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Membrane-derived ollgosacchandes (MDO), a class of osmotically active carbohydrates, are the major
organic solutes present in the periplasm of Escherichia coli and many other gram-negative bacteria when cells
are grown in a medium of low osmolarity. Analyses of growing cells of Bdellovibrio bacteriovorus, a
gram-negative predator of other bacteria, have confirmed that they also synthesnze a characteristic MDO-like
class of oligosaccharides. The natural growth environment of bdellovibrios is the periplasm of other
gram-negative bacteria. Because of this location, prey cell MDO constitute a potential source of organic
nutrients for growing bdellovibrios. Using cells of E. coli whose MDO were *H labeled, we examined the extent
to which B. bacteriovorus 109] metabolizes these prey cell components. Interestingly, there was neither
significant degradation nor incorporation of prey cell MDO by bdellovibrios during the course of their
intracellular growth. In fact, bdellovibrios had little capablllty either to degrade extracellular MDO that was
made available to them or to transport glucose, the major monomeric constituent of prey cell MDO. Instead,
periplasmic MDO were irreversibly lost to the extracellular environment during the period of bdellovibrio
attack and penetration. Thus, although prey cell periplasmic proteins are retained, other important
periplasmic components are released early in the bdellovibrio growth cycle. The loss of these MDO may aid in
the destabilization of the prey cell plasma membrane, increasing the availability of cytoplasmic constituents to

the periplasmic bdellovibrio.

The members of the genus Bdellovibrio have evolved a
dimorphic developmental cycle that links their ability to
grow with their entry into the periplasmic space of gram-
negative bacteria (23). This location provides the bdellovi-
brio with easy and exclusive access to both the periplasmic
and cytoplasmic contents of its prey. The intracellular bdel-
lovibrio can grow solely upon the prey cell contents, utilizing
proteins, lipids, and nucleic acids in a remarkably efficient
manner (22, 23). In fact, complex prey cell molecules have
been shown to be transported into, and even incorporated
intact and functional as part of, the growing bdellovibrio cell
13, 16, 31). _

The mechanism by which a bdellovibrio enters the prey
cell is not well understood; however, electron micrographs
(3) have revealed that penetration occurs through a discrete
entry pore. This localized breach of the prey cell envelope is
achieved by a partial enzymatic degradation that is termi-
nated after the pore has been produced (32, 33). Following
the entry of the bdellovibrio into the periplasmic space, the
entry pore is believed to close by self-annealing of the prey
cell outer membrane (23). The final outcome of the process is
a lodging of the bdellovibrio within the prey cell periplasm,
with only a negligible loss of periplasmic contents, as judged
by the retention of most or all of a number of periplasmic
proteins (18).

The bdellovibrio cell utilizes the cytoplasmic contents of
its prey, which it obtains access to (4), degrades (5, 8, 24),
transports (25, 26), and incorporates (13, 16, 31) during
intracellular growth. Much less is known about the extent to
which the prey cell periplasm, which can contain a signifi-
cant percentage of the total organic mass of the cell, con-
tributes to the nutrition of the bdellovibrio. Stock et al. (30)
have shown that 20 to 40% of the total volume of a typical
gram-negative bacterium is periplasm and that this cell
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compartment is iso-osmotic with the cytoplasm. Kennedy
and co-workers (10, 34) have reported that when cells are
grown in medium of low osmolarity the major soluble
osmolytes in the periplasm are a class of glycerophosphate-
substituted, short-chain carbohydrates originally described
as membrane-derived oligosaccharides (MDO).

MDO are a class of compounds that occur in enteric
bacteria, pseudomonads, and members of the family Rhizo-
biaceae and thus may be a general, if not a universal,
constituent of gram-negative bacteria (1, 11, 15). Results of
structural analyses have described linear, anionic glucans in
enteric bacteria and cyclic, neutral glucans in soil bacteria
(15). In both cases the concentration of oligosaccharides in
the periplasm has been shown to increase to as much as 7%
of the total dry weight of the cell when the bacteria are
grown in a medium of low osmotic strength (10). This
relationship has supported the hypothesis that MDO serve to
decrease the osmotic pressure experienced by the cytoplas-
mic membrane (11).

In this report we consider two questions that focus on the
importance of MDO in the metabolism of Bdellovibrio bac-
teriovorus 109): first, whether bdellovibrios synthesize
MDO-like compounds and, if so, whether these compounds
are similar to those of either enteric or soil bacteria, and
second, whether the MDO of a prey cell are metabolized or
incorporated by the predatory bdellovibrio as part of its
intracellular growth.

MATERIALS AND METHODS

Bacterial strains and media. B. bacteriovorus 109J (20), the
wild-type strain, was used for intracellular growth experi-
ments. It was routinely maintained as previously described
(27) on suspensions of Escherichia coli ML35. Before use in
single-cell growth experiments, bdellovibrio cells were
washed and suspended in HM buffer (1 mM N-2-hydrox-
yethylpiperazine-N'-2-ethanesulfonic acid [HEPES], ad-
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justed to pH 7.6 with NaOH, plus 1.0 mM CaCl, and 0.1 mM
MgCl,). A prey-independent mutant, strain 109J-KA1, was
derived from strain 109J by K. Gray, University of Southern
California, using a procedure described previously (29).
Axenic growth of 109J-KA1 was supported on nutrient broth
(NB) medium containing 0.8% nutrient broth (Difco Labo-
ratories, Detroit, Mich.) and 0.5% yeast extract (Difco),
adjusted to pH 7.6 with NaOH. E. coli BB26-36 (pisB),
which requires exogenous glycerol or glycerolphosphate for
growth (10), was kindly provided by E. P. Kennedy. It was
maintained on NB medium supplemented with 0.5 mM
glycerol.

Labeling of MDO. To produce radioactively labeled MDO,
cells of strain BB26-36 were inoculated into 50 ml of CAA
medium (10), consisting of 1 mM KH,PO,, 1.5 mM
(NH,),S0,, 0.08 mM MgCl,, 0.5 mg of FeSO, per liter, and
2 mg of thiamine per liter. The medium was supplemented
with 0.5% Casamino Acids (Difco) and 1.1 mM glycerol and
was adjusted to pH 7.0 with Tris-free base. To this medium
was added 50 nCi of [2-3H]glycerol (500 wCi/pmol), and the
cells were grown to stationary phase at 30°C. The labeled
glycerol became incorporated into the structure of MDO as
previously described (11, 12). Strain 109J-KA1 was labeled
in 50 ml of NB medium to which was added 50 wnCi of
[2-3H]glycerol. After inoculation, the culture was incubated
at 30°C until growth had ceased. Attempts to label nongrow-
ing, attack-phase (27) cells of strain 109J were made by
suspending 3 x 10! cells in 30 ml of CAA medium contain-
ing 15 uCi of [2->Hlglycerol and incubating them with
agitation at 30°C for 7 h.

Fractionation of cell material. MDO from BB26-36 and
labeled MDO-like material from bdellovibrios were isolated,
as previously described (10), by extracting a washed cell
pellet with 5% (wt/vol) trichloroacetic acid (TCA). Almost
all the TCA-soluble, glycerol-labeled cell material eluted as a
single peak during Sephadex (Pharmacia Fine Chemicals,
Piscataway, N.J.) chromatography (see Fig. 1). The labeled
constituents of such peaks were defined as either MDO (10)
or, for bdellovibrios, MDO-like material. MDO-like material
isolated from bdellovibrios was ether insoluble and was
almost completely (84%) adsorbed to activated charcoal,
from which it could be extracted with pyridine as has been
previously described for E. coli MDO (10).

Analytical assays. Total carbohydrate was determined by
means of the anthrone method (7), with glucose as the
standard. After acid hydrolysis for 4 hin 1.0 N HCl at 100°C,
the glucose content of MDO was determined enzymatically
with glucose oxidase (Sigma Chemical Co., St. Louis, Mo.).
Phosphate was assayed by the ascorbate-molybdate method
(2). Cell protein was determined by using a modified Lowry
assay (19) with bovine serum albumin as the standard.

Single-cycle growth experiments. To obtain a synchronized
single cycle of bdellovibrio attack and growth, equal vol-
umes of suspensions of B. bacteriovorus 109J (2 x 10*° to 3
x 10 cells per ml) and E. coli BB26-36 (1 x 10 cells per
ml) were mixed in HM buffer and incubated with vigorous
shaking at 30°C (21). As judged by microscopic observation
of bdelloplast formation, attack and penetration were com-
pleted within 50 min when strain BB26-36 served as prey,
and the single cycle of growth ended within 2.5 to 3 h.

Permeation of MDO into bdelloplasts. The permeability
characteristics of cells of E. coli (strains BB26-36 and
ML35), as well as bdelloplasts made from these bacteria by
attacking B. bacteriovorus 109), were determined by the
method described by Cover et al. (4). Briefly, a washed
suspension of 6 X 10 E. coli cells, or bdelloplasts from a
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45-min synchronized cycle of bdellovibrio attack, was pel-
leted in a microcentrifuge (Fisher Scientific Co., Pittsburgh,
Pa.) at 13,000 X g for 4 min. The supernatant fluid was
discarded, and the pellet was suspended in 0.5 ml of ice-cold
HM buffer containing either *H,O, [**C]sucrose, [*H]dex-
tran (16,000 daltons [Da)), or [*’HIMDO purified from E. coli
BB26-36. After equilibration for 5 min at 0°C, the suspension
was recentrifuged and the supernatant fluid was completely
removed. The radioactivity (counts per minute per milliliter)
of the fluid (supernatant 1) was determined by scintillation
counting. Enough chilled HM buffer was added to suspend
the pellet to a total volume of 1 ml, and the suspension was
incubated at 0°C for 10 min. After centrifugation the total
supernatant fluid (supernatant 2) was counted for radioactiv-
ity. Dividing the radioactivity (counts per minute) of the total
volume of supernatant 2 by the radioactivity concentration
(counts per minute per microliter) of supernatant 1 gave the
volume of the cell pellet occupied by the labeled compound
used. By using standard compounds of known permeation,
the cytoplasmic, periplasmic, and total cell volumes could be
calculated. The values we obtained for the volumes of E. coli
cells and bdelloplasts were within 5% of those determined
previously (4).

Substrate transport by bdellovibries. The ability of B.
bacteriovorus 109] to accumulate a variety of metabolites
was determined by using a transport assay method described
previously (26). Washed cells were suspended in HM buffer
containing radioactively labeled compounds, and the sus-
pension was shaken at 30°C. At 30-s intervals, aliquots of the
suspension were removed, the cells were collected on filters,
and the cellular radioactivity was determined by scintillation
counting. Rates of substrate transport were calculated from
the degree of accumulation that occurred during the first 2.5
min.

Chemical reagents. Reagent grade chemicals were used
throughout. Pharmacia Fine Chemicals was the source of
Sephadex gel filtration material and the DEAE-Sephacel
cellulose ion-exchange column. Labeled meso-[1,7-1*C] di-
aminopimelic acid, L-[U-*CJalanine, and UDP-[U-**Clglu-
cose were purchased from ICN Radiochemicals, Irvine,
Calif. p-[U-'*C]glucose, [U-*C]sucrose, [methoxy->Hldex-
tran, >H,0, and D-[G-3H]galactose were obtained from New
England Nuclear Corp., Boston, Mass., and L-[G-*H]
glutamine, D-[U-*CJalanine, [2-3Hlglycerol, and p-[1-}*C]
glucosamine were obtained from Amersham Corp., Arling-
ton Heights, Ill. '

RESULTS

Synthesis of an MDO-like compound(s). To determine
whether bdellovibrios produce MDO-like cell constituents,
B. bacteriovorus 109J-KA1 was cultivated axenically in an
NB medium containing [*H]-glycerol. After 17 h (about a
25-fold increase in cell mass), 82% of the cell-associated
label was found in the ether-soluble lipid fraction of the
TCA-insoluble material. An additional 1% to 2% of the
3H-labeled material, accounting for about 0.1% of the total
dry weight of the cells, appeared in the TCA-soluble cell
fraction. This nonlipid material could be adsorbed to acti-
vated charcoal and eluted with pyridine in a manner charac-
teristic of MDO (10). When the bdellovibrio MDO-like
material was chromatographed on Sephadex G-25, it ap-
peared in the eluate as a single peak with an apparent
molecular size that was greater than that of MDO isolated
from E. coli (Fig. 1A). An apparent size of about 4,000 Da
was estimated by chromatography on Sephadex G-50, as
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FIG. 1. Sephadex column chromatography of labeled MDO fractions. (A) TCA-soluble extracts of [2-3H]glycerol-labeled cells of E. coli
BB26-36 (®) or B. bacteriovorus 109J-KA1 (W) were applied to a Sephadex G-25 column (13 cm by 0. 9 cm [diameter] which had been
equilibrated with 0.15 M ammonium acetate in 7% (vol/vol) aqueous #- propanol (12). The column was eluted with the same buffer at the rate
of 2.3 ml/h, fractions (0.5 ml) were collected, and the amount of label in each was quantified by liquid scintillation counting. (B) Labeled
TCA-soluble extracts of B. bacteriovorus 109J-KA1 cells were chromatographed on a Sephadex G-50 column under conditions similar to
those described above. The radioactivity (M) and total anthrone-reactive sugar content (0) of each fraction were determined. The arrows
indicate the point of elution of the following molecular mass standards: cy, cytochrome ¢ (13,000 Da); ad, adrenocorticotropic hormone (4,600

Da); ba, bacitracin (1,450 Da); and br, bromphenol blue (692 Da).

compared with protein standards (Fig. 1B). That the bdello-
vibrio MDO-like material contained sugar residues was
indicated by the anthrone-positive reaction of the label-
containing fractions. No MDO-like material was produced
by nongrowmg B. bacteriovorus 109] cells during a 7-h
incubation in CAA medium containing labeled glycerol (data
not shown).

Chemical characterization of bdellovibrio MDO-like ma-
terial revealed that about 30% of the total sugar residues of
the molecule were glucose and that there was a significant
quantity of phosphate residues attached (Fig. 2). As has been
observed during chromatography of E. coli MDO (34), the
individual chemical components did not peak in identical
fractions, suggesting that the material was slightly hetero-
geneous in nature. The fractions that constituted the major
peak obtained by Sephadex G-50 chromatography (Fig. 1B)
were combined and desalted on a small Sephadex G-15
column. The labeled MDO-like material in this preparation
was partially bound by DEAE-Sephadex (pH 7.5 to 8.0), but
was not bound by CM-Sephadex (pH 6.5 to 7.6), suggesting
that at least some of it was anionic. Attempts to resolve this
material by column chromatography on DEAE-Sephacel
have been unsuccessful. ' '

Subjecting the glycerol-labeled MDO-like material iso-
lated from bdellovibrios to alkaline hydrolysis or to treat-
ment with alkaline phosphatase (12) did not change the point
at which either the label or the phosphate eluted from a
Sephadex G-50 column (data not shown), suggesting that
neither of these moieties is attached to the rest of the
molecule by the labile ester linkages characteristic of E. coli
MDO.

Bacteria grown in low-lomc-strength media typically have
an increased concentration of MDO in their periplasm (11,
15). As the osmolarity is increased, the concentration of
MDO decreases, reaching a minimum value. at an ionic
strength of about 0.2 M. Because of the requirement of a rich
nutrient medium (NB) for the growth of the axenic bdello-

vibrios, the minimum ionic strength at which they could be
grown was 0.14 M. Addition of 0.1 M NaCl to this medium
did not decrease the concentration of MDO-like material
produced (data not shown), suggesting that the ionic strength
of NB may have already limited the extent of MDO synthe-
sis. This may account for the relatively low concentrations
(0.1% of the cell dry weight) of bdellovibrio MDO-like
material obtained during growth in NB.

Utilization of prey cell MDO. To determine whether the
prey cell MDO are utilized by mtracellularly growing bdel-
lovibrios, we combined a suspension of 3H-labeled E. coli
with B. bacteriovorus 109] to initiate a synchronous single
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FIG. 2. Chromatography of MDO like material from B. bacterio-
vorus 109)-KAl. TCA-soluble material from cells grown. in the
presence of [2-3H]glycerol was chromatographed on a column of
Sephadex G-50 (23 cm by 1.5 cm [diameter]) and eluted as described
in the legend to Fig. 1B. Labeled material (O) was detected by liquid
scintillation counting. The concentrations of total anthrone-reactive
sugar (@), glucose (A), and phosphorus (M) in each fraction were
determined as described in Materials and Methods.
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FIG. 3. Persistence of E. coli MDO after attack by bdellovibrios.
Samples (1 ml) of a cell suspension of *H-labeled E. coli BB26-36
and unlabeled B. bacteriovorus 109 in HM buffer were removed at
0 min (@) and 200 min (O) after initiation of a single cycle of
bdellovibrio attack. The entire sample was acidified with TCA (final
concentration, 5% ([wt/vol]) and left on ice for 30 min. TCA-
insoluble material was removed by centrifugation, and the superna-
tant fluid was applied to a Sephadex G-25 column and eluted as
described in the legend to Fig. 1A.

cycle of bdellovibrio attack and intracellular growth. Sam-
ples of the combined suspension were removed both imme-
diately after mixing and at the end of the bdellovibrio growth
cycle, following lysis of the prey cells. The total TCA-
soluble material was recovered from each portion of cell
suspension and was applied to a Sephadex G-25 column.
Comparision of the amount of 3H-labeled, TCA-soluble
material present in fractions numbered 15 to 25 (Fig. 3)
before and after bdellovibrio attack and growth indicated
that more than 87% of the E. coli MDO apparently remained
unaltered. In addition, there was an increase in *H-labeled
small material. Treatment of E. coli cells with EDTA in Tris
buffer (16) released labeled material that eluted in about the
same position (data not shown), suggesting that the glycerol
label in these peaks was associated with lipopolysaccharide
released from the prey cell wall. This finding is consistent
with the bdellovibrio-dependent solubilization of prey cell
lipopolysaccharide described previously (32).

To see whether the apparently unchanged prey cell MDO
were accumulated inside the bdellovibrio during its intracel-
lular life cycle, we determined the location of prey cell MDO
as a function of bdellovibrio attack and growth. Most of the
TCA-soluble, 3H-labeled MDO, initially found only within
the prey cell, was released from the cellular fraction between
20 and 60 min after prey cells and bdellovibrios were
combined (Fig. 4). The release of MDO was concurrent with
the attack process and did not occur without the addition of
bdellovibrios. Thereafter, essentially all of the MDO re-
mained extracellular; that is, it was not associated with
either the bdelloplasts or the subsequently produced prog-
eny bdellovibrios.

This leakage of prey cell MDO might result from the
physical damage sustained during the attack and entry of the
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bdellovibrios. However, because the intrabdelloplast vol-
ume was small relative to the total volume in which they
were suspended, the appearance of essentially all of the prey
cell MDO outside the bdelloplast could have resulted from a
biochemical modification of the bdelloplast outer membrane
that left it freely permeable to charged, polar molecules of a
few thousand daltons in mass. If this were the case, then the
interior of the bdelloplast should be equally accessible to
entry by external MDO. To test this hypothesis, we deter-
mined the extent to which bdelloplasts were permeable to a
high concentration of extracellularly added, labeled E. coli
MDO (Table 1). Because the volume occupied by added
MDO after equilibration was more similar to that of the large
(16,000-Da), impermeable dextran molecules than to that of
the outer-membrane-permeable sucrose molecules, it can be
concluded that extracellular MDO was generally unable to
penetrate the outer membranes of bdelloplasts. Similar data
were obtained with bdelloplasts of strain BB26-36 in the
absence or presence of an inhibitor of metabolic energy
generation or when bdelloplasts of the larger ML3S5 strain
were tested. Although clearly not as great as the sucrose-
occupied volume, the volume occupied by the labeled MDO
was uniformly and significantly greater than that of the
dextran control (Table 1). This effect could result from minor
chemical differences between dextran and MDO, and be-
cause it was also expressed by the unattacked BB26-36 cells,
it is not a specific function of the process of bdelloplast
formation.

The total amount of 3H-labeled, TCA-soluble material
released into the cell-free suspension was about 125% of the
initial amount of TCA-soluble material in the prey cell. Most
of this excess material appeared between 10 and 40 min after
initiation of attack (Fig. 4), at the same time as the release of
the additional low-molecular-weight material seen in Fig. 3.
Less than 10% of the total initial TCA-soluble label remained

1.5 T T T T T

€
9 1.0F 'o"" _— i
g i\g’—l 0/.
X
N4 -
a8 3
j osf / J
ﬂI °

/N -

o \.\.
J F—
OA.'-_—J-—-—-:—‘---: ------ T 1 -
o) 50 100 150

TIME AFTER ATTACK (min)

FIG. 4. Location of E. coli MDO during attack and growth of
bdellovibrios. A single-cycle growth experiment was conducted as
described in Materials and Methods. At different times after bdel-
lovibrios and MDO-labeled prey cells had been combined, 1 ml of
culture was removed and the cells were separated from the suspend-
ing fluid by centrifugation at 13,000 X g for 5 min. The TCA-soluble
material in both the pellet fraction (H) and the cell-free supernatant
(@) was extracted, and the amount of radioactivity present in each
was quantified by liquid scintillation counting. The total (cellular
plus cell-free) TCA-soluble label in the culture was also determined
(O). Negligible amounts of TCA-soluble material (A) were released
into the suspending fluid when MDO-labeled prey cells were incu-
bated in the absence of bdellovibrios.
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TABLE 1. Permeability of bdelloplasts and cells to MDO

Cell suspension

Vol° (ul/10'° bdelloplasts or cells) penetrated by:

Water Sucrose Dextran MDO
ML3S bdelloplasts 12.3 9.9 4.4 5.5
BB26-36 bdelloplasts 113 +0.7 8.8 +0.5 3.7+0.1 47 £ 0.1
BB26-36 bdelloplasts (plus 10 mM azide) ND? ND 4.1 4.6
BB26-36 cells ND ND 3.2+0.0 42 +0.1

% Values listed with standard deviation range are means of triplicate determinations; other values are single determinations.

® ND, Not determined.

in the cellular fraction at the end of bdellovibrio growth and
lysis from the bdelloplast. Thus, there was no evidence for a
significant degree of scavenging of prey cell MDO during the
growth of bdellovibrios.

Because the released prey cell MDO was no longer within
the confines of the bdelloplast, it was not directly available
for digestion or utilization by the growing bdellovibrio. Its
location outside the bdelloplast may account for the stability
of the MDO during the intracellular growth of the bdellovi-
brio. To determine whether the growing bdellovibrio cell
would use MDO if they were made accessible, the prey-
independent strain 109J-KA1l was grown in NB medium to
which purified, *H-labeled E. coli MDO were added. After
bdellovibrio growth was completed, over 95% of the added
MDO were still intact and extracellular (data not shown).
Thus, bdellovibrios do not appear to have the capacity to
either degrade or incorporate exogenously provided E. coli
MDO.

Substrate accumulation by bdellovibrios. To determine
whether bdellovibrios utilize prey cell MDO sugars if they
are hydrolyzed into their component glucose residues, we
determined the ability of bdellovibrios to transport mono-
meric sugars. The data in Table 2 summarize some substrate
transport properties of B. bacteriovorus 109J. Over a wide
range of substrate concentrations there was no detectable
transport of any of the sugars or sugar derivatives tested. In
contrast, there was considerable transport capacity for L-

TABLE 2. Substrate transport by B. bacteriovorus 109)

Concn Voax” (pmol/ KS°
Substrate range (uM) mll;?lxpell? mg) (uM)
Amino acids
L-Alanine 5-250 500 6.2
L-Glutamine 1-150 505 17.8
p-Alanine 10-150 <9 ND*
meso-DAP 10-120 <4 ND
Carbohydrates
Glucose 15-125 <8 ND
Galactose 10-120 <3 ND
Glucosamine 25-125 <8 ND
UDP-glucose 100 <6 ND
Glycerol 1-100 1,250 11.0
Nucleic acids
UMP* 3-300 1,500 104
ATP? 10-100 1,000 51

2 Kinetic constants were calculated from Lineweaver-Burk transformations
of substrate transport rates determined as described in Materials and Meth-
ods.

5 ND, Not determinable; substrate transport rates were below measurable
levels.

¢ Reported previously (26).

4 Reported previously (25).

alanine and L-glutamine (Table 2) and other amino acids
(data not shown), as well as nucleoside phosphates and
glycerol. Interestingly, the cell-wall-specific amino acids
D-alanine and diaminopimelic acid were, like the sugars, not
accumulated to any detectable extent. Thus, bdellovibrio
substrate transport capacities appear to be adapted to utilize
only certain classes of prey cell components.

DISCUSSION

Since their first isolation from E. coli by Van Golde et al.
(34), MDO have been detected in a wide range of gram-
negative bacteria (15, 28). MDO-like compounds, isolated
from B. bacteriovorus 109], have an average apparent mo-
lecular mass (4,000 Da) that is larger than that described for
E. coli MDO (2,500 Da) and near to that estimated for the
periplasmic cyclic glucans of the soil bacterium Agrobacte-
rium tumefaciens (15). It is not clear what, if any, signifi-
cance can be ascribed to the larger mass of the bdellovibrio
MDO-like material. However, Cover et al. (4) have reported
that for bdellovibrios, the maximum outer membrane per-
meability to nonpolar sugars is between 600 and 4,000 Da in
molecular mass. This is a greater degree of permeability than
the 600-Da maximum of the E. coli outer membrane (4, 17).
Thus, to retain MDO within their periplasm, bdellovibrios
may require a larger molecule. Nongrowing, attack-phase
bdellovibrios have been reported to rapidly turn over cellular
protein and RNA, although no net synthesis occurs (9).
However, in this developmental stage, bdellovibrios do not
produce MDO-like compounds, the synthesis of which may
be restricted to growing cells.

Both the behavior during isolation and the chemical com-
position of the bdellovibrio MDO-like components were
similar to, but not identical with, the characteristics de-
scribed for the E. coli MDO (12). Both classes of compounds
contain glycerol derivatives, glucose, and phosphate. How-
ever, although the material from E. coli (34) and A. tumefa-
ciens (15) contains glucose as the sole carbohydrate, only
about 30% of anthrone-positive MDO-like material from
bdellovibrio can be accounted for by the glucose-oxidase
reaction. In addition, the abundance of phosphate in the
bdellovibrio material is about 3 times that of E. coli MDO,
making it equimolar with the carbohydrate equivalences
(Fig. 2). Finally, unlike E. coli MDO, much of the MDO-like
material is not retained during ion-exchange chromatogra-
phy on either DEAE-Sephacel or DEAE-Sepharose, a char-
acteristic reminiscent of MDO from other soil bacteria (15).
However, unlike the uncharged MDO fraction of A. tume-
faciens, the bdellovibrio MDO-like material does contain
phosphate. There is also no evidence that the linkage be-
tween the glycerol label and the rest of the MDO molecule is
sensitive to alkaline hydrolysis or that the phosphate is
sensitive to alkaline phosphatase release, as it is in E. coli
MDO. The significance of these differences in composition
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cannot be ascertained until further chemical analysis of the
structure of the bdellovibrio MDO-like material is per-
formed.

Examination of the location of prey cell MDO during
growth of bdellovibrios reveals that the MDO are lost to the
surrounding extracellular fluid during the period of bdellovi-
brio attack and entry. The kinetics of appearance of MDO in
the extracellular fluid are consistent with their leakage early
in the intracellular growth cycle, and not during lysis of the
bdelloplasts at the end of the bdellovibrio growth cycle (Fig.
4). In addition, the inability of extracellular prey cell MDO to
enter 45-min-old bdelloplasts indicated that the bdelloplast
envelope does not simply become freely permeable to MDO,
but instead either transiently or permanently loses its ability
to retain MDO.

These data have several important implications concern-
ing the permeability of the prey cell-bdelloplast outer enve-
lope. First, the ready loss of prey cell MDO is further
evidence that this class of cell constituents is indeed peri-
plasmically located and is freely diffusible within that com-
partment (28). Secondly, assays of prey-specific periplasmic
enzymes before and after the entry process have suggested
that there is little if any loss from the periplasm of proteins at
least as small as 80,000 Da during penetration of the outer
membrane (18). In addition, Cover et al. (4) showed that
after bdellovibrio entry, the bdelloplast outer membrane
remained impermeable to dextran and other relatively large
nonpolar compounds until terminal lysis by the progeny
bdellovibrios. Thus, the entry process does not result in a
permanent, unsealed hole. However, the loss of prey cell
MDO suggests that the process of bdelloplast formation is
accompanied by the unidirectional loss of polar periplasmic
constituents at least as large as 2,500 Da. It is not yet
possible to tell whether the prey cell MDO (but not all
periplasmic components) are lost during the actual entry of
the bdellovibrio or whether the outer membrane of the
entered prey cell is somehow permanently modified to lose,
but not allow entry of, the polar, hydrophilic MDO mole-
cule.

Although prey cell MDO do not appear to be used by
growing bdellovibrios, the data presented here are of use in
our understanding of bdellovibrio nutrition. There are strong
substrate transport capacities for amino acids and nucleoside
monophosphates, the breakdown products of prey cell pro-
teins and nucleic acids (Table 2). Not surprisingly, bdellovi-
brios have been reported to excrete extracellular proteases
and nucleases, which would produce those monomers (5, 6,
24). In contrast, bdellovibrios seem to lack two biochemical
adaptations that are common among heterotrophic bacteria
that utilize extracellular sugars as a source of nutrients or
energy: there are no reports of generalized glycanases that
could produce transportable monomers, and there is no
apparent capability to accumulate those sugars.

The role that has been suggested for MDO in normal,
unattacked E. coli cells is as an osmotic stabilizing agent that
decreases the osmotic stress across the plasma membrane
and transfers it to the outer membrane (11). If this is the
case, it is interesting to speculate what effect the loss of the
prey cell MDO might have on the bdelloplast. Conceivably,
the loss of MDO from cells growing in a dilute environment
would greatly decrease the ionic strength of the periplasmic
compartment relative to the cytoplasm. This could lead to
increased stress on the cytoplasmic membrane and, perhaps,
a facilitated leakage of prey cell constituents into what had
been the prey cell periplasm, where they could easily be
degraded by bdellovibrio extracellular enzymes.
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