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Abstract 
Bdellovibrio bacteriovorus is a small bacterial parasite that infects other Gram-negative bacteria, resides in the periplasm of the host cell, and utilizes 

host macromolecules as a source of nutrients. Evidence is summarized suggesting that B. bacteriovorus secretes proteases and nucleases synthesized 
in its own cytoplasm that are targeted to the cytoplasm of the host cell. Possible mechanisms for this trans-trimembrane protein transport process 
are discussed. 

Key words: Protein transport; Secretion; Virulence; Bdellovibrio bacteriovorus; Escherichia coli; Set machinery 

1. Protein secretion in bacteria 

A newly synthesized protein can be secreted across the 
cytoplasmic membrane of a Gram-negative bacterium to 
any one of three extracytoplasmic locations: (a) the outer 
membrane, (b) the periplasmic space between the inner 
and outer membranes, and (c) the external medium [l-3]. 
One such process, involving the components of the so- 
called Set (secretion) system, is energized by both ATP 
and the electrochemical membrane potential [4,5]. Dur- 
ing and following synthesis of a secretory protein, cyto- 
plasmic chaperone proteins bind to distinct sites within 
it and maintain it in an export-competent state [6,7]. A 
variety of peripheral and integral membrane constituents 
comprise the actual export machinery. These proteins 
include the peripheral membrane SecA ATPase [8], the 
integral membrane SecY and SecE proteins which are 
thought to together comprise a transmembrane channel 
[9,10], and the SecD and SecF proteins which may form 
a complex on the periplasmic side of the membrane and 
act during a late step in the protein export process [l l- 
131. Other proteins may also be involved [10,14,15]. Ex- 
port across the outer membrane requires distinct secre- 
tory proteins [3]. 
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Extracellular chaperone proteins may also play a role 
in the export process, facilitating naturation, folding and 
assembly of the newly exported proteins [l&18]. Some 
of these extracytoplasmic chaperones catalyze peptidyl- 
prolyl cis-tram isomerization [19] as well as correct di- 
sulfide bond formation [20,21]. While other types of se- 
cretory systems can export proteins from the cytoplasm 
where they are made to their final destinations, the Set 
system is believed to be the most important export sys- 
tem in E. coli, accounting for over 90% of the secretory 
activity of the cell [3,22-251. 

2. Bdellovibrio: a unique bacterial parasite 

Bdellovibrio bacteriovorus is a small bacterium that 
preys upon other Gram-negative bacteria as a source of 
nutrients for reproduction [26]. They utilize few carbohy- 
drates as efficient sources of carbon and energy and 
instead derive energy primarily from the degradation of 
host nucleic acids, proteins and lipids [27]. The Bdellovi- 
brio cell begins its attack by attaching to the surface of 
a susceptible bacterium such as Escherichia coli. The 
outer envelope of the E. coli cell is quickly penetrated, 
and the Bdellovibrio lodges in the periplasmic space of 
the invaded cell where it remains throughout its growth 
and reproductive phase (Fig. 1) [28,29]. The presence of 
unusual transport systems, such as its nucleoside-phos- 
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Fig. 1. Schematic representation of the BdeZlovibrio life cycle. Free 
living, motile Bdellovibrio bacteriovorus (extreme left) attaches to the 
outer envelope of a Gram-negative bacterium (upper center) and bores 
into the periplasm (upper right) where it becomes non-motile. It repli- 
cates its constituents in the periplasm without cell division while secret- 
ing macromolecular degradative enzymes into the host cell cytoplasm, 
causing the latter compartment to shrink (lower left). Then, the Bdel- 

lovibrio snakes synchronously divide and differentiate to the motile 
state prior to the dissolution of the host cell wall and outer membrane, 
which releases the parasite for another round of infection (Redrawn 
from [28] with permission of Blackwell Scientific Publications, Ltd.). 

phate uptake system, correlates with the unusual, exclu- 
sively parasitic lifestyle of B. bacteriovorus [30,31]. 

Upon invasion of the periplasmic space of a host E. 
coli cell by a Bdellovibrio species, a number of changes 
occur in the host. Messenger RNA and protein syntheses 
are inhibited within 3 and 6 min, respectively [32], and 
the capacity of the host cell to accumulate nutrients in 
processes driven by the proton motive force is gradually 
lost thereafter [29,33]. Respiratory capacity is lost more 
slowly (50% loss in about 30 min), and a gradual increase 
in non-specific membrane permeability, as measured by 
the unmasking of /Lgalactosidase activity, has been re- 
ported to occur after a lag period [33]. Eventually the 
host cells lyse, releasing the parasite for attack of other 
Gram-negative bacteria. The molecular events responsi- 
ble for the progressive loss of host cell functions cuhni- 
nating in cell lysis are not well understood. 

3. Appearance of Bdellovibrio macromolecular 
degradative enzymes in the host cell cytoplasm 

In a recent report we demonstrated that E. coli cells 
gradually lose their sugar uptake activities as catalyzed 
by the phosphoenolpyruvate:sugar phosphotransferase 
system (PTS) over a period of 2 h following entry of 
Bdellovibrio bacteriovorus into the periplasm of the for- 
mer bacterium [34]. In vitro complementation assays re- 
vealed that the E. coli PTS enzymes, Enzyme I, HPr, and 
the glucose- and mannitol-specific Enzymes II, were all 
lost in parallel with the disappearance of uptake activity. 
Thus, loss of activity in vivo was not due to membrane 
leakiness, energy depletion, or preferential inhibition or 
inactivation of any one protein component of the PTS. 

Instead, loss of PTS activity was attributed to digestion 
of the protein constituents of the system by proteases 
present in the cytoplasm of the host cell after Bdellovibrio 
entry. j&galactosidase was degraded at approximately 
the same rate as were the PTS proteins. Ethylene di- 
aminetetraacetate and phenylmethylsulphonyl fluoride 
individually provided partial protection against inactiva- 
tion in vitro, and the two inhibitors together gave full 
protection against this in vitro proteolysis, suggesting 
that both metallo- and seryl-proteases were involved. 
Protease activity increased progressively with time fol- 
lowing Bdellovibrio infection and appeared to degrade 
the E. coli PTS enzymes in vivo. Evidence was presented 
suggesting that the proteases responsible for PTS enzyme 
degradation were encoded by genes on the B. bacte- 
riovorus chromosome [34]. These findings correlated 
with those of Rosson and Rittenberg [35], suggesting that 
Bdellovibrio nucleases appeared in the cytoplasm of the 
invaded cell following infection. 

The observations noted above strongly suggest that 
macromolecular degradative enzymes are translocated 
across the two membranes of the periplasmic B. bacte- 
riovorus as well as the cytoplasmic membrane of the host 
cell. The final destination of the proteins transported by 
this trimembrane translocation process is the host cell 
cytoplasm. There, the parasitic enzymes degrade host 
proteins and nucleic acids (and possibly other host cell 
macromolecules), and the degradation products then 
leak out of the cell into the periplasm where they serve 
as sources of nutrients for the Bdellovibrio. 

4. The mechanism of protein import in E. coli 

No corresponding prokaryotic protein translocation 
process has been characterized to date in any other cell 
system, and the molecular mechanism by which E. coli 
takes up foreign proteins into its cytoplasm is at present 
a total mystery. The presence of Bdellovibrio in the host 
cell periplasm might conceivably induce synthesis of 
novel host cell proteins which mediate uptake of the 
degradative enzymes synthesized by its parasite (Fig. 
2A). If so, the host cell brings about its own demise. 
Alternatively, Bdellovibrio might secrete channel-form- 
ing proteins that insert into the cytoplasmic membrane 
of the host as do certain colicins [36-381 and certain 
bacterially synthesized animal toxins [39]. One might 
then need to propose the existence of two distinct types 
of Bdellovibrio-synthesized channel proteins, one con- 
cerned with uptake into the host cell of the macromol- 
ecular degradative enzymes that generate cytoplasmic 
nutrients, and a second that functions in the release of 
these nutrients to the periplasm where B. bacteriovorus 
resides. 

A third alternative would involve the use of an existent 
host secretory system for uptake of the enzymes secreted 
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Possible Mechanisms of Bdellovibrio Protein Import 

into Infected Host Cells 

Host channel protein 
synthesis is induced; 

Bdellovibrio invasion are synthesized, secreted, and b C&llyZe 

of host cell periplasm inserted into the host cell cytoplasmic proper 
membrane from without. folding 

in the 
host cell 

cytoplasm. 

Preexisting secretory (Set) 
channel proteins in the host 

cell membrane are used 
for Bdellovibrio enzyme import. 

Fig. 2. Three possible mechanisms for the secretion of proteases and nucleases across the host cell membrane into its cytoplasm. Mechanism A 
presupposes the existence of cryptic host genes that when activated by the presence of Bdellovibrio secretory products in the periplasm, possibly 
detected by a transmembrane sensor kinase-response regulator system, result in the synthesis of a protein import channel in the cytoplasmic 
membrane. Mechanism B involves the secretion by the parasite of proteins that can spontaneously insert into the cytoplasmic membrane of the host 
to form a protein translocating channel. Such an insertion process might be analogous to the mechanism by which certain transmembrane 
channel-forming colicins insert into the E. coli membrane or various bacterial toxins insert into animal cell membranes to allow entry of associated 
proteins or protein domains into the host cytoplasm [38,39]. Mechanism C, the one suggested to be operative in the uptake Bdellovibrio hydrolytic 
enzymes, utilizes the existent major secretory pathway involving the SecAYEDF complex. Regardless of the mechanism employed (A, B, or C), 
cytoplasmic chaperone proteins of the host may be required to allow proper folding of the degradative enzymes during or following their entry into 
the cell. 

by the parasite into the host periplasm. This process 
would be analogous to that of ‘reverse secretion’, a proc- 
ess recently discussed by Jan Tommassen and Jonathan 
Beckwith at the International Symposium on Cellular 
and Molecular Biology of Phosphate and Phosphoryl- 
ated Compounds in Microorganisms (Woods Hole, 
Mass, Sept. 12-17, 1993). It seems that the secretory 
process involving host proteins may be a reversible one 
in the absence of processing of the secreted protein. The 
Set system therefore provides a potential pathway for the 
entry of B. bacteriovorus-synthesized proteins during its 
quest to dominate and then destroy its host while utiliz- 
ing its cellular constituents as sources of nutrients. 

5. Are chaperones involved? 

Bdellovibrio degradative enzymes must not only be 
released into the host cytoplasm, they must also be prop- 
erly folded to give the enzymatically active conforma- 
tions of these proteins. The question must therefore be 
posed - do chaperone proteins play a role in this process? 
And if so, do they function in the periplasm as well as 

the cytoplasm? If the overall process involves two steps, 
including release of the enzyme from the Bdellovibrio cell 
in the periplasm, the involvement of periplasmic chaper- 
ones [l&21] might be required. If, on the other hand, a 
one step process, involving concerted secretion across all 
three membranes occurs, then an involvement only of 
cytoplasmic chaperones [6,7] needs to be proposed. Any 
or all of the SecB, GroELES, and DnaJK proteins as 
well as the cytoplasmic protein disulfide reduction en- 
zymes might play a role. 

6. Prospects for the immediate future 

As E. coli mutants defective for most of the Set and 
chaperone proteins are available, a straightforward mo- 
lecular genetic approach to this novel process of protein 
uptake can be initiated. The key initial question concerns 
whether the parasitic Bdellovibrio species utilize the se- 
cretory machinery of their bacterial host or generate 
their own protein translocation system. Regardless of the 
answer to this question, it seems likely that novel mech- 
anistic aspects will be revealed. Unexpected parallels 
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with protein import into eukaryotic cells may be discov- 
ered. Thus, Bdellovibrio may provide an all bacterial 
model system for examining the detailed molecular 
mechanisms for specific aspects of bacterial and viral 
virulence in plants and animals [40]. 
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