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The possibility of there being a periplasm in Bacillus subtilis, in the distinct cell compartment bounded by the
cytoplasmic membrane and the thick cell wall, has been investigated quantitatively and qualitatively. Cyto-
plasmic, membrane, and protoplast supernatant fractions were obtained from protoplasts which were prepared
isotonically from cells grown under phosphate limitation. The contents of the protoplast supernatant fraction
represent an operational definition of the periplasm. In addition, this cell fraction includes cell wall-bound
proteins, exoproteins in transit, and contaminating cytoplasmic proteins arising through leakage from, or lysis
of a fraction of, protoplasts. The latter, measured by assay of enzyme markers and by radiolabeled RNA and
protein, was found to represent 7.6% of total cell protein, yielding a mean of 9.8% =+ 4.8% for B. subtilis 168
protein considered periplasmic. Qualitatively, after subjection.of all cell fractions to polyacrylamide gel
electrophoresis, RNase and DNase, zymographs revealed that (i) each cell fraction had a unique profile of
nucleases and (ii) multiple species and a major fraction of both nucleases were concentrated in the periplasm.
We conclude that the operationally defined periplasmic fraction corresponds closely, both quantitatively and
qualitatively, to the contents of the periplasm of Escherichia coli. We discuss evidence that the maintenance of
the components of this surface compartment in B. subtilis is compatible with the thick negatively charged cell

wall acting as an external permeability barrier.

The existence in the envelopes of gram-negative organisms
of a distinct cell compartment, the periplasm, is evidenced by
electron micrographs revealing a clear separation between the
inner and the outer membranes and by the release, through
selective damage to the outer membrane barrier, of a distinct
population of proteins and enzymes. Many of the latter are of
a scavenging kind, including multiple phosphatases and nucle-
ases (3). Estimates for the protein content of the periplasm of
Escherichia coli range from 4% (28) to 16% (1) of total cell
protein. A condition for the existence of this outer cell com-
partment is the presence of two permeability barriers, which, in
the case of the envelopes of gram-negative organisms, are a
distinctive outer membrane and the ubiquitous cytoplasmic
membrane. The selective outward as well as inward traffic
through the outer barrier is achieved through specialized struc-
tures such as porins and various protein export factors (20)
identified in a wide range of bacterial species, including Er-
winia, Escherichia, Klebsiella, Proteus, Pseudomonas, and Neis-
seria species.

For gram-positive organisms, whose surfaces differ both
morphologically and chemically from those of gram-negative
bacteria, the question of the existence of a periplasm has gen-
erally been avoided (4). It has been widely accepted that the
cytoplasmic membrane represents the main, if not the only,
barrier to traffic in and out of a gram-positive cell (6, 27, 38)
and that, having translocated this membrane, proteins of up to
about 60 kDa (47) can freely diffuse into the surrounding
medium. Support for a relatively high porosity of the cell walls
of gram-positive organisms has been seen in the capacity of
many of them to export large amounts of certain proteins (32,
38). An S-layer, which is a regular array of proteins on the
external surface of the cell wall present in many gram-positive
organisms, can act as a molecular sieve (35, 36). There is no
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evidence for such a protein layer being present in the generally
used laboratory strains of Bacillus subtilis.

Nevertheless, despite the absence of an observable periplas-
mic space and an outer membrane, certain authors proposed
the existence of a functional periplasm in gram-positive bacte-
ria (4, 15). Previous studies with B. subtilis as well as related
bacilli provided evidence (26) in favor of the latter point of
view. In B. subtilis, an endoribonuclease (5), a B-glucanase
(45), and a nucleotide diphosphate sugar hydrolase (26) were
released into the soluble fraction during isotonic formation of
protoplasts. An alkaline phosphatase of Bacillus licheniformis
has a similar location (10, 13). Interestingly, in E. coli, several
of these activities are specifically located in the periplasm.

In this communication, we describe an operational definition
of a protein fraction that would potentially comprise the
periplasm of the gram-positive organism B. subtilis. We pro-
vide quantitative estimates of this protein fraction, as well as
the identification of some of its specific enzyme components.
Finally, we discuss the question of the permeability of the thick
cell wall in gram-positive organisms.

MATERIALS AND METHODS

Strains. B. subtilis 168 ipC2 and W23 were used.

Media and growth conditions. The defined liquid medium tris-low-phosphate
(TLP), modified from that of Mauck and Glaser (26), contained the following:
ammonium sulfate (9 mM), sodium citrate (0.75 mM), Tris-HCI (100 mM), and
sodium glutamate (54.4 mM). The final pH was 7.6. To 100 ml of medium 0.1 ml
of a sterile salts solution was added. The latter, slightly modified from that
described by Pollock (31), contained magnesium suifate (2 M), ferrous sulfate
(3.6 mM), zinc sulfate (3.5 mM), manganese sulfate (0.5 mM), cupric sulfate (40
wM), and potassium dichromate (6.8 wM). Histidine, leucine, arginine, isoleu-
cine, phenylalanine, tyrosine, proline, alanine, methionine, tryptophan, threo-
nine, lysine, valine, serine, glycine, and cysteine were each added at a final
concentration of 20 ug ml™ ' together with glucose (27.7 mM) and dipotassium
phosphate at concentrations indicated below.

Strains maintained as spore preparations were streaked out on Luria agar
medium.

Overnight (14- to 16-h) cultures, grown at 26°C, were obtained by inoculating
TLP containing 1 mM K,HPO, with isolated colonies from fresh LA plates. For
growth under phosphatc-limited conditions, a 10- to 50-fold dilution of the
overnight cultures, with a nephelometric density (ND) generally in the range of
100 to 500, was made to inoculate TLP containing .22 or 0.44 mM phosphate.



VoL. 177, 1995

B. SUBTILIS PERIPLASM 6177

Fraction Protein Contents
Culture samples
Filtration (centrifugation)
Filtrate (supernatant) S Exoproteins
Cells
Resuspension in isotonic buffer + lysozyme,
incubation at 37°C for 30 to 60 min
Centrifugation ) . i
Periplasmic proteins,
cell wall bound proteins,
Supernatant PSF exoproteins in transit
(contaminating
Protoplasts cytoplasmic proteins)
Resuspension in lysis buffer
Disruption of protoplast membrane,
release of cytoplasmic contents
Centrifugation
Supernatant C Cytoplasmic proteins
Pellet M Membrane associated
proteins
FIG. 1. Schematic representation of the cell fractionation procedure. S, C, and M represent culture supernatant, cytoplasm, and membrane.

Cultures (15 to 25 ml) in glass tubes (internal diameter, 17 mm), aerated by
bubbling, were grown at 37°C, and the cell mass was monitored by ND measured
on a Unigalvo (Corning EEL) nephelometer. For an exponentially growing
culture, an ND reading of 100 corresponds to 0.11 mg of bacteria (dry weight)
ml .

Cell fractionation. The preparation of various cell fractions is shown schemat-
ically in Fig. 1. From carly cxponential to late stationary phase, 25-ml culture
aliquots were withdrawn at given times. Cells were harvested by filtration on a
manifold, washed four times with 2 ml of TLP, and immcdiately resuspended in,
usually, 0.5 ml of a freshly prepared isotonic buffer solution {TMS) containing
Tris-HC! (50 mM, pH 8.0), MgCl, (16 mM), and sucrose (66% or, occasionally,
33% [wi/vol]). Lysozyme (100- to 200-pg ml ! final concentration) and phenyl-
methylsulfonyl fluoride (0.1 mM final concentration) were added, and the sus-
pension was incubated at 37°C. Usually after 30 to 60 min, more than 99% of the
cells had been converted into protoplasts, as judged by phase-contrast micros-
copy. Protoplasts were pelleted (15 min, 21,000 X g), and the protoplast super-
natant fraction (PSF) was carefully collected. Rarcly, if signs of lysis were evi-
dent, such as increased viscosity or difficulty in obtaining a compact pellet, the
sample was discarded. Protoplasts were lysed by resuspension in lysis buffer

containing Tris-HCI (50 mM, pH 8.0) and MgSQO, (5 mM), followed by repeated
passage through a 1-ml micropipette tip. Occasionally, sonication was used to
reduce the viscosity due to release of high-molecular-weight DNA. A subsequent
centrifugation (1 h, 21,000 X g) allowed separation of cytoplasmic and mem-
brane fractions. In some initial experiments, cells were harvested by centrifuga-
tion and, without a washing step, the pellet was immediately resuspended in
TMS.

When cells were harvested by centrifugation, the S fraction, representing the
culture medium, was filtered to remove any remaining cells. Proteins were
precipitated with trichloroacetic acid (final concentration, 6% [wt/vol]) following
addition of yeast RNA (50-pg ml™! final concentration) as a carricr. After 1 h at
0°C, precipitated proteins were recovered by centrifugation in a swing-out rotor
(20 min, 13,000 X g). Alternatively, for in situ screening for nucleases after
sodium dodecyl sulfate-polyacrylamide gel clectrophoresis (SDS-PAGE) (see
below), trichloroacetic acid was not added and protein in fraction S was concen-
trated by ultrafiltration (Centricon 10 ultrafiltrator; Amicon). When the S frac-
tion was screened for the presence of RNA, cither lysozyme or bovine serum
albumin (50-pg m!"' final concentration) was added as a carrier.

Isocitrate dehydrogenase assay. Formation of reduced NADPH was coupled
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with dehydrogenase activity and monitored spectrophotometrically at A3, as
described previously (17). The reaction mixture contained 10 mM MgCl,, 1 mM
isocitrate, 0.4 mM NADP, potassium phosphate buffer (50 mM, pH 7.0), and 0.8
ml of the cell fraction (equivalent to 0.5 to 1 mi of culture). The reaction was
initiated by the addition of the substrate, and the A4, was monitored for 15 min
at room temperature. One milliunit of isocitrate dehydrogenase (EC 1.1.1.42)
activity is defined as that causing an increase in the A3y, of 0.001 per min. The
background dehydrogenase activity, measured on incubation mixtures in the
absence of added substrate, was subtracted for each cell fraction.

Glucose 6-phosphate dehydrogenase assay. The glucose 6-phosphate dehydro-
genase (EC 1.1.1.43) assay (23) is based, as for isocitrate dehydrogenase, on the
reduction of NADP to NADPH. The reaction mixture contained 10 mM MgCl,,
I mM glucose 6-phosphate, 0.4 mM NADP, Tris-HCI buffer (33.3 mM, pH 7.5),
and an appropriatc volume of each cell fraction (equivalent to 0.5 to 1 ml of
culture). The reaction, carried out at room temperature (about 23°C) and initi-
ated by the addition of the substrate, was checked by monitoring the A4y, for 15
min. One unit of activity is measured as increase of the A4, of 0.001 per min.
The background dehydrogenase activity, measured on incubation mixtures in the
absence of added substrate, was subtracted for each cell fraction.

RNase activity assay. The procedure followed was essentially that described by
Lopes et al. (24). The reaction mixture (0.3 ml) contained potassium phosphate
buffer (30 mM, pH 7.0). 2 mM EDTA, and, as a substrate, [*H}poly(A} (50 nCi;
17.5 to 63 Ci mmol '; Amersham) together with 32.5 pg of unlabeled poly(A)
(Sigma). A cell fraction equivalent to 0.25 or 0.5 ml of culture was added. The
reaction mixture was incubated at 37°C for 30 min. Unsolubilized [*H]poly(A),
precipitated during 15 min at (°C following addition of 30 ul of 100% (wt/vol)
perchloric acid and 3 pl of yeast RNA (50 mg ml™") as a carrier, was scdimented
(10 min, 21,000 X g), and supernatants (200 pl) were transferred to a scintillation
minivial containing 5 ml of Optifluor (Packard) scintillation cocktail for mea-
surement of soluble radioactivity.

Chemical determination of RNA content. The RNA content of each fraction
was measured by the orcinol-based method (9). RNA in cell extracts, precipi-
tated with perchloric acid (0.25 N) for 30 min at (0°C, was centrifuged. The pellet,
after being washed two or three times with 0.25 N perchloric acid and twice by
resuspension in (.5 N perchloric acid to remove any contaminating sugar, which
interferes with the assay, was incubated for 15 min at 70°C to extract RNA. To
0.5 ml of the RNA-containing extract equal volumes of 6% (wt/vol) orcinol
(dissolved in cthanol) and 0.1% (wt/vol) FeCl; dissolved in 37% (wt/vol) HCI
were added, and samples were heated for 30 min at 90°C. Formation of the
chromogen was monitored colorimetrically at 4. Yeast RNA or ATP was used
as an RNA standard.

Protein assay based on incorporation of [*H]leucine. Cultures (25 ml) were
grown in TLP containing limiting phosphate (0.44 mM), unlabeled leucine (30
pg ml 1, and 0.1 pCi of [*H}leucine (37 mCi mmol™'; Amersham) ml~'. At
various times during growth, triplicate 1-ml aliquots were withdrawn. Cells were
harvested by filtration on a manifold (Millipore), washed with 4 volumes (2 ml)
of TLP containing a 10-fold-higher leucine concentration (200 pg ml™"), and
resuspended in .5 ml of TMS (60% sucrosc). Apart from the fact that TLP was
inoculated with filtered exponentially growing cells to avoid any possible car-
ryover of RNase in the culture medium, PSF and the cytoplasmic and membrane
fractions were obtained as described above and as shown in Fig. 1. Proteins
present in the culture filtrate (S fraction) were precipitated with 6% trichloro-
acetic acid and centrifuged in a swing-out rotor as described above. To eliminate
unincorporated soluble [*H]Jlcucine, the pellet was washed with 5% trichloro-
acetic acid (containing unlabeled leucine). To optimize counting cfficiency for
membrane samples, NaOH was added to a final concentration of 0.2 M and the
mixture was incubated at 60°C for 1 h; incubation was followed by addition of the
scintillation cocktail.

Double labeling with [*H]uracil and ['*C]leucine. Double labeling of a given
culture permitted direct comparison of protein and RNA contents in the same
sample of cach fraction. Cultures were supplemented with [*H]uracil (5 wCi
ml "), unlabeled uracil (400 pg ml™"), ["*Clleucine (0.1 pCi ml '), and unla-
beled leucine (30 pwg ml ). Triplicatc 1-ml samples were trcated as described
above for [*Hlleucine-labeled cultures.

Detection of RNase and DNase activities in SDS-PAGE gels. The method
described by Spanos and Hiibscher (42) was used. SDS-PAGE gels were pre-
pared (22) with acrylamide concentrations of 8, 12, or, occasionally, 15%, de-
pending on the molecular weights of the proteins of interest. 16S and 23S rRNA
from E. coli (Boehringer) or herring sperm DNA (Sigma), at a final concentra-
tion of 10 wg ml™!, was incorporated into the scparation gel solution. For
preparation of adequately concentrated extracts for SDS-PAGE, 25-ml aliquots
of cultures, harvested at an appropriate cell density, were centrifuged (5 min,
10,000 X g) and cells were immediately resuspended in 0.5 ml of TMS (60%
sucrose). Cell fractions were prepared as described above. Proteins in the S
fraction were concentrated as described previously. After samples were boiled
for 5 min, wells were loaded with samples of each cell fraction, containing the
protein equivalent of 1 ml of culture, dissolved in a sample buffer lacking
-mercaptoethanol. After passage through the stacking gel, separation gels were
run at 12 Vem™! for 6 h or at 3.5 V em ™! for 15 h. After an overnight washing
in distilled water with agitation at 4°C, the gels were incubated in a solution
containing Tris-HC! (50 mM, pH 7.5) and 1 mM EDTA solution (7 mM MgCl,
replaced EDTA in DNase gels) at 37 or 47°C for periods ranging from 1 to 24 h.
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The gels were stained with ethidium bromide, and bands were visualized in a
254-nm UV transilluminator. Dark bands appearing against a bright background
indicated areas of nucleic acid dissolution by separated nucleases.

Detection and staining of heme proteins. A standard method was followed (8,
19).

RESULTS

Operational definition of the periplasmic fraction. One es-
tablished method for the release of the periplasmic contents of
E. coli involves lysozyme digestion of the peptidoglycan layer
under osmotic buffering conditions (25). To obtain a fraction
enriched for the contents of a hypothetical periplasm, this
procedure was adapted for B. subtilis (Fig. 1).

To limit possible anaerobiosis and any consequent onset of
autolysis prior to osmotic protection, cells were harvested rap-
idly by filtration and washed on the filter with complete me-
dium. Occasionally, they were centrifuged and resuspended in
the same buffer without a prior washing step. The cell super-
natant (S fraction), containing the proteins secreted into the
medium, was kept. The cells were resuspended in an isotonic
buffer solution containing lysozyme. Following solubilization
of the cell wall, protoplasts were spun down, and the PSF,
which should contain any soluble periplasmic proteins, was
recovered. Finally, protoplasts were lysed by resuspension in
the lysis buffer and the lysate was partitioned by centrifugation
(60 min, 21,000 X g) into the membrane pellet and the cyto-
plasm-containing supernatant.

In addition to putative periplasmic proteins, the PSF inevi-
tably contains (i) the cell wall-bound proteins (7, 44); (i) the
proteins secreted across, and thus transiently present in, the
cell wall; and (iii) contaminating proteins of cytoplasmic or
membrane origin arising during cell fractionation (see below).

In the presence of 20 mM Mg>* and 50 mM Tris in the
protoplasting medium, the bulk of lipoteichoic acid was ex-
pected to remain attached to the protoplast membrane (2, 18)
and thus to cosediment with the protoplasts. Cytoplasmic
membrane-derived so-called mesosomal vesicles, likely to be
formed during the plasmolysis that accompanies osmotic up-
shift (12) produced by resuspension in hypertonic medium, are
also expected to cosediment with the protoplasts (33, 37).

Measurement of the extent of protoplast lysis during cell
fractionation. Inspection of protoplast preparations (see above
[Fig. 1]) by phase-contrast microscopy revealed, among the
majority of phase-dark protoplasts, a very minor fraction of
phase-light ghosts, as well as possible membrane debris. There-
fore, limited lysis and contamination of the PSF by cytoplasmic
and, possibly, membrane material must have occurred.

To quantify this unwanted, but unavoidable, lysis inherent to
the protoplast formation step, we assayed all cell fractions of
exponentially growing cultures of strain W23 for several cyto-
plasmic markers. More than 90% of G6PDH was located in the
cytoplasmic fraction, while, on the basis of three independent
experiments, a mean of 8.1% * 0.9% of total cell activity was
found in the PSF. As expected, the culture medium S, obtained
after the cells were filtered, was devoid of this activity, indicat-
ing an absence of whole-cell lysis. Assay of a second cytoplas-
mic marker enzyme, isocitrate dehydrogenase, employed as a
marker for detecting cell lysis (17), gave an identical result,
with a mean of 8.4% * 2.9% in the PSF. In two independent
experiments, assay for RNA, another cytoplasmic marker that
has been used to detect cell lysis (11, 21), yielded a mean value
of 6.4% =+ 3.5% for the PSF, which is comparable to that found
for the enzyme markers. The amounts of three separate cyto-
plasmic markers in the PSF—with a mean value of 7.6%—
consistently point to the lysis, during protoplasting, of a small
but significant fraction of the cell population.
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TABLE 1. RNA and protein distributions among different cell
fractions in B. subtilis 1687

% of total cell fraction”

Substance ND PA (%)°
S PSF C

RNA 142 0.5 7.8 67.7 24.0
270 0.9 4.8 59.1 35.1
451 1.2 8.1 49.1 41.8

Protcin 142 0.2 18.8 58.9 22.0 11.0
270 0.3 18.7 55.8 249 13.9
451 0.4 12.5 55.5 31.6 44

“ Cultures were grown in TLP supplemented with ['“CJleucine (30 ug mi~!;
0.1 wCi ml 'y and [*H}uracil (400 wg ml~'; 5 wCi mi~!). Samples taken at each
ND were trichloroacetic acid precipitated and counted for '*C and *H.

”§, PSF, C. and M refer to different cell fractions, as defined in Fig. 1. Values
are means for triplicate 1-ml samples. Standard deviations of the means shown
did not exceed 8% for cytoplasmic and membrane fractions or 17% for the PSF
and ranged from 20 to 60% for the S fraction.

¢ Net protein attributable to periplasm. The part of cytoplasmic protein orig-
inating from lysed protoplasts and contaminating the PSF proteins proper was
subtracted by assuming that the ratio of RNA to protein in the cytoplasmic and
membrane fractions is cqual to the ratio of RNA to contaminating protein in the
PSF.

Therefore, to determine the actual proportion of putative
periplasmic proteins in the PSF, an accurate correction for
contaminating proteins of cytoplasmic origin was necessary.

Initial experiments (data not shown) revealed a certain sam-
ple-to-sample variability of the PSF protein contents measured
in cell fractions obtained from cultures grown in the presence
of [4.5-*H]leucine. To eliminate possible sampling errors, we
have resorted to a double labeling method. Cell fractions were
obtained from a culture of B. subtilis 168 grown under phos-
phate-limiting conditions while continuously labeled with
['*C]leucine and [*H]uracil specifically incorporated into pro-
tein and RNA (Table 1). Samples were taken from cultures in
the exponential phase and about 1 and 3 h after phosphate
depletion. Table 1 shows the contents of the PSFs of these
samples. The contamination of the PSF by other cytoplasmic
components, including protein, is assumed to be comparable to
that by RNA. After correction for contaminating cytoplasmic
protein, significant amounts, i.e., a mean figure of 9.8 = 4.8%,
of protein could be considered periplasmic.

In an independent experiment, a culture of B. subtilis 168
was split into two parts; [4.5-"H]leucine was added to one and
[*H]uracil was added to the other. Samples, withdrawn at reg-
ular intervals from the parallel cultures, were harvested, and
the cells were fractionated. For samples taken at the end of the
exponential growth phase and about 3 h after phosphate de-
pletion from the medium, the PSF contained 14 and 17%,
respectively, cell protein, the corresponding figures for RNA
being 8.9 and 2.5%. It was calculated that protein originating
from the periplasmic fraction represented 5.1 and 14.5%, re-
spectively.

From this and the previous experiment (Table 1), the pro-
tein contents of the periplasm of B. subtilis 168, corrected for
cytoplasmic contamination, were at a mean of 9.8% = 4.8% of
the total cell protein. These amounts were generally higher
than the RNA content of the PSF and, therefore, we assume,
than that of the contaminating cytoplasmic proteins also.

After correction for a cytoplasmic contamination of 7.6%
(see above), a lower proportion of protein, between 2.5 and
3% (data not presented), was determined to be present in the
PSF of B. subtilis W23. Incidentally, comparison of the overall
distributions of protein among different cell fractions for the
two strains revealed that strain W23 contained a significantly
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higher proportion of protein associated with membrane prep-
arations, i.e., a mean of 28.7% *+ 4.9% versus 20.3% * 2.5%
for strain 168 (data not presented for three independent ex-
periments).

Cytochromes have been shown to be membrane proteins in
B. subtilis (46). By screening all cell fractions for the presence
of heme containing cytochromes after SDS-PAGE, their pres-
ence was detected exclusively in the cytoplasmic membrane
fraction of B. subtilis (data not presented). They were not
detected in the PSF, whereas one cytochrome species was
reported for the osmotic shockate of Neisseria (19).

Ribonuclease activities in different cell fractions. The pres-
ence, in the PSF, of a significant proportion of cell protein,
which is compatible with the existence in B. subtilis of a
periplasm, prompted us to screen this fraction for two enzyme
markers commonly found (29) in the periplasms of gram-neg-
ative organisms.

Our first choice was RNase, a characteristic periplasmic
activity. Initially, global RNase activity was measured in all cell
fractions obtained from a batch culture of B. subtilis W23
grown under phosphate-limiting conditions (Table 2). Prior to
phosphate depletion from the medium, while cultures were still
growing exponentially in the presence of a low phosphate con-
centration, a large portion (more than 45%) of the cellular
ribonuclease activity was found in the PSF. In samples taken 2
h after phosphate depletion, while total RNase activity had
increased nearly sixfold, the increase did not take place uni-
formly in all cell fractions. There was a very limited absolute
increase in the cytoplasmic fraction and a more pronounced
one in the PSF. However, there was a nearly 10-fold increase
in the culture supernatant fraction, which eventually held 75%
of the overall RNase activity.

Thus, in response to phosphate starvation, the induction of
nucleases in B. subtilis and their accumulation at the cell sur-
face and release to the culture medium paralleled the behavior
reported to occur in B. licheniformis for other phosphate-scav-
enging enzymes, notably the alkaline phosphatases (13). One
noteworthy difference between B. licheniformis and B. subtilis
W23, however, was the virtual absence of detectable RNase
activity associated with membrane preparations of the latter
(Table 2). In the absence of membrane washing steps (Fig. 1),
the small amount of activity detected in isolated membranes
was most likely due to contamination by the RNases from
other fractions.

RNase detection in polyacrylamide gels. SDS-PAGE on re-
naturing, RNA containing gels revealed the presence of mul-

TABLE 2. Relative amounts of RNase activity in cell fractions of

strain W23
N Total activity Distribution among fractions” (%) Relative RNase
(10* dpm) S PSF C M activity”
6 6 1.8(30) 2.7(45) 13(22) 02(3) 1
93 102 1.9(19) 4.7 (46) 3.4(33) 02(2) 17
180 112 1.6 (14) 5.0(45) 4.0(36) 0.6(5) 19
410 261 14.4(55) 62(24) 50(19) 0.5(2) 44
600 327 24.4 (75) 5.3(16) 3.0(9) 0(0) 5.5

¢ Cultures were grown in TLP with a phosphate concentration of 0.44 mM.
The latter becomes exhausted from the medium at an ND of around 160. At
indicated NDs, 1-ml aliquots were collected and fractionated. RNase activity was
measured as the amount of soluble degradation products of [*H]poly(A) as
described in Materials and Methods.

b8, PSF, C, and M refer to different cell fractions, as defined in Fig. 1. Values
are means for triplicate samples. For more than two-thirds of the samples, the
standard deviations were within *16%.

¢ Total RNase relative to that present at an ND of 46.
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FIG. 2. Ribonucleases in different cell fractions of B. subtilis W23. Protein bands with RNase activity are detected after separation by renaturing SDS-PAGE with
RNA as a copolymer, followed by a washing and renaturing step to remove detergent. S, P, C, and M (Fig. 1) are, respectively, the culture supernatant containing
secreted proteins, the periplasm or the PSF, the cytoplasm, and the membrane fraction. The culture was harvested about 2 h after phosphate depletion, at an ND of
about 700. Each well was loaded with the equivalent of 1 ml of culture. After an overnight washing in water with gentle agitation to remove SDS, the gel was
photographed after 1 and 5 h of inculation (right and left panels, respectively) at 47°C at pH 7.5. In the presence of ethidium bromide, RNase activity was revealed
as an unstained zone. Molecular mass standards are shown, in kilodaltons. RNase bands specific to, or most abundant in, the periplasmic fraction are indicated by

Aarrows,

tiple bands of RNase activities in cell extracts obtained from
broken cells of B. subtilis (34, 42). To determine their distri-
bution among various cell fractions obtained by the fraction-
ation procedure used here (Fig. 1), we have applied the
method of Rosenthal and Lacks (34). Phosphate-starved cul-
tures of B. subtilis W23 were fractionated and screened for
RNases. Inspection of zymographs revealed multiple RNase
bands most evidently in the periplasmic fraction (Fig. 2). The
profile of RNase of the PSF, which was very distinct from that
of both the culture medium, and, particularly, the cytoplasmic
fraction, provided strong evidence for the PSF being a unique
cell fraction. Such a marked concentration of nucleases in a
fraction which represents 10% or less of cell protein reinforces
the parallels with the periplasm of E. coli and strongly argues
in favor of the PSF containing the periplasm of the gram-
positive organism B. subtilis.

The limited contamination of the PSF by cytoplasmic pro-
teins, due to protoplast lysis, is compatible with the presence in
the PSF of a very faint RNase band of about 105 kDa which,
possibly, corresponds to the major cytoplasmic RNase of the
same size. This observation is in good agreement with the
measurements of PSF contamination by cytoplasmic enzyme
and RNA markers (see above).

The periplasmic and the culture medium fractions were
compared; particularly noteworthy was the absence of release
to the medium of several periplasmic RNases, of which at least
four have molecular sizes in the range of 50 to less than 20
kDa. One RNase band only, of approximately 23 kDa, appears
in significant quantities in the culture medium, as well as in the

periplasm-containing fraction. The presence of this band in the
medium, clearly prominent 1 h after phosphate depletion, was
paralleled in the PSF by the appearance of a major band with
a slightly higher molecular mass, ca. 25 kDa, which was barely
detectable at earlier times (data not shown); this is consistent
with the latter being a proenzyme precursor of the released
activity. Proenzyme precursors of a small (11.4-kDa) extracel-
lular RNase (barnase) of Bacillus amyloliquefaciens have been
detected in a cell-bound form (30).

DNase activities in different cell fractions of B. subtilis. The
specific profile of RNases that distinguishes the PSF from all
other cell fractions prompted a screening of cell fractions for a
second marker nuclease activity, DNase. Cell fractions from
phosphate-starved cultures were screened for DNase activity
after SDS-PAGE on DNA-containing gels (Fig. 3). Inspection
of the gels revealed that the periplasmic fraction contains an
important proportion, possibly the major part, of the DNase
activity of the cell. The periplasmic nucleases exhibit a clearly
distinct profile, although certain bands, found mainly in the
periplasm, seem also to be present in both the membrane and
the cytoplasmic fractions. Two rather faint bands at about 33
and 41 kDa are unique to the PSF, while a very prominent
series of bands between 50 and 90 kDa are essentially absent
from the cytoplasm and the membrane.

In marked contrast to the absence of RNases (Fig. 2), the
cytoplasmic membrane was well endowed with DNases. Inter-
estingly, there were parallels with the nucleases of competent
cells (40, 41); DNases of the membrane fraction of cells ob-
tained under growth conditions very different from those used
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FIG. 3. Deoxyribonuclease activity in different cell fractions of B. subtilis 168
detected after protein separation in renaturing, DNA-containing SDS-PAGE
gels. Cells were harvested 1 h after phosphate depletion, at an ND of about 300.
Each well was loaded with the equivalent of 1 ml of culture. S, P, C, and M refer
to culture supernatant, PSF, and cytoplasmic and membrane fractions. After
electrophoretic separation of proteins, gels were washed to remove detergent
and incubated for 3 to 6 h at 37°C in a Ca>"- and Mg”"-containing buffer at pH
7.6. Arrows indicate the positions of bands specific to the periplasmic fraction.
Molecular mass markers are specified, in kilodaltons. DNase bands specific to, or
most abundant in, the periplasmic fraction are indicated by arrows.

here were apparently associated with bands of identical mo-
lecular sizes, ranging from below 20 to about 80 kDa. DNases
were much less abundant in the cytoplasmic fraction, which
contained mainly two bands at around 20 and 25 kDa. In view
of the data provided in Table 1, the presence, in very compa-
rable amounts, of apparently identical bands in the cytoplasm
and the PSF cannot be due to contamination since the latter
contains less than 10% of the cytoplasmic material. With the
exception of these two bands, the DNase profiles of the
periplasmic and the cytoplasmic fractions are quite distinct.
Finally, released into the medium were two DNase species
associated with very faint bands with molecular masses of
about 34 and 40 kDa. Incidentally, no differences between
strains 168 and W23 were observed, since, under the same
growth conditions, cell fractions obtained from the latter strain
yielded a pattern of DNase activities that was virtually super-
imposable on that of the former strain (data not presented).

Comparison of nuclease activities in the periplasmic fraction
(Fig. 2 and 3) clearly revealed that RNases and DNases cor-
respond to different sets of bands. Thus, it appears that, with a
possible exception of one or two bands with higher molecular
masses, distinct proteins are involved rather than ones associ-
ated with a relatively unspecific nuclease activity.

In conclusion, our observations imply that in B. subtilis,
under the conditions used here, it is likely that the products of
an important number of nuclease genes are specifically di-
rected to a cell fraction that largely corresponds, by its oper-
ational definition and its enzymatic composition, to a peri-
plasm.
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DISCUSSION

Electron microscopic observations of sections of gram-pos-
itive bacteria, obtained either by classical methods or with
cryofixed and dehydrated cells, leave little room for a periplas-
mic space (4, 15). Staphylococcus aureus, for which structures
present in an interlayer between the cytoplasmic membrane
and the cell wall were reported (12), appears to be an excep-
tion. Evidence in favor of a distinct cell compartment in 5.
subtilis lying outside the cytoplasmic membrane, presented
above, rests on a physiological, operational definition. Indeed,
protein assay and enzymatic analyses of the soluble fraction
obtained by isotonic dissolution of the cell wall and removal of
the resulting protoplasts reveal a PSF consisting of a substan-
tial fraction of cell protein, i.e., a mean of 17.0% (range, 8 to
19%) for B. subtilis 168. Assay of the PSF for the presence of
several markers revealed a cytoplasmic contamination, with a
mean value corresponding to 7.6% of total cell protein. The
latter was attributed to the lysis of a small fraction of, or
leakage from, protoplasts. In an earlier study, Mauck and Gla-
ser (26) found that the PSF of B. subtilis W23 contained 6, 9,
and 14% of three cytoplasmic enzyme markers, with an overall
mean of 9.7%, a figure for cytoplasmic contamination in ex-
cellent agreement with that obtained in the present study.

After correction for cytoplasmic contamination, we found
that up to 9 and 3% of total cell protein were associated with
the periplasmic fraction of B. subtilis 168 and W23, respec-
tively. Quantitatively, these figures fall within or close to the
range reported for the E. coli periplasmic protein, i.e., 4 (28)
and 16% (1). According to its operational definition (Fig. 1),
the PSF of B. subtilis also comprises the cell wall-bound pro-
teins, which, however, amount to less than 0.5% of total cell
protein (43).

Our observations cast light neither on the possible existence
of a supramolecular organization nor on the nature of the
protein-protein interactions within what is likely to be a rather
densely packed (4) periplasm. The presence in the PSF of
proteins that, in the intact cell, are closely associated with the
outer face of the cytoplasmic membrane is not unlikely; nev-
ertheless, the PSF and membrane fraction, as prepared here,
exhibit very distinct profiles of nucleases.

Artifacts inherent to procedures involved in cell fraction-
ation cannot be excluded. In particular, the osmotic shock and
the resulting plasmolysis that accompany cell resuspension in
hypertonic medium are known to generate the so-called me-
sosomal vesicles, structures that derive from the cytoplasmic
membrane. Whether the majority of such vesicles remain as-
sociated with the membrane or are released to the PSF de-
pends upon the ionic environment of the suspension buffer (33,
37). In either case, these vesicles are likely to contain proteins,
possibly including those of periplasmic origin, engulfed during
their formation. Part of the protein found in the pellet, en-
riched for these vesicles by sedimentation of the PSF at
100,000 X g for 1 h (data not presented), is likely to be an
experimental artifact, since the periplasmic RNases (see Re-
sults) detected in this pellet are absent from cytoplasmic-mem-
brane preparations (Fig. 1).

The potential existence of a distinct cell compartment exter-
nal to the cytoplasmic membrane has implications for cell
fractionation procedures commonly employed for gram-posi-
tive organisms. Indeed, the so-called cytoplasmic fraction ob-
tained by disruption of whole cells means that components of
the cytosol will be harvested together with those of the
periplasm and that unambiguous assignment of any given com-
ponent to the cytosol is not possible.

If the foregoing reveals a reasonable quantitative correspon-
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dence between protein in the PSF of B. subtilis and the
periplasm of E. coli, how comparable are these fractions qual-
itatively, in terms of specific enzyme components? The clearly
differentiated profiles for RNases and for DNases shown by
the different cell fractions in the present study and the pres-
ence, in the PSFs of both B. subtilis strains, of multiple nucle-
ase activities (which in several cases appear to be specific to
this fraction, which contains 10% or less of cell protein) argue
strongly in favor of a close convergence with the E. coli
periplasm for several major scavenging enzymes. Furthermore,
the specificity of enzyme profiles of different cell fractions
confirms the limited degree of contamination of the PSF by the
cytoplasmic membrane or the cytoplasm. This led us to con-
clude that the PSF of B. subtilis includes the contents of a
distinct compartment that, within the limits of what is known,
has close parallels with the periplasmic space of E. coli, differ-
ent cell envelope structures notwithstanding. Previously, the
absence of crypticity in whole cells for specific enzymes, con-
sidered evidence for their having a periplasmic location in F.
coli (3), has been shown to be true for a nucleoside diphos-
phate sugar hydrolase in B. subtilis W23 (26). In addition, for
bacilli, there have been several reports of the presence of
phosphatases, notorious as periplasmic scavenging enzymes in
F. coli (13, 16), while DNases were shown to be associated with
the cell surface of B. subtilis and specifically released into the
supernatant during isotonic formation of protoplasts (5).
While in the cell envelopes of both gram-negative and gram-
positive organisms the cytoplasmic membrane forms the inner
boundary of the periplasmic space, in the absence of the outer
membrane in a gram-positive bacterium we consider it possible
that the external barrier function could be accomplished by the
much thicker, generally teichoic acid-endowed cell wall layer,
as has been suggested previously (14). What evidence is there
that the cell wall of B. subtilis could act as a permeability
barrier? The absence from the medium of a large number of
nucleases belonging to the periplasm (see above), with molec-
ular masses ranging from over 100 down to 20 kDa and below,
is consistent with the wall acting as a permeability barrier to
proteins of this size range. However, one other possibility, at
least, could provide an alternative explanation for lack of se-
cretion of periplasmic components. It is not impossible that
protein complexes, formed through the action of Van der
Waals forces, could preclude access of individual proteins to
the secretion pathways through the cell wall matrix. Nonethe-
less, previous results obtained with a related organism, Bacillus
megaterium, are consistent with the proposed barrier function.
Indeed, direct measurements of the bulk porosity of the iso-
lated cell walls to a series of carbohydrate probes with defined
molecular masses yielded an upper exclusion limit of 1.2 kDa
(39). This figure, which is practically identical to the exclusion
limit for molecules able to pass, via porins, the outer mem-
brane of the envelopes of gram-negative organisms, is consis-
tent with the hypothesis that the Bacillus cell wall layer can act
as a barrier for molecules of greater size. That the bulk of the
cell wall could exclude molecules of such low molecular masses
is, however, not incompatible with the fact that large molecules
such as proteins are able to cross this barrier to be released
into the medium. For proteins to penetrate and transit the
thick cell wall of bacilli from the bulk of which they are ex-
cluded, specialized structures or singularities would be neces-
sary (43). The nature of such structures or any possible paral-
lels with mechanisms for the transit of the gram-negative outer
membrane are at present only speculative. Nevertheless, an
equivalent situation is observed for gram-negative organisms,
including Kiebsiella, Erwinia, Proteus, and Pseudomonas spe-
cies, which have a variety of specialized export systems that

J. BACTERIOL.

allow specific subsets of proteins to transit the outer membrane
permeability barrier (20).
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