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Abstract—The effect of the extracellular bacteriolytic enzymes of Lysobacter sp. on gram-negative bacteria
was studied. These enzymes were found to be able to hydrolyze the peptidoglycan that was isolated from the
gram-negative bacteria, the hydrolysis being completely inhibited by the cell wall lipopolysaccharide of these
bacteria. The native cells of the gram-negative bacteria became susceptible to the bacteriolytic enzymes after
the permeability of the outer membrane of the cells was altered by treating them with polymyxin B.
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The extracellular bacteriolytic enzymes of some
microorganisms are able to lyse a wide range of gram-
positive bacteria [1]. As a rule, intact gram-negative
bacteria are resistant to these enzymes, although the
peptidoglycan isolated from the cell wall of such bacte-
ria is hydrolyzed [2, 3].

It is known that the cell wall of gram-negative bac-
teria consists of a thin peptidoglycan layer covered with
an outer membrane, which is made up of a lipid A—con-
taining lipopolysaccharide, core, oligosaccharide (or
O-antigen), phospholipids, lipoproteins, and porin pro-
teins. The cell surface peptidoglycan of gram-positive
bacteria is composed of many layers and is covalently
linked to anionic polymers (teichoic and teichuronic
acids).

The peptidoglycan of gram-negative bacteria usu-
ally contains diaminopimelic acid and has bonds
directly between peptide subunits. In contrast, the pep-
tidoglycan molecules of gram-positive bacteria rarely
contain diaminopimelic acid and are linked via peptide
bridges [4]. It is evident that the outer membrane of
gram-negative bacteria protects the peptidoglycan layer
from bacteriolytic enzymes. Only some highly purified
enzymes are able to lyse intact gram-negative bacteria
[5]. The mechanism of action of such enzymes on
microbial cells remains largely unknown.

The bacterium Lysobacter sp. XL 1 [6] secretes into
the medium three enzymes with bacteriolytic activity
(muramidase, peptidase L1 and peptidase L2) [7-9], as
well as a high-molecular-weight polysaccharide [10].
The positively charged bacteriolytic enzymes of Lyso-
bacter sp. interact with the negatively charged polysac-
charide, forming an extracellular enzyme—polysaccha-
ride complex, known as lysoamidase. Lysoamidase
lyses a wide range of gram-positive bacteria but only

two gram-negative bacteria, Fusobacterium necroforum
and Prevotella melaninogenica [1, 11].

The extracellular bacteriolytic enzymes of Lyso-
bacter sp. become able to hydrolyze the peptidoglycan
of gram-positive bacteria only after the enzymes have
come in contact with the cell wall anionic polymers,
teichoic or teichuronic acids [1]. In this case, the nega-
tive charge of these acids rather than the specific chem-
ical nature plays the key role.

The aim of this work was to study the lysis of gram-
negative bacteria by the extracellular bacteriolytic
enzymes of Lysobacter sp. and to understand the role of
lipopolysaccharide in this process.

MATERIALS AND METHODS

Microorganisms and cultivation conditions.
Experiments were carried out with active and relatively
inactive strains of Lysobacter sp. (Lysobacter sp. XL 1
and Lysobacter sp. XL 2, respectively [9]), Escherichia
coli, Pseudomonas putida, Pseudomonas aeruginosa,
and Salmonella marcescens, Proteus vulgaris, Proteus
mirabilis (all from the collection at the Tarasevich State
Institute of Standardization and Control of Medical and
Biological Preparations), as well as Fusobacterium
necroforum and Prevotella melaninogenica from the
collection of the Moscow Institute of Stomatology.

The bacteria E. coli, P. putida, P. aeruginosa,
S. marcescens, F. necroforum, P. melaninogenica, Pro-
teus vulgaris, and Proteus mirabilis were grown at
37°C in 5/5 medium containing (%) aminopeptide, 6;
tryptone, 0.5; yeast extract, 0.1; and soybean extract, 3
(pH 7.2). The medium was devised at the Skryabin
Institute of Biochemistry and Physiology of Microor-
ganisms. Lysobacter sp. XL 1 and XL 2 were grown in
the same medium at 29°C.
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Table 1. The effect of the extracellular bacteriolytic enzymes of Lysobacter sp. on the peptidoglycan and the peptidoglycan—

lipopolysaccharide complex of E. coli and P. putida

Bacteriolytic activity, LU/ml
Substrate
lysoamidase | L1 peptidase | L2 peptidase | muramidase
S. aureus cells (the positive control) 279 16.2 6.7 1.5
Peptidoglycan from E. coli 25.5 7.9 5.8 1.2
Peptidoglycan from P. putida 15.2 33 1.3 0
The peptidoglycan—lipopolysaccharide complex of E. coli 0 0 0 0
The peptidoglycan-lipopolysaccharide complex of P. putida 0 0 0 0
A mixture of E. coli peptidoglycan and E. coli lipopolysaccharide 0 0 0 0

Table 2. The effect of polymyxin B on the action of lysoamidase on gram-negative bacteria

Bacteriolytic activity

Bacterium Number of strains

lysoamidase

lysoamidase + poly-

polymyxin B myxin B

Fusobacterium necroforum
Prevotella melaninogenica
Escherichia coli
Pseudomonas putida
Pseudomonas aeruginosa
Salmonella marcescens
Proteus vulgaris

—_ = = O\ = N =

Proteus mirabilis

+ - +

|
|
+ 4+ 4+ 4+ +

”

Note: The signs “+” and “-” stand for “lysis” and “no lysis,” respectively.

Enzyme isolation and purification. Lysoamidase
was isolated from the culture liquid of Lysobacter sp.
XL 1, which was grown in a pilot fermentor at the Skry-
abin Institute of Biochemistry and Physiology of
Microorganisms [11]. Bacteriolytic endopeptidase L1
was isolated from the same culture liquid and purified
by gel filtration on Sephacryl S-200 and ion-exchange
chromatography on CM-Sephadex and an FPLC Mono
S column [8]. Bacteriolytic endopeptidase L2 was iso-
lated from the culture liquid of Lysobacter sp. XL 2 and
purified by ion-exchange chromatography on CM-
Sephadex and DEAE-Toyopearl and gel filtration on
Toyopearl HW-50F [9].

Determination of the bacteriolytic activity of
Lysobacter sp. enzymes in vitro. Bacteriolytic activity
was assayed with lyophilized preparations of auto-
claved cells, cell walls, or peptidoglycan, which were
suspended in 10 mM Tris—HCI buffer (pH 8.0) to a con-
centration of 1 mg/ml (ODs,,=0.8). An aliquot (0.5 ml)
of the suspension was mixed with 100 pl of a solution
of lysoamidase (1 mg/ml), peptidase L1 (10 pg/ml),
peptidase L2 (4 pg/ml), or muramidase (50 pg/ml) in
the buffer and incubated at 37°C for 15-30 min. One
unit of bacteriolytic activity (LU) was defined as the
amount of enzyme that diminished the optical density

ODs,, of bacterial suspensions by 0.01 in minute. The
effect of the E. coli lipopolysaccharide on bacteriolytic
activity was studied as follows: Fifty microliters of
enzyme preparation (3 mg/ml) in the buffer was mixed
with 0.5 ml of the Lysobacter sp. peptidoglycan sus-
pension (ODsy, = 0.8) and 0.2 ml of the E. coli
lipopolysaccharide solution (20 mg/ml), and the mix-
ture was incubated at 52°C for 15 min. Then activity
was measured as described above.

Determination of the bacteriolytic activity of
Lysobacter sp. enzymes against pathogenic gram-
negative bacteria. The sensitivity of P. aeruginosa,
S. marcescens, F. necroforum, and P. melaninogenica
cells to lysoamidase was determined in the presence of
polymyxin B. One milliliter of a suspension of test bac-
terial cells in the buffer was placed aseptically in a ster-
ile test tube and mixed with 1.5 ml of a solution con-
taining 1 mg/ml (=10 LU/ml) lysoamidase and
40 pg/ml (=312 U/ml) polymyxin B. The mixture was
incubated at 37°C for 24 h and analyzed for the number
of viable test bacterial cells by the serial dilution tech-
nique. Aliquots (0.1 ml) of all dilutions were plated on
LB agar, the plates were incubated at 30°C, and the col-
onies grown were enumerated. The effect of a prepara-
tion on a test bacterium was considered to be positive
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(marked by the sign “+” in Table 2) if the plating of bac-
terial cells from dilutions containing 10’—10° cells/ml
did not give rise to colonies. Otherwise, the effect of
this preparation on the test bacterium was considered to
be negative (marked by the sign “~” in Table 2). To
determine the number of cells in the control cell sus-
pension, it was mixed with 1.5 ml of the sterile buffer
instead of the lysoamidase solution.

The preparation of the peptidoglycan—
lipopolysaccharide complex of gram-negative bacte-
ria. This complex was obtained by the methods of
Braun and Sieglin [12] and Goodwin and Shedlarsk
[13] with minor modifications. Cells (50 g) were sus-
pended in 100 ml of the buffer, and the suspension was
subjected to three cycles of freezing at —70°C and thaw-
ing. The cell homogenate was supplemented with 3 mg
DNase and added dropwise to 150 ml of 4% SDS. The
preparation was boiled for 30 min, kept at 4°C for 12 h,
sonicated twice for 30 s, and centrifuged at 20000 g for
1 h. The pellet was suspended in 100 ml of water, and
the suspension was added dropwise to 150 ml of 4%
SDS. The preparation was boiled for 15 min, kept at
4°C for 12 h, and centrifuged at 20000 g for 1 h. The
pellet was suspended in 125 ml of water. The suspen-
sion was sonicated for 30 s and centrifuged at 20000 g
for 10 min. The precipitate was discarded, and the
supernatant was centrifuged at 20000 g for 1 h. The pel-
let was washed three times with distilled water, sus-
pended in the buffer, incubated at 37°C with pronase
(0.1 mg/ml) for 3 h, boiled for 15 min, and centrifuged
at 20000 g for 1 h. The precipitate was washed three
times in water and lyophilized. The lyophilized prepa-
ration represented the peptidoglycan—lipopolysaccha-
ride complex.

The preparation of the peptidoglycan of gram-
negative bacteria. Peptidoglycan was prepared by the
method of Streshinskaya et al. [14]. An amount (0.7 g)
of the peptidoglycan-lipopolysaccharide complex was
suspended in 70 ml of 0.5 N trichloroacetic acid (TCA).
The suspension was stirred at 4°C for 48 h and then
centrifuged at 15000 g for 30 min. The pellet was sus-
pended in 70 ml of 0.5 N TCA. The suspension was
stirred at 37°C for 48 h and then centrifuged at 15000 g
for 30 min. The precipitate was washed five times in
water and used as a peptidoglycan preparation.

RESULTS AND DISCUSSION

The extracellular bacteriolytic enzymes of Lyso-
bacter sp. are able to lyse a wide range of gram-positive
bacteria, but, to the best of our knowledge, only two
gram-negative bacteria (Fusobacterium necroforum
and Prevotella melaninogenica).

To prove the supposition that lysoamidase can
hydrolyze the peptidoglycan of gram-negative bacteria,
it was isolated from E. coli and P. putida cells. The data
presented in Table 1 show that lysoamidase and individ-
ual bacteriolytic enzymes isolated from it can effi-
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ciently hydrolyze the peptidoglycan of E. coli and
P. putida. For comparison, the table shows that the bac-
teriolytic enzymes of Lysobacter sp. efficiently lyse the
gram-positive bacterium Staphylococcus aureus. These
data suggest that the inability of the bacteriolytic
enzymes of Lysobacter sp. to lyse native gram-negative
bacteria may be due to the inability of these enzymes to
penetrate to their substrate (peptidoglycan) through the
outer membrane of the gram-negative cell wall.

The outer membrane of gram-negative bacteria con-
sists of a lipopolysaccharide whose oligosaccharide
moiety contains negatively charged phosphate and car-
boxylic groups [15]. The structure of the lipopolysac-
charide is somewhat similar to that of the anionic poly-
mers of gram-positive bacteria. For instance, the
lipopolysaccharide of some gram-negative bacteria
contains 1,5-poly(ribitol phosphate) chains, which are
known to form the 1,5-poly(ribitol phosphate) teichoic
acids of gram-positive bacteria [16].

To study the effect of the lipopolysaccharide of the
outer membrane of gram-negative bacteria on the activ-
ity of the extracellular bacteriolytic enzymes of Lyso-
bacter sp., we obtained preparations of the E. coli and
P. putida peptidoglycan, which contained the outer
membrane lipopolysaccharide of these bacteria. The
study of the effect of the bacteriolytic enzymes of Lyso-
bacter sp. on these preparations showed that neither
lysoamidase nor the individual bacteriolytic enzymes
of Lysobacter sp. were able to hydrolyze the pepti-
doglycan of gram-negative bacteria in the presence of
the lipopolysaccharide (Table 1). This can be explained
by the inhibition of these enzymes through the interac-
tion of their positively charged groups with the nega-
tively charged groups of the lipopolysaccharide. The
addition of the purified lipopolysaccharide of E. coli to
the peptidoglycan of this bacterium made it resistant to
lysoamidase and the individual bacteriolytic enzymes
(Table 1). All these data suggest that the negatively
charged groups of the outer membrane lipopolysaccha-
ride of gram-negative bacteria interact with the posi-
tively charged bacteriolytic enzymes, thereby prevent-
ing their penetration to the substrate (peptidoglycan)
through the outer membrane.

It would be reasonable to suggest that the impair-
ment of the barrier function of the outer membrane may
facilitate the penetration of the bacteriolytic enzymes of
Lysobacter sp. to the peptidoglycan of gram-negative
bacteria. For instance, it is known that the heating of
gram-negative cells or their treatment with EDTA alters
the permeability of the outer membrane and makes the
peptidoglycan of gram-negative bacteria susceptible to
bacteriolytic enzymes [2]. It is also known that B. sub-
tilis YT-25 cells secrete into the medium a native lytic
factor (NLF), which alters the hydrophobic structure of
the lipopolysaccharide of gram-negative bacteria in
such a manner that the extracellular bacteriolytic
enzymes of B. subtilis YT-25 become able to penetrate
to the inner peptidoglycan layer and to hydrolyze it
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[17]. The NLF consists of about ten amino acid resi-
dues and a long chain of fatty acids. Takahara et al. [18]
suggested that it is the presence of fatty acids that is
responsible for the activity of the NLF. The cyclic pep-
tidolipid antibiotic polymyxin B is a structural analog
of the NLF and, hence, may have a similar mechanism
of action. In gram-negative bacteria, polymyxin B
interacts mainly with the lipopolysaccharides of the
outer membrane, thereby altering its normal structural
organization and permeability [19]. The study of the
effect of lysoamidase on the intact cells of gram-nega-
tive bacteria pretreated with polymyxin B showed that
such cells, as a rule, become susceptible to lysoamidase
(Table 2). Only two gram-negative bacteria (Proteus
vulgaris and Proteus mirabilis) remained resistant to
lysoamidase after their treatment with polymyxin B,
which can be explained by the specific structure of the
outer membrane or the peptidoglycan of these two bac-
teria. Thus, some gram-negative bacteria, including
pathogenic ones, become susceptible to bacteriolytic
enzymes after being treated with polymyxin B. This
antibiotic interacts with the lipopolysaccharide of the
outer membrane, thereby changing its permeability and
preventing the interaction between bacteriolytic
enzymes and the lipopolysaccharide. As a result, the
peptidoglycan layer of the cell wall of gram-negative
bacteria becomes susceptible to the bacteriolytic
enzymes. In contrast, the bacteriolytic enzymes of
Lysobacter sp. cannot hydrolyze the peptidoglycan of
gram-positive bacteria without interacting with the neg-
atively charged cell wall polymers (teichoic and teichu-
ronic acids) [1].

To conclude, this study showed that the bacteriolytic
enzymes of Lysobacter sp. are able to hydrolyze the
peptidoglycan isolated from gram-negative bacteria.
The lipopolysaccharide of the outer membrane may be
involved in blocking the action of bacteriolytic
enzymes on the gram-negative bacterial cell wall.
Lysoamidase is able to lyse the native cells of gram-
negative bacteria in the presence of polymyxin B.
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