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TasLE III
Substrate specificity of the solubilized lipase from mutant membranes and the lipase from wild type growth medium

Values for the apparent K,, and the apparent V.. for each substrate were obtained from double-reciprocal plots of data obtained as
described in Fig. 5. After excluding points at which lipase activity was inhibited by substrate, the best straight line fit through each set of

points was determined by the method of least squares.

Apparent K.,

Membrane-bound

mam
E. coli phosphatidylethanolamine 27
B. subtilis phosphatidylethanolamine 1.8
B. subtilis phosphatidylglycerol 44
B. subtilis diphosphatidylglycerol 14
B. subtilis diglyceride 1.9
B. subtilis diglucosyl diglyceride 1.7

purification of both the membrane-bound and extracellular
enzymes. The ratio was calculated by dividing the velocity of
hydrolysis of E. coli phosphatidylethanolamine (at a concen-
tration of 2.3 mM) by the velocity of hydrolysis of 1,2-diglye-
eride (at a concentration of 1.3 mm). This ratio was 2.4 for the
membrane-bound enzyme before its solubilization and 2.5
after its solubilization and purification. Both crude and par-
tially purified extracellular lipase had a ratio of 2.7. The
similarity of this ratio before and after purification of the
enzymes indicates that the lipase and phospholipase activities
co-purified and, thus, probably reside in the same molecule.
Another observation in favor of this conclusion was that both
the lipase and phospholipase activities were abolished by the
inhibitor protein from the wild type.

Both the membrane-bound and extracellular lipases were
inactivated by the inhibitor protein from the wild type (Fig.
6). The time courses of their inactivation were identical (Fig.
6B). The membrane lipase was slightly more sensitive to the
inhibitor than was the lipase from growth medium (Fig. 64).
This could have been due either to the greater purity of the
membrane lipase or to a slight difference in the structure of
the two molecules. No other lipase that was tested was af-
fected by the inhibitor, including the Ca**-independent phos-
pholipase that appears in B. subtilis during sporulation (4).
Consequently, the sensitivity of the extracellular lipase to the
inhibitor protein suggests rather strongly that it is related to
the membrane lipase.

Release of the Membrane-bound Lipase into the Growth
Medium—The strong similarity between the membrane-
bound and extracellular forms of the lipase indicated that the
membrane-bound form might be an intermediate in the secre-
tion of the lipase. In order to test this hypothesis, we searched
for conditions under which we would be able to block forma-
tion of new membrane-bound lipase and show release of the
remaining cell-bound enzyme into the growth medium. Such
an experiment is shown in Fig. 7. Mutant cells were harvested
in late logarithmic phase, resuspended in fresh prewarmed
medium, and aerated. The optical densities of the cultures
continued to increase, indicating that the cells were still
dividing. Under these conditions, lipase continued to be se-
creted for about 1 h. During the same time, unexpectedly,
membrane-bound enzyme was lost from protoplasts that were
prepared from the cells. About 60% of the lipase activity was
lost from the membranes, and an equivalent amount appeared
in the medium. Similar results were obtained when the cells
were resuspended in medium containing chloramphenicol,
except that under these conditions cell growth was arrested.
If the resuspended cells were not aerated, no lipase disap-
peared from the membranes, and no lipase appeared in the
growth medium (data not shown). These experiments support
the hypothesis that the membrane lipase is an intermediate

Apparent Vi
Extracellular Membrane-bound Extracellular
nmol/min
2.5 7.2 6.9
14 5.3 5.0
9.5 L 22.
1.1 0.5 0.6
1.9 3.2 3.2
3.0 29 3.4
100 A /’__i__,..-l ¥
x } gt
BO- & o
s g
< 60h o
Fe] ‘t
= I
5 aof§
|
201
4
I 1 1 I |
100 z%oh_aoio 400’ 500 600
66 nhibitor (ng
B
80—
: A
= 60 8=
o P
= L
S 401 ,4':
R
2057
L 1 | 1 1
5 [o] 15 20

Minutes of preincubation with Inhibitor

Fic. 6. Dependence of inhibition of the lipases from mutant and
wild type on inhibitor protein concentration and time. A, varying
amounts of purified lipase inhibitor (HA2 fraction, kindly provided
by Dr. S. S. Krag (3)), diluted with a solution of ovalbumin (0.1
mg/ml) in distilled water, were preincubated with 0.8 pg of the
solubilized and partially purified membrane-bound lipase from the
mutant, or 56 pg of partially purified lipase from growth medium of
the wild type (see “Experimental Procedures™) for 10 min at 30°C in
0.070 ml of 1.4 mm CaCl.. A 2-min lipase assay was initiated by the
addition of 230 nmol of [1-acyl-*H]phosphatidylethanolamine (1400
cpm/nmol) which had been dispersed by sonication in 2% Cutscum
and 0.167 M Tris/maleate, pH 8.0. The final concentration of the
components in the assay mixture were the standard concentrations
described under “Experimental Procedures.” The reaction was ter-
minated, and the *H-fatty acids were extracted as described under
“Experimental Procedures.” Per cent inhibition was calculated as
previously described (3). B, solubilized and partially purified lipase
from the mutant (0.8 ug) was incubated with 18 ng of purified inhibitor
for varying amounts of time, then a 2-min lipase assay was initiated
as described in A. Similarly, 72 ng of inhibitor was incubated with 56
ug of partially purified lipase from the growth medium of the wild
type. Per cent inhibition was calculated as previously deseribed (3).
X——x, membrane lipase. O- - -O, extracellular lipase.

in the secretion of extracellular lipase.

Subcellular  Distribution of the Membrane-bound
Lipase—The Bacilli contain two types of membrane: plasma
membrane, which surrounds the cytoplasm, and mesosomal
membrane, which is found in small vesicles located in clusters
in the space between the cell wall and the plasma membrane.
The presence of 60% of the cell-bound form of penicillinase in
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F1c. 7. Release of cell-bound lipase into growth medium. A 500-ml
culture of mutant cells was grown to an optical density of 2.8, as
described under “Experimental Procedures.” Cells were harvested at
25°C from 40-ml aliquots of the culture. Each cell pellet was resus-
pended in 50 ml of fresh, prewarmed (30°C), aerated medium. The
reconstituted cultures were transferred to prewarmed flasks and
incubated with shaking at 30°C each for one of the times indicated on
the abscissa. At the end of each incubation period, the optical density
of the culture was measured, then the flask was cooled to 0°C, and 50
ul of a-toluenesulfonyl fluoride was added. The optical density at 0
min was 2.8, at 20 min, 3.1, at 40 min, 3.2 at 60 min, 3.6. Cells were
harvested and converted to protoplasts as described under “Experi-
mental Procedures.” Lipase activity in growth medium and in proto-
plasts was determined as described under “Experimental Procedures™;
x——x, growth medium; O——O, protoplasts. The inset shows the
change in lipase activity from 0 min in growth medium and proto-
plasts. The experiment was performed twice with similar results.

the mesosomal vesicles of B. licheniformis led Ghosh et al.
(25) and Sargent et al. (26) to propose that mesosomes are
involved in the secretion of extracellular penicillinase by this
organism.

Because of the likelihood that the membrane-bound lipase
of our mutant was a secretion intermediate, we investigated
its subcellular distribution. Four subcellular fractions were
analyzed: “periplasmic” molecules (soluble molecules located
between the cell wall and the cytoplasmic membrane), meso-
somal vesicles, cytosol, and cytoplasmic membranes. The cells
were fractionated as described under “Experimental Proce-
dures.” EGTA was present in the first steps to inhibit lipase
activity and thus prevent lysis of the protoplasts and fragmen-
tation of the membranes during removal of the cell wall.
Recovery of lipase activity in such experiments was about
80%. Most of the lipase activity (50 to 70%) was associated
with the membrane fractions. A variable amount of lipase was
recovered in the cytosol (20 to 30%), depending on the condi-
tions during lysis of the protoplasts. Recovery of some lipase
in the cytosol suggested that the lipase is a peripheral mem-
brane protein (27). The fact that it was removed from mem-
branes by 3 M urea is consistent with this interpretation. Only
a small portion of lipase activity (8% or less) was recovered in
the periplasmic space and less than 1% was associated with
the mesosomal vesicles. To strengthen the conclusion that
little or no membrane-bound lipase was associated with mes-
osomal vesicles, we examined the purity of the cytoplasmic
and mesosomal membrane fractions using electron micros-
copy, and the marker enzyme, succinate dehydrogenase,
which is 30 times more concentrated in the cytoplasmic mem-
brane than in mesosomes (13). Electron micrographs of the
cytoplasmic membrane fraction showed a predominance of
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TaBLE IV
Lipase activity in membrane fractions of the mutant

Mutant cells were grown, harvested, and fractionated as described
under “Experimental Procedures,” with the following modifications.
Pellet 1 was resuspended in 4 ml of sucrose buffer containing 0.01 M
EGTA and 0.025 M MgCl,;. The suspension was added dropwise with
stirring to 120 ml of Mg**/phosphate buffer containing 1.2 mg of
DNase and 1.3 mg of RNase. Each of the membrane fractions was
washed once with Mg*"/phosphate buffer, before the 0.01 M phos-
phate buffer wash. The membrane fractions were analyzed for protein,
succinate dehydrogenase activity, and lipase activity as described
under “Experimental Procedures.”

Succinate

dehydrogenase® Lipase®
Fraction Protein
Specific Total ac- Specific Total ac-
activity tivity activity tivity
mg
Cytoplasmic 225 0.44 9.9 0.05 1.1
membranes
Mesosomal 15 0.051 0.07 0.007 0.01
membranes

“ One unit of activity is defined as the amount of enzyme catalyzing
formation of 1 pmol of product/min.

TaBLe V
Inhibitor activity in membrane fractions of the wild type

Wild type cells were grown, harvested, and fractionated as de-
scribed under “Experimental Procedures.” The purified cytoplasmic
and mesosomal membrane pellets were analyzed for protein, succinate
dehydrogenase activity, and inhibitor activity as described under
“Experimental Procedures.” The total recovery of protein after den-
sity gradient fractionation of the crude cytoplasmic membrane pellet
was 44%, the recovery of succinate dehydrogenase activity was 61%,
and the recovery of inhibitor activity was 68%. The corresponding
recoveries after fractionation of the crude mesosomal pellet were 38,
70, and 63%, respectively.

Succinate dehydro-

Thigorh
genase® Inhibitor
Fraction Protein
Specific  Total ac-  Specific  Total ac-
activity tivity activity tivity
mg
Cytoplasmic 35 1.0 36 360 12,600
membranes
Mesosomal 8.7 0.021 0.18 610 5,300
membranes

“ One unit of enzyme activity is defined as the amount of enzyme
catalyzing formation of 1 ymol of product/min.

® One unit of inhibitor activity is defined as the amount necessary
to give 30% inhibition of 0.0013 units of membrane-bound lipase in a
standard 20-min assay.

the large membranous profiles, while micrographs of the
mesosomal fraction showed mostly small vesicles. The micro-
graphs revealed some cross-contamination between the two
fractions; nevertheless, the specific activity of succinate de-
hydrogenase was 8.6 times higher in the cytoplasmic mem-
brane fraction than in the mesosomes (Table IV). The distri-
bution of lipase activity shown in Table IV was almost iden-
tical to that of the marker enzyme. The data indicated that
the lipase activity in the mesosomal fraction was due largely
to contamination by pieces of cytoplasmic membrane.

In a similar experiment, the subcellular location of the
membrane-bound inhibitor in the wild type was investigated.
Wild type cells were fractionated by the method of Ferrandes
et al. (13) described under “Experimental Procedures.” This
method includes a sucrose gradient step which eliminates
most of the cross-contamination between the two membrane
fractions. Electron micrographs of the cytoplasmic and mes-
osomal membrane fractions showed very little cross-contam-
ination. The specific activity of succinate dehydrogenase (Ta-
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ble V) was 48 times higher in the cytoplasmic membranes
than in the mesosomes, indicating that the cytoplasmic mem-
branes were highly purified. Nevertheless, the specific activity
of the inhibitor in the mesosomal membranes was only twice
that in the cytoplasmic membranes. These results show that
the membrane-bound inhibitor is located in both membrane
fractions, but has a higher specific activity in the mesosomes.

DISCUSSION

Earlier reports from this laboratory described a mutant of
B. subtilis, called CMKa3, that hydrolyzed its membrane lipids
during enzymatic digestion of the cell wall (1, 2). The lipid
was hydrolyzed by a membrane-bound lipase that was present
in protoplasts of the mutant but was not detectable in the
wild type. A specific protein inhibitor of the lipase was found
in wild type cells and was absent in the mutant. This paper
reports that both mutant and wild type cells secrete an
extracellular lipase that is closely related to the membrane-
bound lipase of the mutant. Production of both enzymes is
stimulated by a high molecular weight component of the
growth medium. No significant differences were found be-
tween the optimal assay conditions and substrate specificities
of the two enzymes. This similarity suggests that the mem-
brane-bound lipase may be an intermediate in the secretion
of the extracellular lipase.

This hypothesis was supported by an experiment in which
membrane-bound lipase was apparently transferred from the
membrane into the extracellular medium. When mutant cells
were harvested in late logarithmic phase and resuspended in
fresh medium, they continued to secrete lipase for about 1 h.
During this time, the appearance of new extracellular lipase
activity in the culture medium was paralleled by an equivalent
decrease in the amount of membrane-bound lipase activity
found in protoplasts prepared from the cells. It is not clear
why the shift to fresh medium apparently inhibited the for-
mation of new membrane-bound lipase. It may be that syn-
thesis of exoenzyme is more easily disrupted than general
protein synthesis, or that a factor that builds up in growth
medium is required for lipase synthesis. The results shown in
Fig. 2 and discussed in the text suggest that secretion of
exocellular enzyme stops in stationary phase. It may be that
cessation of synthesis of membrane lipase by the mutant
occurs before cessation of secretion and that the cells were
shifted to new medium at a time between these two events. It
could also be that both processes had stopped at the time of
the shift, but that secretion of the lipase resumed under the
new conditions more quickly than lipase synthesis. Cells that
were harvested and resuspended in the same way, but were
not aerated, did not secrete lipase and did not lose the mem-
brane-bound activity. Addition of chloramphenicol to the
resuspended cultures inhibited growth of the cultures but did
not interfere with the appearance of new lipase in growth
medium or with the disappearance of membrane-bound lipase.
This indicated that de novo protein synthesis was not required
for secretion of lipase under these conditions and strengthened
the hypothesis that preformed membrane enzyme was the
source of the newly secreted lipase.

If the membrane lipase is in fact a secretion intermediate
and does not have a function within the cells themselves, then
the role of the protein inhibitor found in the wild type is
probably to protect the membranes of the cell from the lipase
during and after its secretion. This would explain why lipase
activity has never been detected in more than trace amounts
in wild type cells. An analogous intracellular protein inhibitor
of ribonuclease has been reported in Bacillus amyloliquefa-
ciens (28). Presumably, the function of this protein is to

Extracellular and Membrane-bound Lipase of Bacillus subtilis

protect cellular ribonucleic acid from hydrolysis by the ribo-
nuclease.

Several recent studies have provided evidence that extra-
cellular proteins are synthesized on membrane-bound ribo-
somes, and are extruded through the membrane during their
synthesis (29, 30). In some cases, it has been shown that
excreted proteins that are synthesized in vitro contain an
extra hydrophobic NH,-terminal sequence. It is postulated
that this sequence acts as a signal that results in the attach-
ment of the ribosome to the membrane in such a way that
synthesis of the nascent chain proceeds vectorially, and the
completed protein emerges on the other side of the membrane
(31, 32). In eukaryotes, a processing enzyme which removes
the hydrophobic sequence from light chains was demonstrated
in the membranes of rough microsomes (31). Inouye and
Beckwith (32) found evidence for a similar kind of processing
of the periplasmic protein, alkaline phosphatase, in E. coli.
They showed that the protein that was synthesized in vitro
from the alkaline phosphatase message, contained a hydro-
phobic sequence that was not present in extracellular alkaline
phosphatase. This sequence was removed by an enzyme activ-
ity that was associated with the outer membrane.

There is some evidence for a similar secretion mechanism
in Gram-positive bacteria (33-35). Lampen and co-workers
have studied the secretion of penicillinase by Bacillus lichen-
tformis. About half of this enzyme is extracellular and the
other half is cell-bound. The cell-bound enzyme was found to
be 25 amino acid residues longer than the extracellular one
and contained a hydrophobic NH, terminus, phosphatidylser-
ine (36, 37). Nagata et al. (38) have described three cell-bound
isozymes of the exoenzyme, a-amylase, in B. subtilis Marburg
(from which CMKj,; is derived). One of these isozymes had
the same molecular weight as the exoenzyme; the other two
had larger molecular weights, as determined by gel chroma-
tography. All three, as well as the exoenzyme, were coded by
the same gene. In contrast with penicillinase, and with the
lipase in this paper, the cell-bound forms of a-amylase were
only 1 to 5% of the total a-amylase in a given culture.

The observation of a membrane-bound precursor of the
extracellular lipase in CMK3; is consistent with the secretion
mechanism suggested by Blobel and others (29-32). However,
because both the exoenzyme and the solubilized membrane
enzyme were excluded from Sephadex G-200 (data not shown),
we do not yet know if the polypeptide chaing of the two
enzyme forms differ in molecular weight.

It seems clear, nevertheless, that some form of processing
of the membrane-bound lipase occurs before it is released. An
indication of this is that the lipase activity is expressed in
mutant membranes only during and after digestion of the cell
wall (2). If the lipase were active in intact mutant cells, the
cells would be expected to show an increased turnover of fatty
acids. Numerous attempts to demonstrate such an increased
turnover in mutant cells were unsuccessful (4). Even when the
cells were treated with arsenate to inhibit ATP formation and,
consequently, prevent reactivation of fatty acids that might
be released by the lipase, there was no buildup of free fatty
acids. These results indicate that the lipase is either absent or
inactive in intact cells. There are two possible explanations
for the appearance of membrane-bound lipase activity only
during and after digestion of the cell wall. One is that a
structure within the cell wall is necessary for the release of
newly synthesized lipase into the extracellular medium. If this
is the case, then lipase that is synthesized while the wall is
being degraded might be inserted through the membrane and
remain there, because the machinery necessary for the release
of the enzyme has been disrupted. However, Sanders and May
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(39) and Sargent et al. (40) showed that protoplasts of Bacilli
can actively secrete three different enzymes. This indicates
that an intact cell wall is not necessary for the release of any
of these enzymes. Another possible explanation is that the
lipase normally remains in an inactive state while it is associ-
ated with the membrane; then during its secretion it is acti-
vated by an enzyme located in the cell wall. If this is the case,
digestion of the cell wall might free this endogenous activating
enzyme and allow it to come into contact with and activate
the lipase while it is still in the cytoplasmic membrane. That
the processing of extracellular enzymes can in fact occur in
the cell wall rather than in the cytoplasmic membrane is
suggested by the results of Inouye and Beckwith (32) who
described an alkaline phosphatase processing activity in the
outer membrane fraction of E. coli cells.

Sargent and co-workers have suggested that mesosomal
vesicles may play a role in exoenzyme secretion (25, 26). They
reported that 60% of the cell-bound form of penicillinase in B.
licheniformis was associated with mesosomal vesicles. In ad-
dition, they showed that the mesosomal penicillinase was the
precursor of exoenzyme that was released when protein syn-
thesis was inhibited by chloramphenicol. Our results show
that there is very little lipase associated with mesosomes of
CMK,s; consequently, it is unlikely that these structures are
involved in secretion of lipase by B. subtilis. However, the
digtribution of lipase inhibitor between mesosomal and cyto-
plasmic membranes in the wild type is similar to the distri-
bution of cell-bound penicillinase in B. licheniformis; the
inhibitor is present in both mesosomal and cytoplasmic mem-
branes. The presence of inhibitor in both types of membrane
would be expected if its function were to protect membranes
from external lipase or from lipase that might be free in the
region between the cytoplasmic membrane and the cell wall
during the process of lipase secretion.

From the studies described in this report it is clear that
protoplasts of the mutant, CMKj;, contain a membrane-bound
lipase that is closely related to the extracellular lipase that is
secreted by both mutant and wild type cells. Our hypothesis
is that the membrane-bound lipase is an intermediate in the
secretion of the extracellular lipase. Because the intermediate
is accessible for study in the mutant, but not in the wild type,
the mutant may be a useful tool in studies of the mechanism
of secretion of exoenzymes by Bacilli.
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