme was shown to hydrolyze
3-1, 6 glucosidic interchain linkages in amylopectin
and glycogen (Harada et al., 1968). Crystalline a-
and j-amylases were purchased from Sigma Chemical
Co. Details of the actions of amylases have been
described (Tamura et al., 1969). For large scale
digestions, the amount of each constituent in the
reaction mixtures were increased appropriately.

5. Amino acid and amino sugar analyses

Amino acids and amino sugars were analyzed in a
Yanagimoto Type LC-5 Amino Acid Autoanalyzer
after hydrolyzing samples in 6 N HCI for 12 hr at
100 C in sealed tubes. No correction was made
for loss of hexosamines during acid hydrolysis. NH,
terminal amino groups and total amino groups were
determined by thin layer chromatography using the
procedure of Ghuysen et al. (1966) as modified by
Matsuda et al. (1968). A,pm was estimated by
paper chromatography by the method of Brown et
al. (1962).

6. Carbohydrate analyses

Total hexosamine was determined by a modifica-
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tion of the Morgan-Elson method. Hexose was
measured with anthrone reagent (Ashwell, 1957),
Reducing power was measured by the method of
Park and Johnson (1949). Glucose was estimated
either by an enzymatic method using Glucostat
(Worthington Biochemical Co.) or by gas chromato-
graphy as described by Sweeley et al. (1963). Poly-
glucose was measured as described previously
(Tamura et al., 1969).

7. Other chemical analyses

Phosphorus was assayed by the method of Lowry
et al. (1954). Poly-5-hydroxybutyrate (PHBA) was
assayed by the method of Law and Slepecky (1961).
Total protein was determined by the Follin phenol
method of Lowry et al. (1951).

8. Gel filtration

Columns of Sephadex G-100, G-75, G-50 and
G-25 (Pharmacia Fine Chemicals, Inc.) were em-
ployed for gel filtration of enzymatically digested
preparations. All columns were equilibrated with
water and developed at 4 C.

9. Electron microscopy

Preparations to be shadowed were placed on Form-
var coated grids and shadowed at an angle of 25° to
30° with plutinum. Thin sectioned preparations
were made essentially according to the method of
Murray et al. (1965). Intact cells of V. parahae-
molyticus was prefixed in 0.59%, glutaraldehyde in
0.02 M phosphate buffer, pH 6.2 containing 0.5 M
NaCl. All preparations were photographed with a
type 120 electronmicroscope (Japan Electron Optics
Laboratory Co.).

RESULTS

1. Turbidity change of cell suspensions

As shown in Fig. 1, when cells were exposed
to solution of low salt concentration by dilut-
ing the cell suspension with 0.02 1 phosphate
buffer of pH 7.0 (final NaCl concentration,
25 mm), as described in the Materials and
Methods, the turbidity or optical density at
550 nm (ODy;,) decreased almost 509, within
a minute even in ice-cold conditions. The
initial rapid OD decrease was followed by a
slower OD decrease. The initial rapid OD
decrease appeared to be temperature independ-



ent but the subsequent decrease was remarkably
accelerated by raising the incubation temper-
ature. A total OD decrease of 809, was
observed on prolonged incubation. When the
cells were suspended in a series of decreasing
concentrations of NaCl (Fig. 2), the observed
decrease in turbidity was roughly inversely
proportional to the NaCl concentration. This
descrease in turbidity was accompanied by
release of UV-absorbing materials into the
medium. The steep bent in the plot of OD;,
versus NaCl concentration between 0.3 to 0.2 m
NaCl may indicate a critical NaCl concentra-
tion below which release of UV-absorbing
materials occurred. The results show that an
NaCl concentration of at least 0.35M is re-
quired to stabilize the cells against change in
turbidity. LiCl prevented lysis as effectively
as NaCl, and KCI was slightly less effective
(Fig. 2). Divalent cations such as Mg** and
Ca** were effective at much lower concentra-
tions than monovalent cations (Fig. 3). Lysis
was prevented by fixing the cells in 29, for-
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Ficure 1. Luysis of V. parahaemolyticus AS55 in
0.02 M phosphate buffer, pH 7.0. Cells suspended
in BS at room temperature ((J-——[1]), in 0.02 M
phosphate buffer of pH 7.0 in an ice bath (O
QO), in the same buffer at room temperature (@——
@), in the same buffer at 37 C (A A).

malin for 16 hr or boiling them in 0.5 M NaCl
solution, but not by treatment with various
enzyme inhibitors, such as 100 pg/ml of soy
bean trypsin inhibitor, 1%, diisopropylfluoro-
phosphate or 10 mwm parachloromercuriben-
zoate. Lysis was also prevented by acidifica-
tion, even at low cation concentration. As
shown in Fig. 4, 0.02 M acetate buffer, pH
4.5 prevented both decrease in turbidity and
release of UV-absorbing materials. The OD
increase below pH 4.5 seemed to be due to
aggregation of the cells. Lysis was greater at
alkaline pH. Values more than 959, decrease
in turbidity was observed at pH 11 to 12.
The critical pH seemed to be between pH 5.0
and 6.0 and above this release of UV-absorbing
materials was accelerated. A hypotonic solu-
tion containing only non-ionic components,
such as 0.5 M sucrose or 109, carbowax 4000,
did not prevent lysis appreciably and further
addition of NaCl was necessary to prevent lysis
completely. Spheroplasts made with 1,000

A
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Figure 2. Relation of concentration of salt of
monovalent cations with lysis of V. parahaemolyticus
AS335 and concomitant release of UV-absorbing ma-
terials. The OD at 550 nm was measured 60 min
after suspending the cells in 0.02 M phosphate
buffer, pH 7.2 containing various concentrations of
salts at room temperature. OD;;, reduction in
NaCl (O 0), KCl (@—@) and LiCl (O—-
). Release of UV-absorbing materials in NaCl
solution (A—-A).
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Figure 3. Relation of concentration of salts of
divalent cations and lysis of V. parahaemolyticus
A55. The OD at 550 nm was measured 60 min
after suspending the cells in salt solution in 0.02 M
phosophate buffer, pH 7.0 at room temperature.

MgCl; (O——0), CaCl, (@ o).
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Ficure 4. Relation between the pH of the suspen-
sion medium and lysis of V. parahaemolyticus A5S.
The OD;;, nm was measured 60 min after suspend-
ing the cells in 0.02 » buffer of various pH values at
room temperature. ODj;, reduction in acetate
buffer (O O), phosphate buffer (@——@), Tris-
HCI buffer (O 1) and glycine-NaOH buffer
(A A). Release of UV-absorbing materials
(A—A).
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units/ml of Penicillin G also required NaCl
as a stabilizer in addition to sucrose.

2. Effect of low salt concentration on cell
envelopes-I1

When cell envelopes-I, prepared by mechani-
cal disruption in 0.5 M NaCl, were suspended
in solution of low salt concentration, they
showed 30%, loss of turbidity within 30 min.
As with whole cells, most of the OD decrease
of a suspension of the envelopes occurred with-
in one minute and so seemed to be temper-
ature independent. However, the effect of
NaCl concentration on lysis of cell envelopes
was different, since, as seen in Fig. 5, the con-
centration of NaCl needed to prevent lysis of
cell envelopes-1 was about half that needed to
prevent lysis of whole cell. The envelopes-I
were lyzed in low salt solution as described
above and centrifuged at 11,500 x g for 30 min.
The soluble materials recovered in the super-
natant, consisted 25%, dry weight of the start-
ing envelopes-I (Table 1). Paper chromato-
graphic analysis of an acid hydrolyzate of these
solubilized materials showed that only about
2%, of the total A,pm residues were released
from the envelopes-I. Thus the most of the

(

0

wu
(@)

ODsso Decrease (9

100 r , ' v
01 02 03 04

NaCl (™)
Ficure 5. Relation between the concentration of
NaCl in 0.02 M phosphate buffer, pH 7.0 and lysis
of cell envelopes-1 of V. parahaemolyticus A55
(O——0). Experimental conditions were as de-

scribed for Fig. 2. Data on lysis of whole cells are
take from Fig. 2 (------ ).













A reviced method was deviced involving
rapid SDS digestion of fresh whole cells in
the presence of enough salt and dispension
with mechanical treatment. The method
should reduce the chance of activation of
autolytic enzymes.

5. Isolation of PG by direct treatment of intact
whole cells with SDS

1) Step 1 (SDS treatment). Hundred gram
wet weight of freshly harvested cells were
suspended in 500 ml of chilled 0.02 m potas-
sium phosphate buffer containing 0.5 M NaCl
and 0.01 M MgCl, and rapidly mixed with equal
volume of boiling 2%, SDS solution contain-
ing 0.5 M NaCl and 0.01 m MgCl, and shaken
vigorously by hand for a few minutes. The
mixture was cooled to room temperature, and
then 1mg of crystalline deoxyribonuclease
(Sigma) was added to reduce the viscosity and
the mixture was stirred with a magnetic stirrer
for 3 hr at room temperature. The mixture
was diluted two fold with water and subjected
to ultracentrifugation of 58,000 x g for 60 min
at room temperature. SDS solution must be
used at room temperature because SDS is
very insoluble in water in the cold. The dark
brown supernatant obtained by centrifugation
was discarded and the pale brown pellet was
resuspended in 1%, SDS, stirred for 1 hr and
centrifuged as before. The insoluble pellet
was washed with 6 M urea with centrifuga-

TasLE 3. Chemical composition of the preparation
at each purification step

tion until no SDS could be detected in
either the washings or residue. The presence
of SDS was tested by seeing whether a
white flocculus formed when a few drops of
saturated Ba(OH), were added. Before the
final washing, the prepration was centrifuged
at low speed (1,500xg for 30 min) to
remove insoluble particulate contaminants.
The loose, cream-colored precipitate obtained
after the final washing corresponded to
about 5%, dry weight of the starting intact
whole cells. This preparation was seen to
consist of rod shaped membranous structure
with a rough granular surface by electron-
microscopy and analysis showed that it
contained amino acids in excess of PG (Table
4) and also hexose and PHBA (Table 3).
Analytical grade of SDS and urea were
purchased from Nakarai Chemicals. Fresh
urea solution was prepared each time just be-
fore use since it is said that urea solution on
storage develope ammonium cyanate which
react with amino and sulphydryl groups of
protein and occationally inactivate its biological
function. It was recommended, therefore,
that urea solution should be deionized by ion
exchange column chromatography to remove
cyanate completely (Ito and Ishihama, 1973).
We used non-deionized fresh urea solution
throughout the study. Although cyanate in
fresh urea solution might be very small, the
influence of cyanate on PG during preparation

of murein sacculi of V. parahaemolyticus 455

Preparation of murein sacculus at

Constituents Step 1 Step 2 Step 3 Step 5

(%) (%) (%) (%)

Amino acids and amino sugars® 57.5 41.5 35.5 43.1
Hexose® 18.6 54.0 66.0 0.9
PHBA® 4.0 7.5 11.0 0.4

% Calculated from data obtained with an amino acid autoanalayzer.
® Estimated with anthrone except Step 5 preparation. The Step 5 preparation was assayed by the Glucostat

method,
¢ Estimated by the method of Law and Slepecky (1961).
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remains in question.

2) Step 2 (digestion with trypsin and pep-
sin). The preparation from Step 1 was sus-
pended in 100 ml of 0.02 M Tris HCI buffer,
pH 7.0 containing 10 mg of crystalline trypsin
(Sigma) and incubated with gentle shaking for
4hr at 37C. Then it was subjected to
ultracentrifugation and the precipitate was
digested with trypsin once more in the same
manner. The residue was suspended in 50 ml
of 0.2 m glycine-HCI buffer, pH 2.2 contain-
ing 10 mg of crystalline pepsin (Sigma), and
incubated at 37 C for 60 min. Then it was
washed successively with 19, SDS solution,
6 M urea solution and water. Washings with
SDS at this stage was carried out because it
was more effective than washing with water
alone for removing enzyme protein and hy-
drolyzed products from the PG preparation.
As shown in Table 4, the amount of the amino
acid and amino sugar constituents of PG were

in general relatively high compared with their
amounts at Step 1 but the amounts of un-
related amino acids were still higher than those
found so far in PG general from other gram
negative organism. The recovery at this stage
was 5.4%, dry weight of the starting whole
cells.

3) Step 3 (papain digestion by the method
of Mandelstam, 1962). The preparation from
Step 2 was suspended in 10ml of 0.05m
phosphate buffer, pH 7.0 containing 0.01 m
EDTA, 1mg of cysteine-HCI and 10 mg of
twice crystallized papain (Sigma) and in-
cubated at 37 C for 1 hr. Then it was washed
with SDS and urea as in Step 2. An elec-
tronmicrograph of this preparation (Fig. 9)
showed rod shaped membranous structure
with a smooth, glossy surface. The electron-
dense, round bodies in the membranous struc-
tures seemed to be PHBA inclusions and will
be described later. Chemical analysis showed

TaBLE 4. Amino acid and amino sugar compositions of preparations of murein sacculi of V.

parahaemolyticus A55 at each purification step

Preparation of murein sacculi at

Constituents® St ep 1 Step 2 ) Step 3 Step 5
nmoles/ Molar nmoles/  Molar nmoles/  Molar nmoles/ Molar
mg ratio mg ratio mg ratio mg ratio
A,pm 116 1.0 209 1.0 257 1.0 491 1.0
Alanine 710 6.1 564 2.7 588 2.3 818 1.7
Glutamic acid 611 5.3 328 1.6 223 0.9 431 0.9
Muramic acid 65 1.3 148 0.7 175 0.7 288 0.6
Glucosamine 134 1.8 207 1.0 204 0.8 213 0.4
Aspartic acid 417 3.6 147 0.7 66 0.3 73 0.2
Lysine 153 1.3 94 0.5 39 0.2 56 0.1
Arginine 119 1.0 45 0.2 23 0.1 15 0t
Threonine 215 1.9 62 0.3 30 0.1 25 0.1
Serine 224 1.9 95 0.5 67 0.3 46 0.1
Glycine 344 3.3 196 0.9 89 0.4 102 0.2
Valine 197 1.7 30 0.1 27 0.1 16 o
Isoleucine 162 1.4 30 0.1 19 0.1 14 0°
Leucine 336 2.9 100 0.5 39 0.2 29 0.1
Tyrosine 135 1.2 90 0.4 23 0.1 15 0b

e Estimated with an amino acid autoanalizer. Values were not corrected for loss during hydrolysis.

¥ <0.05.
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gENneous Suspension.

5) Step 5 (amylase treatment). Weidel and
Pelzer (1964) reported that E. coli murein
sacculi contained about 209, by dry weight of
glycogen and that this could be removed by
digestion with @-amylase. The polyglucose
found in the present work differed from glyco-
gen in many respects. For instance, it was
not susceptible to either a-amylase or j-
amylase. However, it could be digested by
iso-amylase or pullulanse (T'amura et al., 1969).
Therefore, the preparation from Step 4 (100
mg) was subjected to simulataneous digestion
with 5,000 units of Pseudomonas isoamylase
(Harada et al., 1968) and 2 mg of crystalline
S-amylase (Sigma) in 50 ml of 0.01 m acetate
buffer, pH 4.0 at 37 C for 16 hr. After the
reaction, the mixture was washed with SDS

TABLE 5.

and urea as described above. The resulting
pellet had a transparent, jelly-like appearence.
The yield at this stage (final preparation) was
1.1%, by dry weight of the starting intact whole
cells. The amino acid and amino sugar com-
position of the preparation at Step 5 (T'able 4)
was essentially the same as that at Step 3 except
that the relative amounts of PHBA and poly-
glucose were much less. The main amino
acids and amino sugars of the murein sacculus
were glucosamine, muramic acid,
glutamic acid, A,pm in a molar ratio of 0.4: 0.6:
1.7: 0.9:1.0. These values were not corrected
for destruction during acid hydrolysis. The
very low recovery of the final preparation, shown
in Table 4, might due to aggregation of material
during prolonged extraction with chloroform
at high temperature. The material was too

alanine,

Amino acid and amino sugar compositions of the peptidoglycans or murein sacculi

obtained from wvarious gram negative organisms by direct SD.S digestion of whole cells

V. pqrahacm. E. coil B Pseudomolr:ax sz:rillu;)n Psi\;[s;;?;ms
£ sp. 101 serpens b
Constituents , T s BeIS
nmoles/ Molar  nmoles/ Mol'ar nmoles/ Molar  nmoles/ Molar nmoles/ Molar
mg ratio mg ratio mg ratio mg ratio mg ratio
A,pm 492 1.0 932 1.0 498 1.0 470 1.0 820 1.0
Alanine 914 1.9 1,218 1.3 652 1.3 910 1.9 1,840 2.2
Glutamic acid 427 0.9 700 0.8 455 0.9 480 1.0 1,040 1.3
Muramic acid 234 0.5 504 0.5 422 0.9 320 0.7 1,290 1.6
Glucosamine 387 0.8 626 0.7 488 1.0 470 1.0 1,230 1.5
Aspartic acid 90 0.2 42 0.1 18 04 100 0.2 tr e
Liysine 85 0.2 103 0.1 24 0.1 39 0.1 - e
Arginine 45 0.1 16 04 tr® — 47 0.1 o —
Threonine 28 0.1 34 0¢ 7 07 1 04 20 04
Serine 50 0.1 14 0¢ tr - 37 0.1 20 04
Glycine 132 0.3 74 0.1 167 0.3 47 0.1 320 0.4
Valine 38 0.1 34 0¢ tr — 38 0.1 — —
Isoleucine 19 0 6 0¢ tr e 34 0.1 e e
Leucine 47 0.1 14 0¢ tr — 35 0.1 tr o
Tyrosine 41 0.1 tr — tr — 33 0.1 — —_

a

% Kollenbrander et al. (1968).
¢ Forsberg et al. (1972).

4 >0.05,

¢ Trace, <0.01.

Obtained in the same manner as for V. parahaemolyticus ASS, except that Step 4 and 5 were omitted.
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break through the column. The very large
amout of hexose in the fractions made colori-
metric assays impossible so this fractions was
not studied further.

The PG preparation from Step 5 which had
been freed from polyglucose was digested with
the Charalopsis enzyme and analyzed by
Sephadex gel filtration. As shown in Table 3,
the Step 5 preparation still retained a small
amount of hexose, even after extensive diges-
tion with 1so- and J-amylase. This hexose
may have some structural significance because

Blue dextran NaCl
1.8+

09

nmoles/mi

0.6k

?Ac—i‘-gx
40 60 80 100
Fraction number

Ficure 12. Gel Afltration profile on Sephadex
G-50 G-50 and G-25, connected in series of Step 5
preparation of V. parahaemolyticus A55 solubilized
with Charlopsis enzyme. 100 mg of Step 3 pre-
paration were digested with Charalopsis enzyme as
described in the text and applied to 100 x 1.5 cm
columns of Sephadex G-50, G-50 and G-25 columns
connected in series. The columns were eluted with
water. Fractions of 7 ml each were collected and
assayed for total amino groups (O QO), hexosa-
mine (X %) and hexose (A———A).

the molar ratio of hexose to A,pm approxi-
mately 1:1. If polyglucose is linked chemi-
cally to PG, this hexose which is resistant to
amylase may be the terminal unit of polyglu-
cose connecting the latter to PG. The pre-
paration from Step 5 (100 mg) was digested
with Charalopsis enzyme as described in the
Materials and Methods and applied to Sepha-
dex G-50, G-50 and G-25 columns connected
in series. The Charalopsis enzyme hydrolyses
the linkage of N-acetylmuramyl-g-1,4-N-
acetylglucosamine in the glycan portion of PG
producing a disaccharide-peptide monomer or
its complexes. Asshownin Fig. 12, the hexose
compound was separated by chromatography
from disaccharide-peptide complex and a
negligible amount of hexose was found in the
latter. Some of the amino groups appeared to
be eluted in earlier fractions with the sugar
portion, but this was due to a false reaction by
the yellow color of hydrolyzed sugar because
no amino groups were detected in these frac-
tions by thin layer chromatography. The
sugar eluted in earlier fractions seemed to be
another kind of polyglucose which was not
susceptible to a- or f-amylase nor isoamylase.
It was probably a new kind of limit dextrin
for isoamylase and not a cell wall component.
However, it has not been studied further. No
phosphorus was found in any of the frac-
tions from the Sephadex columns, indicating
the absence of linkages involving phos-
phorus. This finding seems significant because
components of the cell wall other than PG are
linked through phosphodiester bonds to the
muramic acid residue in PG (Liu and Gotsch-
lick, 1967).

7. Action of the PG hydrolytic enzyme on the
PG of V. parahaemolyticus

Unless otherwise specified we used the Step
3 preparation containing PHBA and poly-
glucose in subsequent studies, because these
non-PG components do not seem to interfere
with the action of the hydrolytic enzyme and
the procedures used to remove them may dam-
age PG, partly because aggregates were formed
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during chloroform extraction and partly be-
cause of the possibility of contamination by
hydrolytic enzymes in the amylase prepara-
tion. For instance, we have found endo-N-
acetylglucosaminidase as well as muramidase
in crude barely g-amylase (Iwata et al., 1972)
and it may also be present in purified amylase.
As shown in Fig. 13, the PG preparation
liberated NH, terminal amino groups or reduc-
ing groups with concomitant decrease in tur-
birdity on treatment with these enzymes.
Lysozyme released 0.16 moles of reducing
groups, the L-11 enzyme released 0.66 moles
NH, terminal alanine and the L-3 enzyme
released 0.26 moles NH, terminal alanine and
0.2 moles -NH,-A,pm. The ALE enzyme re-
leased 0.3 moles NH, terminal alanine. The
values for terminal groups liberated by these
enzyme are expressed as molar ratios to the
total glutamic acid residues in the PG prepara-
tion. Intact PG had no detectable amount of

free NH, terminal alanine, but 0.41 moles of
A,pm residue was found in it. Thus about
half the peptide subunits in PG of V. para-
haemolyticus are cross-linked.

All these findings indicate that the PG of
V. parahaemolyticus AS55 is a A,pm type PG,
like those of the cell walls of gram negative
enteric bacteria such as E. coli. It also re-
sembles PG of E. coli in chemical structure as
will be reported in detail (Kato et al. 1976).

DISCUSSION

Some halophilic bacteria are said to be distin-
guished from most terrestrial organisms by the
nature of the PG layer of their envelope. One
extreme example is a Halobacterium species
which is completely devoid of PG (Kushner,
1964). A marine pseudomonad B-16 was
found to contain less PG than ordinary ter-
restrial gram negative organisms (Forsberg et

al., 1972). Buckmire and Mac-
300 Leod (1965) found that a quarter

of the PG component in the cell
200 envelope of a marine pseudo-
monad was released non-enzyma-
tically when the organism was
suspended in solution of low salt
concentration and they suggested
that the PG layer of this organ-

100

e
ot 100 |
~ 0 30 600
5] .
g min
<
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-1200
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Ficure 134, 13B, 13C and 13D. Kinetics of hydrolyses of the
Step 3 preparation of V. parahaemolyticus A35 by various enzymes.
The experimental conditions were as described in the Materials
C: L-3 enzymes
D: ALE enzyme. ODj (O——0), free amino groups (@

and Methods. A: Lysozyme. B: L-11 enzyme.

@), reducing groups (A A).
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ism was made up units, which
only form a continuous layer when
7300 their negative charges are neutra-
lized by cations of a salt. An-
other example of an incomplete
murein sacculus was reported by
White et al. (1968). They found
/07 100 that whole vegetative cells of
Myxococcus  xanthus  contained
o only 0.86% of PG by weight
16 and concluded that this was not
enough to form an intact murein
sacculus. V. parahaemolyticus A55
is distinguishable from marine
pseudomonads by the fact that its
envelope liberates only about 2%,
of the total A,pm in medium defi-

nmoles /mg

2200




cient in salts, although its general structure may
be damaged under these conditions. The frag-
mented appearence of PG obtained from either
envelopes-1 (prepared in the presence of pro-
tecting NaCl) or envelopes-IT (prepared by
cell lysis in solution of low salt concentration)
can not be regarded as conclusive evidence
that the PG layer is discontinuous since it was
apparently an artifact, because using a reviced
method intact murein sacculi were obtained
which appeared identical to those of Entero-
bacteriaceae described by Weidel and Pelzer
(1964). Further evidence for closed bags of
PG in the organism was that PHBA inclusions
remained in the PG preparation even after re-
peated washing with high and low speed cen-
trifugation (Table 4), whereas a PG prepara-
tion derived from the cell envelopes was
entirely devoid of PHBA (Table 2).

The final yield of the PG was 1.19%, by weight
of the cells. This value would represent the
total PG content of the organism if the PG
was isolated quantitatively. If so, the percent-
age yield of PG from the organism was close
to the PG content of marine pseudomonad
B-16 (Forsberg et al., 1972) and that of Fibrio
Sfetus (Winter et al., 1971), but about half as
much as that of E. coli (White et al., 1968)
or Spirillum serpens (Kolenbrander and Ensign,
1968). However, the PG content of the or-
ganism which is presently available should be
interpreted with caution until direct method
for estimating exact amount of PG in the whole
cells will be established.

The basic constituent amino acids and amino
sugars found in PG of V. prahaemolyticus, as
well as mode of action of serveral known PG
hydrolytic enzymes to it, suggest that this
PG is of the same typical and uniform chemo-
type as the PG of all other gram negative
bacteria examined so far. There have been few
attempts to isolate PG or the murein sacculus
from organisms of the genus Vibrio. Hisa-
tsune et al. (1972) has described that the Inaba
and Ogawa strains of Vibrio cholerae had E.
coli type PG, and that one of their PG speci-
mens did not reveal a bag-shape morphologi-

cally.

Some amino acids that are not main com-
ponents of PG were found in purified PG of
V. parahaemolyticus and other organisms
(Table 5). Those were glycine, lysine and
sometimes aspartic acid, which are found as
minor constituents in cross bridges in the
peptide subunits of some gram negative bac-
teria, but were presumably not involved in
cross bridges of V. parahaemolyticus. In E.
coli and Proteus mirabilis, a lipoprotein attached
covalently to PG (Martin and Frank, 1962) is
an important constituent of a rigid layer, but
lipoprotein seems to be less important for this
purpose among Pseudomonadales. PG of
Sperillum serpens forms a naked murein sac-
culus devoid of any covalently attached protein
because a single treatment with aqueous SDS
removes all the protein layer and leaves pure
PG. Winter et al,, (1971) isolated PG of
Vibrio fetus in high purity solely by treatment
with SDS, and also suggested the absence of
covalently bound protein in this organism.
In the case of V. parahaemolyticus, PG could
not be obtained by a single extraction with
SDS.  As can be seen in Table 5, the Step 1
preparation contained appreciable quantities
of amino acids which were not constituents of
PG but which could only be removed by suc-
cessive treatments with proteases. One pos-
sible explanation for the large amount of these
amino acids is that considerable amounts of
cytoplasmic materials were still trapped in the
closed bag of the murein sacculus and were
not digested by SDS, indicating a disadvantage
of this method. However, it seems likely that
protein may be attached covalently to PG in
this organism. Studies on this special pro-
tein are nOow In progress.

The hexose moiety was separated from PG
by gel filtration, so the polyglucose may be
cytoplasmic material distinct from the PG.
Polyglucose can also be separated from PG by
ion exchange column chromatography (un-
published observation).

During lysis of some halophilic bacteria in
hypotonic media deformation of the cell oc-
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intact cells of V. parahaemolyticus was tested
on E. coli B (our laboratory strain) and Pseu-
domonas sp. 101 to examine its general avail-
ability. The latter strain was supplied by
courtesy of Prof. M. Masui, Osaka City Uni-
versity. It requires 109%, NaCl to maintain
its normal physiological state (Masuietal.,1973)
and therefore can be classified as a moderate
halophile. Figure 14 shows the murein sac-
culus obtained from strain 101 by direct SDS
digestion of whole cells without mechanical
disintegration. A pure murein sacculus was
also obtained from E. coli B by this method.
Analytical data on the composition of these
preparation are shown in Table 5. Data of
other PG preparations made by other authors
are also listed in Table 5 for comparison. The
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