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Proton Motive Force Involved in Protein Transport 
Across the Outer Membrane of Aeromonas salmonicida 

Many Gram-negative bacteria export proteins to the exterior. Some of these proteins 
are first s e e d  into the periplasm and then cross the outer membrane in a separate 
step. The source of energy required for the translocation is unknown. Export of the 
extracellular protein proaerolysin from the periplasm through the outer membrane of 
Aeromonas salmonicida is inhibited by a proton ionophore and by low extracellular pH. 
One possible explanation of these results is that a proton gradient across the outer 
membrane is required for export. 

T HE OUTER MEMBRANE OF GRAM- 
negative bacteria is thought to be a 
rather inert structure that allows the 

fiee movement of small molecules through 
holes created by porins but forms a barrier 
to large molecules like proteins (1). Yet this 
membrane must be crossed by proteins that 
are released into the d t u r e  supernatant by 
the Gram-negative species capable of export. 
The mechanisms used to accomplish this 
have received little attention, in part because 
Escherichia coli does not appea; to have a 
general extracellular secretory system. Re- 
lease of proteins by this species requires the 
participation of other gene products or re- 
sults from rupture of the outer membrane 
(2). 

The limited evidence available from re- 
search with other species suggests that two 
general pathways are followed during pro- 
tein export (3). In the first, the two mem- 
branes appear to be crossed simultaneously, 
at zones of adhesion. This pathway would 
seem to be the least complicated and most 
direct, yet of those proteins studied, only 
exotoxin A of Pseudomonas amginosa is said 
to be released in this way (4). Other proteins 
traverse the inner and outer membranes in 
separate steps, entering the periplasm dur- 
ing transit. Two examples are proaerolysin, 
the precursor of the hemolytic toxin of 
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Aeromonas hydrophila (S), and choleragen of 
Vibrio cholerae (6). L i e  outer membrane and 
periplasmic proteins, they first cross the 
inner membrane, and their signal sequences 
are removed before they are released into the 
periplasm. From there they somehow cross 
the outer membrane and appear in the cul- 
ture supernatant as water-soluble proteins. 
How they get through the outer membrane 
is not understood. Although there are large 
concentration gradients between the peri- 
plasm and the exterior for both proaerolysin 
in A .  hydrophila and choleragen in V .  chol- 
erae, it is hard to imagine how the concen- 
tration of the proteins could be enough to 
drive them across the outer membrane. Nor 
can transfer be a consequence of covalent 
modification, as the periplasmic forms of 
both proteins are functionally and physically 
indistinguishable from the forms isolated 
from the culture supernatants. 

The secretion of proteins across the inner 
bacterial membrane requires an electro- 
chemical gradient (7). Membrane potentials 
and chemical gradients of protons are not 
usually considered as potential driving 
forces for protein export, however, because 
the holes formed by porins in the outer 
membrane are believed to allow fiee move- 
ment of small molecules. Nevertheless, there 
is some evidence that an appreciable electri- 
cal potential can exist across the outer mem- 
brane of E. coli because of the large concen- 
tration of negative charges in the periplasm, 
and it is estimated that the pH of the 
periplasm should be signhcantly lower than 
the pH of the exterior medium (8). 

Fig. 1. Molecular form _ - 1 2 -  
of intracellular aerolysin. 
A. salmonicida A W  
(ATCC 14174) contain- I 

ing the plasmid pKW2 
(10) was grown at 27% 
to an optical density at 
600 nm (ODm) of 2.4 in LB. The cells were 
c e n d g e d  and immediately resuspended in the 
sample buffer used in sodium dodecyl sulfate 
electrophoresis (15) and boiled. After electropho- 
resis, the proteins were transferred to nitrocellu- 
lose and immunoblotted with a mouse monoclo- 
nal antibody to aerolysin (16): lane 1, total cell 
contents; lane 2, purified proaerolysin. Identical 
results were obtained with rabbit polyclonal anti- 
body to aerolysin. 

Recently we cloned the structural gene for 
proaerolysin into A .  salmonicida (9). The 
protoxin is exported from the bacteria to the 
culture supernatant, and during export it is 
possible to measure a pool of cell-associated 
proaerolysin. Most of this pool can be recov- 
ered by osmotic shock, indicating that it is 
periplasmic, although it may be weakly asso- 
ciated with one of the membranes. When 
the bacteria are transferred to fiesh medium 
containing chloramphenicol (to prevent the 
synthesis of new protein), time-dependent 
release of the protoxin results. Here we use 
this system to study the mechanism of trans- 
fer of proaerolysin across the outer mem- 
brane of A .  salmonicida. 

In the first experiment, bacteria were 
grown in LB medium at p H  7.5. The results 
in Fig. 1 show that no preprotoxin could be 
detected in the cells, indicating that the 
signal sequence had been removed. This is 
fiuther evidence that most of the proaeroly- 
sin found in these cells has crossed the inner 
membrane. When the cells were transferred 
to fresh media containing chloramphenicol, 
the shockable pool of proaerolysin was rap- 
idly depleted, resulting in the appearance of 
the protoxin in the medium (Fig. 2) as we 
have found earlier. The results in Fig. 2 also 
show that release of proaerolysin was vim- 
ally completely inhibited by ;he presence of 
the proton ionophore carbonyl cyanide m- 
chlorophenyl hydrazone (CCCP) in the new 
media. The most obvious interpretation of 
this result is that export of proaerolysin 
across the outer membrane is somehow cou- 
pled to the electrochemical gradient across 
;he inner membrane and thatthe gradient is 
dissipated by CCCP. Such a system, which 
involves TonB and other proteins, is said to 
be required for the import of colicins and 
some nutrients across the outer membrane 
of E. coli (10). 

Another possibility is that CCCP abolish- 
es a protoigradient across the outer mem- 
brane that is required for proaerolysin ex- 
port. If this were the case, then reducing the 
size of the gradient by lowering the pH of 
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Fig. 2. Time dependence of 
proaerolysin release-effect of 
pH 5.5 media and CCCP. 
Cells were grown at 27°C to 
an OD6, of 2.4 to 2.8 in 
LB medium (pH 7.5). They 
were divided into three 
equal portions, centrifuged, 
and resuspended in ( 0 )  LB- 
20 mM 1,4-piperazinedieth- 
anesulfonic acid (Pipes, pH 
7.0), ( A )  LB-20 mM ace- 
tate &H' 5.5), or (W) LB- 
20 mM Pipes (pH 7.0) con- 0  
taining 60 pM CCCP. 0  1 0  2 0  0  1 0  2 0  

1- 
Chloramphenicol was added Time (min) 
(100 ~ g l m l )  to prevent syn- 
thesis of new protein. Samples were centrifuged at the time intervals indicated and the cells were 
shocked (17). Proaerolysin was measured in the culture supernatants and in the shockates (18). Results 
are presented as the percentage of total proaerolysin that was measured in these two fractions of the 
CCCP treated cells at the first time point, 1.5 min after resuspension. Occasionally proaerolysin was also 
measured in the shocked cells and in the sucrose solution used to condition the cells for shocking. These 
fractions always contained less than 10% of the total proaerolysin. Results are the means (+ SEM) of 
five experiments. (A) Proaerolysin released into the media. (B) Proaerolysin remaining in the periplasm. 

Time (min) 

Flg. 4. Release of proaerolysin from AS440 after 
transfer frompH 5.5 media back to p H  7.0. Cells 
were grown as described, pelleted, and resus- 
pended in LB buffered to pH 5.5 with acetate as 
before. The suspension was incubated at 27°C 
and samples were taken at the time points shown. 
After 10 min, one-half of the remaining suspen- 
sion was centrifuged and the cells were resus- 
pended in pH 7.0 LB. Release of proaerolysin was 
followed for an additional 20 min. This is one of 
three similar experiments; ( 0 )  pH 5.5 through- 
out and (.) switched to pH 7.0. 

the medium would inhibit export. The re- 
sults in Fig. 2 show that this is exactly what 
happens. Little or no proaerolysin was re- 
leased into LB medium buffered at p H  5.5 
and, as with CCCP, the amount of protoxin 
in the shockable fraction was not siinificant- proteins. The Donnan equilibrium across 

the outer membrane of A,  salmonicida has 
" 

ly reduced. The amount of proaerolysin 
released by the cells declined as the p H  of 
the medium was reduced below 7.5 (Fig. 3), 
as would be expected if a gradient of protons 
were the driving force for export. The inhi- 
bition of release shown in Figs. 2 and 3 was 

not been characterized; however, regardless 
of its size, it cannot play a major role by 
itself, because if this were the case, CCCP 
would have no effect on export from the 
periplasm. Perhaps there are zones in the 
outer membrane that contain no porins, or not due to an irreversible pH-induced 

change in some property of the cells, be- 
cause export could be restored by simply 
transferring the bacteria back to medium at 
pH 7.0 (Fig. 4). 

The results obtained with CCCP show 
that an electrochemical gradient is needed 

perhaps the holes formed by the porin pro- 
teins are gated, either by a membrane poten- 
tial associated with the Donnan equilibrium 
or by means of a regulatory protein analo- 
gous to the one recently proposed to modu- 
late the gating of mitochondria1 porin (13). 
The inability of E. coli to generate a gradient 
across the outer membrane because it cannot 
close its porin channels (14) may distinguish 
it from exporting species. 

p H  of medium 

Flg. 3. Dependence of aerolysin release on pH. 
Cells were grown as in Fig. 2. They were pelleted 
by centrifugation and rapidly resuspended in the 
same medium buffered to the pH values shown 
[20 rnM acetate for pH 5.5, 20 mM 2 - [N-  
morpholino]ethanesulfonic acid (MES) for pH 
6.0, 20 mVJ Pipes for pH 6.5 and pH 7.01. 
Chloramphenicol (100 pglml) was present as 
before. After 10 min incubation at 2TC, the 
suspensions were centrifuged and proaerolysin 
was measured in the supernatants (18). Results 
are the means (t SEM) of six experiments. 
Release is expressed as micrograms per milliliter 
of cell suspension. 

for export of a protein &rough the outer 
membrane, and they raise the question of 
which membrane the gradient is across. If 
proaerolysin leaves the cell using a TonB- 
like system, as suggested above, then inhibi- 
tion by low p H  must be unrelated to the 
effect of CCCP, perhaps the result of some 
reversible change in the structure of the 
outer membrane. However, both effects can 
be explained by arguing that a p H  gradient 
across the outer membrane is required for 
export. Low p H  and a proton gradient of at 
least one OH unit are needed for the entrv of 
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Expression and Characterization of a Functional 
Myosin Head Fragment in Dictyostelium discoideum 

The isolated head fragment of myosin is a motor protein that is able to use energy 
liberated from the hydrolysis of adenosine triphosphate to cause sliding movement of 
aain filaments. Expression of a myosin fragment nearly equivalent to the amino- 
terminal globular head domain, generally referred to as subfragment 1, has been 
achieved by transforming the eukaryotic organism Dictyostelium discoideum with a 
plasmid that carries a 2.6-kilobase fragment of the cloned Dictyosteliwm myosin heavy 
chain gene under the control of the Dictyostelium actin-15 promoter. The recombinant 
fragment of the myosin heavy chain was purified 2400-fold from one of the resulting 
cell lines and was found to be functional by the following criteria: the myosin head 
fragment copurified with the essential and regulatory myosin light chains, decorated 
actin filaments, and displayed actin-activated adenosine triphosphatase activity. In 
addition, motility assays in vitro showed that the recombinant myosin fragment is 
capable of supporting sliding movement of aain filaments. 

YOSINS CONSTITUTE A FAMILY 

of diverse proteins that bind to 
. actin and have Mg2+-dependent 

adenosine triphosphatase (ATPase) activity 
that is stimulated by actin at low ionic 
strength. Interaction of myosins with actin 
in the presence of adenosine triphosphate 
(ATP) results in the conversion of chemical 
energy into mechanical force and displace- 
ment. Myosins occur in nearly every eukary- 
otic cell examined, where they participate in 
many fundamental cellular processes rang- 
ing from muscle contraction to cytokinesis. 
Two subgroups of myosins are known. The 
first group consists of the double-headed or 
conventional myosins, genereally referred to 
as myosin or sometimes as myosin 11. The 
second group consists of the single-headed 
or unconventional myosins, referred to as 
myosin I. In this report we will only refer to 
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conventional myosins, all of which show the 
same structuralpattern. They consist of two 
heavy chains (- 200 kD each) and two pairs 
of light chains (15 to 20 kD each). The 
NH2-terminal half of the myosin heavy 
chain (MHC) forms the globular head, 
which contains the binding sites for the 
myosin light chains, and the COOH-termi- 
nal half forms the extended coiled-coil rod. 
The globular head fragment of the mposin 
molecule, also called subfragment-1 or S1, 
can be released as a soluble fragment by 
proteolytic cleavage of mposin and has the 
catalytic and actin-binding properties of the 
myosin molecule (1, 2). It has been shown 
that S1 alone is sufficient to cause sliding 
movement of actin filaments in vitro (3). 

Understanding the mechanism by which 
myosin catalyzes the transduction of energy 
stored in chemical bonds into mechanical 
work will require knowledge of the high- 
resolution structure of S1 and the ability to 
manipulate the protein in specific manners 
at the molecular level. The S1 crystals ob- 

Fig. 1. Physical map of the myosin head fragment 
expression vector pDM5 1R. The expression vec- 
tor is a derivative of the hygromycin resistance 
vector pDElO2 (6) carrying 2.6 kb of 5' coding 
region of myosin (MCR). The MHF expression 
cassette lies in the opposite orientation (shown by 
arrows) to the hygromycin phosphotransferase 
gene (hygR), and the two genes are separated in 
this construct by 1.1 kb of mhcA terminator 
sequence (MT) and 0.3 kb of act-15 terminator 
sequence (AT). Both the MCR and hygR se- 
quences are controlled by the act-15 promoter 
(AP). The white segments represent pUC119 
sequences (pUC). 

tained by Rayment and Winkelmann (4) 
should help in determining the high-resolu- 
tion structure of the molecule. However, a 
source of S l  without the inherent heteroge- - 
neity of preparations made by proteolytic 
digestion and that allows the introduction of 
specific alterations into the molecule bv 
molecular genetic approaches would be de- 
sirable. We have addressed this problem by 
exploring the use of the cellular slime mold 
~~ct~ostelium discoideum as an expression sys- 
tem for myosin fragments. 

The plasmid pDM51R (Fig. l ) ,  which 
was constructed-to achieve exhression of a 
myosin head fragment (MHF) nearly equiv- 
alent to S1, carries a translational fusion of 
the eighth codon of the Dictyostelium act-15 
gene to the second codon of the Dictyoste- 
lium mhcA gene. The polypeptide encoded 
bv this fusion has 871 amino acids and 
extends 46 amino acids bevond the proline 
residue that marks the region of proteolytic 
cleavage in muscle myosin. The vector also 
contains a bacterial hygromycin resistance 
gene for selection in Dictyostelium (5) as well 
as pUC119 sequences ( 6 )  for selection and 
autonomous replication in Eschevichia coli. 
Transformations of Dictyostelium axenic 
strain AX2 by the calcium phosphate precip- 
itate technique were carried out according 
to the modified protocol described by Egel- 
hoff et al. (5). Transformation efficiencies of 

were observed. As pDM51R cannot 
replicate autonomously in Dictyostelium, all 
stable transformants must result from an 
integration event. The relative amounts of 
MHF produced by the transformants were 
estimated from irnmunoblots of whole-cell 
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