
Selective Release of Enzymes 
from Bacteria 

Treatments affecting the bacterial wall remove certain 

enzymes and transport factors from living cells. 
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The localization of enzymes in bac- 
teria has been a matter of long stand- 
ing interest, and a considerable litera- 
ture has accumulated on the subject. 
Cell membranes of certain Gram-posi- 
tive organisms have 'been isolated and 
purified, and these preparations con- 
tain a number of firmly bound enzymes 
(1). The evidence for the location of 
these particular enzymes is quite clear 
and direct. Methods of separation for 

Gram-negative bacteria are less satisfac- 
tory, but a fraction containing cell en- 
velopes, which are mixtures of cell 
walls and membranes can be isolated. 
Cell envelopes also contain several 
firmly bound enzymes, which thus ap- 
pear to be localized near the cell 
surface. In recent years, investigators 
have directed attention to a special 
group of degradative enzymes in Es- 
cherichia coli and related Gram-nega- 
tive organisms which are not bound 
to isolated cell walls or membranes; yet 
it is believed that they are confined in 
a surface compartment rather than ex- 
isting free in the cytoplasm. I shall dis- 
cuss and evaluate the evidence for lo- 
calization of this family of hydrolytic 
enzymes near the cell surface and shall 
also describe methods by which these 
enzymes, as well as factors required for 
active transport, can be selectively re- 
moved from certain Gram-negative bac- 
teria. 

The enzymes that are selectively set 
free are listed in Table 1; they include 
nucleases, phosphatases, nucleotide py- 
rophosphatases and a phosphodiesterase. 
All of them are found in the cell sap 
upon fractionation of bacterial extracts; 
ribosomes, membranes, and cell walls 
have negligible activity. In a healthy cul- 
ture of bacteria, this group of enzymes 
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is entirely associated with the cells; 
they are not normally secreted into the 
growth medium. They can, however, be 
selectively released by either of two 
methods. In the first procedure, the cells' 
walls are partially removed, and the re- 
sultant spherical structures called spher- 
oplasts undergo lysis unless an osmotic 
stabilizer, such as 0.5 molar sucrose, is 
present. In the second method, "os- 
motic shock," treatment with ethylene- 
diaminetetraacetate (EDTA) is com- 
bined with an abrupt osmotic transi- 
tion. This treatment is of particular in- 
terest because, in addition to the hy- 
drolytic enzymes, certain protein fac- 
tors implicated in active transport are 
also released. Furthermore, in contrast 
to spheroplasts, shocked cells remain 
viable; as a result, the recovery proc- 
ess and the effect of additions of re- 
leased proteins can be studied, thus 
providing a new approach to the prob- 
lem of transportation of nutrients into 
the cell. 

Spheroplasts are made by treatment 
of Gram-negative bacteria with a com- 
bination of lysozyme (muramidase) and 
EDTA (2). The outer wall structure of 
the cell is weakened in the spheroplast, 
but, in contrast to "protoplasts" of 
Gram-positive bacteria treated with lyso- 
zyme, they retain some of the outer wall 
layers (1). Nonetheless, spheroplasts 
prepared from very young E. coli, have 
over large areas of the surface a single 
membrane, which must be the cyto- 
plasmic membrane, as the outermost 
boundary between the cytoplasm and 
the environment (3). Alkaline phospha- 
tase is almost completely released into 
the sucrose medium when E. coli cells 
are converted to spheroplasts 1(4). This 
is an enzyme whose formation is sup- 

pressed by inorganic phosphate and 
which appears in the bacteria, but not 
in the culture fluid, when there is in- 
sufficient phosphate in the medium 
(5). The other hydrolytic enzymes listed 
in Table 1 (left side) are also released 
(6-9). The process is selective because 
only about 10 percent of the total pro- 
tein is set free, and some 20 enzymes 
are found to remain almost entirely 
within the spheroplasts. Agents such 
as penicillin also induce the formation 
of spheroplasts or "protoplasts," but un- 
der these conditions there is either no 
release of enzymes, or release of only 
small amounts, most of it being a re- 
sult of cell lysis. 

If the bacteria are subjected to a 
rather severe degree of osmotic shock, 
the same group of hydrolytic enzymes 
can be released without loss of the cells' 
viability and with no impairment in 
their ability to withstand media of low 
osmolarity (7, 10). The procedure 
is carried out as follows. Well-washed 
cells in the exponential phase of growth 
are suspended in 80 parts of 0.5 molar 
sucrose containing dilute tris(hydroxy- 
methyl)aminomethane (tris) buffer and 
1 X 10-4 molar EDTA (stage I). The 
mixture is centrifuged, and the super- 
natant solution is removed. The pellet 
of cells is then rapidly dispersed, by 
vigorous shaking, in 80 parts of cold 
5 X 10-4 molar MgC12 solution (stage 
II). Once more the suspension is cen- 
trifuged, and the supernatant solution 
(shock fluid) is removed; this fluid 
contains the family of hydrolytic en- 
zymes listed in Table 1. About 3.5 per- 
cent of the cellular protein is released 
under conditions that suppress the syn- 
thesis of alkaline phosphatase, and the 
amount increases sharply when forma- 
tion of this enzyme is induced and it 
too is removed by the treatment. 

The supernatant fluid also contains 
nucleotide components of the pool of 
acid-soluble compounds (11). As ob- 
served by Cowie and McClure (12), 
such compounds can be completely re- 
moved simply by the transfer iof cells 
from growth medium to distilled wa- 
ter. This less violent osmotic transition 
does not cause any release of enzymes. 
Simple treatment of E. coli cells with 
EDTA causes a general increase in 
permeability, as for example to actino- 
mycin D, but here again release of en- 
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Table 1. Enzymes released upon osmotic shock or formation of spheroplasts and 
those which are not set free by these procedures. UDPG, uridine diphosphoglucose; 
ADPG, adenosine diphosphoglucose. 

Enzymes released 

Alkaline phosphatase (4, 7) 
Ribonuclease I (6) 
Deoxyribonuclease (endonuclease I) (6, 9, 10) 
Acid hexose phosphatase (7) 
Nonspecific acid phosphatase (44) 
Cyclic phosphodiesterase (7) 
5'-Nucleotidase (7) 
UDPG pyrophosphatase* (8) 
ADPG pyrophosphatase (8) 

Enzymes not released 

Glucose-6-phosphate dehydrogenase (4, 25) 
Deoxyribonucleic acid polymerase (25) 
3-Galactosidase (4, 25) 
Glutamic dehydrogenase (4, 25) 
Polynucleotide phosphorylase (25) 
Ribonuclease II (phosphodiesterase) (25) 
Histidyl RNA synthetase (25) 
Inorganic pyrophosphatase (25, 26) 
Adenosine deaminase (10) 
Adenylic acid pyrophosphorylase (10) 
Guanylic acid pyrophosphorylase (10) 
Thiogalactoside transacetylase (7) 
Uridine phosphorylase (10) 
Deoxyribonuclease exonuclease I (10) 
Lactic dehydrogenase (42) 
Leucine aminipeptidase (25, 27, 28) 
Several other dipeptidases (27) 
UDPG pyrophosphorylase (10) 

* This enzyme appears to be identical to 5'-nucleotidase (40). Supporting data have been obtained 
in two other laboratories (41, 42). 

zymes does not occur (13). Apparently, 
the selective removal of protein re- 

quires both the action of a chelating 
agent and a substantial and sudden 
osmotic transition. 

When examined by phase-contrast 
microscopy, cells are observed to shrink 
in the sucrose medium (stage I of 
osmotic shock), and the cytoplasmic 
membrane recedes from the more rigid 
wall layers. This process has been 
termed "plasmolysis" in the microbi- 

ological literature, and photographs in- 

volving light (14) as well as electron 
(3) microscopy of it have been pub- 
lished. When the external osmotic pres- 
sure is then suddenly reduced (stage 
II), the cells swell rapidly, and the 

plasmolysis space disappears. 
The release of enzymes, which oc- 

curs in stage II of osmotic shock, is 

completed within 30 seconds, as de- 
termined by a quick filtration of a por- 
tion of the suspension of cells through 
a Millipore filter (10). This finding sug- 
gests that there is a very rapid dif- 
fusion or perhaps even an active ex- 
pulsion of the hydrolytic enzymes. 

General Properties of Shocked Cells 

When diluted into fresh growth me- 
dium, shocked cells grow normally af- 
ter a lag period of about 30 minutes 
(16). It is not known whether this lag 
reflects the time required for repair 
of some surface injury or for regenera- 
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tion of nucleotide pools, or whether it 
has some other cause. Plating experi- 
ments indicate a viability of 100 ? 5 

percent throughout the lag period, and 
cells can be successfully stored in the 

supernatant fluid obtained by osmotic 
shock for at least 3 hours at 24?C be- 
fore being restored to growth condi- 
tions. 

To determine whether resynthesis of 
the released enzymes might precede cell 
division, we transferred shocked cells 
to a growth medium, and periodically 
we assayed samples for several enzymes 
that were retained during osmotic shock 
and for three enzymes that were al- 
most completely removed by osmotic 
shock. The rate of resynthesis of re- 
leased enzymes exceeded the overall 
rate of protein synthesis so that full 
recovery of specific activity was 
achieved after three generations of 
growth. However, less than 20 percent 
of the original activities had been re- 
stored at the end of the lag period. 
If resynthesis of enzymes is required 
at all before cell division can occur, 
the amounts that need to be formed 
are small. 

Although shocked cells are perfectly 
viable, during the lag period they dis- 
play unusual sensitivity to certain harm- 
ful agents. For example, they fail to 
grow when 30 micrograms of lysozyme 
is present per milliliter of growth me- 
dium, and this concentration has no 
apparent adverse effect on unshocked 
cells (16). Pancreatic ribonuclease and 

deoxyribonuclease have similar effects 
when added to growth media contain- 
ing shocked cells. The rates of adsorp- 
tion of virulent bacteriophage T4 to 
shocked and unshocked cells are 
similar. However, when shocked cells 
are diluted into growth medium, rapid 
lysis occurs in the first 15 minutes, and 
no mature daughter phages are formed. 
Lysis of cells is also observed upon 
attachment of T4 ghosts. A lysozyme 
of the phage particles to which shocked 
cells are unusually sensitive may be re- 
sponsible for these effects. Shocked 
cells also show a greatly prolonged lag 
period when the recovery medium con- 
tains a concentration of EDTA that has 
no effect on the rate of growth of un- 
shocked cells. 

After osmotic shock, there is ob- 
served an increased permeability for 
certain molecules that ordinarily pene- 
trate E. coli with difficulty. This in- 
crease may be caused largely by the pres- 
ence in the first part of the procedure 
of EDTA, a compound that causes a 
nonspecific increase in the permeability 
of E. coli (13, 17). Thus, both shocked 
cells and those treated with EDTA have 
increased sensitivity to actinomycin 
D; they also have an increased rate of 
hydrolysis of o-nitrophenyl galactoside 
caused by the easier penetration of 
this substrate of ,3-galactosidase. It has 
also been reported that deoxyribonu- 
cleoside triphosphates are able to pene- 
trate whole cells treated with chelating 
agents (18). 

Release of Transport Factors 

by Osmotic Shock 

An interesting recent development 
concerns the release, as a consequence 
of osmotic shock, of nondialyzable fac- 
tors that apparently function in the ac- 
tive transport of inorganic sulfate, 
sugars, and amino acids. Pardee et al. 
(19) purified from osmotic shock fluid 
a protein factor that binds inorganic 
sulfate, and they feel that the factor 
is concerned with the uptake of this 
ion. In another study (20), transport of 

/3-galactoside in E. coli was reduced 
by osmotic shock and subsequently re- 
stored by incubation of the cells with 
a purified heat-stable protein previously 
isolated from extracts of the organism. 
Since the protein is a component of a 
phosphotransferase enzyme system, this 
observation suggests a relationship be- 
tween this system and /3-glycoside trans- 
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port. The uptake of 14C-galactose is 
greatly reduced by osmotic shock and 
can be restored when cells are incu- 
bated with dialyzed and concentrated 
shock fluid (21). The active material ap- 
pears to be heat labile, in contrast to 
the transport factor found by Kundig 
et al. (20), but it remains to be firmly 
established that they are indeed dif- 
ferent. The shock fluid also contains 
a nondialyzable substance that can bind 
galactose (21), and its possible rela- 
tionship to active transport is now be- 
ing studied. 

The ability of E. coli K12 to take 
up leucine, isoleucine, or valine against 
apparent concentration gradients is con- 
siderably reduced after osmotic shock 
(22). As judged by equilibrium dialysis 
studies, a nondialyzable factor in the 
shock fluid specifically binds to these 
same amino acids. On the basis of this 
property, a protein was isolated and 
highly purified. The dissociation con- 
stants for the leucine and isoleucine 
complexes, measured in dialysis experi- 
ments, are the same as the correspond- 
ing values of Km for amino acid up- 
take by intact cells. Accordingly, the 
isolated protein is considered to be part 
of an amino acid transport system in 
E. coli. In another study, the energy- 
dependent, concentrative uptake of pro- 
line by preparations of isolated mem- 
branes from E. coli W6 has also been 
reported (23). 

Restoration of transport activity to 
shocked cells by isolated protein fac- 
tors is very intriguing, but such studies 
must be approached with caution. Un- 
der some conditions a beneficial effect 
is exerted upon shocked cells by non- 
specific proteins, especially when cell 
injury has been excessive. However, in 
other cases only a specific fraction de- 
rived from shock fluid is active. Fur- 
ther, the effect of shock fluid is retained 
by the cells after removal of the fluid 
by centrifugation. Stimulation by al- 
bumin is partly lost if the treated cells 
are centrifuged and resuspended in me- 
dium free of albumin. 

Eagon and Asbell (24) observed that 
a strain of Pseudomonas aeruginosa is 
converted to osmotically fragile rods 
simply by treatment with EDTA and 
tris buffer and that osmotically stable 
cells can be restored by the addition of 
divalent cations. This organism forms 
induced permeases to citrate and man- 
nitol when these compounds are sup- 
plied as carbon sources for growth. 
Treatment with EDTA and tris buf- 
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Table 2. Activity of alkaline phosphatase of cell suspensions of E. coli. The activity of a 
suspension of washed cells is given as a percentage of the activity of an equivalent 
extract prepared by ultrasonic disruption of cells. For each substrate, data are presented 
that correspond to four different concentrations indicated at the top of each vertical 
column. Mutant C90, in which alkaline phosphatase is constitutive and occurs in high 
concentration, was used. Assays were at 37?C in tris buffer, pH 8,3; under these condi- 
tions no other phosphatase in E. coli is measurable to a significant extent. 

Concentration of substrate (molar) 
Substrate 

1 X 10-2 5 X 10-3 1 X 10-3 5 X 10-4 

p-Nitrophenyl phosphate 93 77 33 27 
Isoamyl phosphate 88 85 77 69 
a-Naphthyl phosphate 80 64 30 20 
Adenosine-5'-phosphate 48 32 16 11 
Adenosine-2'-phosphate 19 10 9 5 

fer, followed by restoration with di- 
valent cations, results in cells that can- 
not be induced to utilize citrate or man- 
nitol. Furthermore, if cells induced be- 
forehand are subjected to this treat- 
ment, they lose the previously induced 
permease activity. The authors suggest 
that the cell membrane is the site of 
attack by the complex of EDTA and 
tris, which displaces, removes, or in- 
activates the induced permeases. 

Localization of Enzymes That 

Are Selectively Released 

It has been stated (4, 8, 9, 25-28) 
that selective release of enzymes during 
the formation of spheroplasts by treat- 
ment with EDTA and lysozyme implies 
a location external to the cytoplasmic 
membrane. When the wall layers 
are partially removed, these external 
enzymes are released, presumably be- 
cause they exist in a free state in a 
surface compartment or because they 
can be easily detached. Unfortunately, 
as pointed out by Pollack (29), none 
of the criteria available for the localiza- 
tion of enzymes are rigorous. Thus, it 
is difficult to disprove the possibility 
that spheroplasts are permeable to cer- 
tain proteins but not to others because 
of their size, charge, or shape, and as 
a result there is rapid and selective leak- 
age. A similarity in some critical prop- 
erty of the enzymes in each category 
of Table 1 is not at once apparent, 
but relatively little information on 
these proteins is available. 

Direct proof of the location of the 
selectively released enzymes is lack- 
ing because they are not bound to any 
particulate fraction of broken cells 
which can be purified and identified. 
Instead, when cell extracts are centri- 
fuged for several hours at 100,000g, 

these enzymes are to be found in the 
supernatant fluid. (Apparent exceptions 
to this statement will be discussed later.) 
Nevertheless the following lines of in- 
direct evidence do suggest that these 
enzymes are located near the cell sur- 
face: 

1) Their activity can be measured 
in intact cells, even though the sub- 
strates are phosphate esters presumed 
not to penetrate the membrane barrier 
(4, 5, 8, 25). Several exceptional cases 
have recently been discovered in which 
such esters are, in fact, taken up as 
such by intact E. coli (30-32); one of 
these involves glucose-6-phosphate (31, 
32). However, even here the rates of 
hydrolysis measured in intact cells hav- 
ing a system for the uptake of glucose- 
6-phosphate is the same as that mea- 
sured in mutant organisms unable to 
transport this sugar (33). In general, 
enzyme activity measured with intact 
cells is less than that observed with 
equivalent amounts of cell extract, and 
this difference varies with the nature of 
the substrate and its concentration 
(Table 2). This finding implies a partial 
barrier to penetration; the enzymes 
could be located, for example, between 
cell wall and cytoplasmic membrane. 
Some time ago Mitchell (14) proposed 
that glucose-6-phosphatase activity is 
located in such a "peripla,smic space," 
and a similar proposal with respect to 
alkaline phosphatase was made by Mal- 
amy ard Horecker (4). 

2) Histochemical procedures for the 
detection of alkaline phosphatase, cyclic 
phosphodiesterase, and acid phospha- 
tase have been carried out. These meth- 
ods depend on the trapping of inorganic 
phosphate liberated by enzymatic reac- 
tions as the insoluble lead or calcium 
salt followed by examination of ithin 
sections of bacteria in the electron mi- 
croscope. The phosphate deposits are 

1453 



located outside of the cytoplasmic mem- 
brane (34, 35), indicating an external 
localization for the enzymes. 

3) Cells can grow on media in which 
compounds such as adenosine-5'-phos- 
phate serve as a source of inorganic 
phosphate, or even of carbon. Since 
a transport system for adenosine-5'- 
phosphate is absent, we conclude that 
phosphatases near the surface hydrolyze 
this compound to adenosine and inor- 
ganic phosphate, which then penetrate 
the cytoplasmic membrane. 

4) Mutants of E. coli with defective 
cell walls can be isolated (36) but they 
can be maintained only in media of high 
osmolarity. In contrast to normal cells, 
they lose alkaline phosphatase into the 
medium; this is one of the enzymes re- 
leased by losmotic shock and presumed 
to occur near the surface. 

On the whole it seems likely that 
the selectively released enzymes are 
situated between wall and membrane, 
but the case is not entirely convincing. 
It is attractive to suppose that a group 
of degradative enzymes are confined in 
a compartment separate from that part 
of the cell where synthetic processes 
are going on. Such a situation would 
be analogous to the segregation of a 
quite similar set of hydrolytic enzymes 
in mammalian lysozomes. It is worth 
pointing out that in a Gram-positive 
organism, B. subtilis, both ribonucleases 
(37) and alkaline phosphatase (38) ac- 
tually occur as exoenzymes and are se- 
creted into the medium. This organism 
also contains a deoxyribonuclease found 
in the fraction containing walls and 
membranes isolated upon mechanical 
disruption of cells; it is released into 
the medium when cells are converted 
to protoplasts by ,treatment with lyso- 
zyme (39). Other examples could be 
cited. Perhaps it would not be too sur- 
prising if a group of enzymes that are 
exoenzymes in Gram-positive organisms 
should turn out to be "surface enzymes" 
in Gram-negative bacteria. To quote a 
recent paper (38): "It appears that the 
cell wall of E. coli confines peri-plasmic 
enzymes, whereas the cell wall of B. 
subtilis allows the exit of similar en- 
zymes which are therefore excreted." 
But once more it should be emphasized 
that the evidence for all of this is very 
indirect. 

In this discussion I have focused at- 
tention on E. coli, but selective release 
of enzymes has also been observed with 
other Gram-negative bacteria, including 
Aerobacter aerogenes, Salmonella typhi- 
murium, Shigella sonnei, Serratia 
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marcescens, and members of the para- 
colon and citrobacter groups (40). Ex- 
amination of these bacteria has not 
been as extensive as that of E. coli. 

There are a number of enzymes that, 
in contrast to the selectively released 
hydrolases, do appear in particulate 
fractions derived from Gram-negative 
bacteria. Some are found in the cell 
envelope, which includes both cell wall 
and membrane. For E. coli, the list 
includes the oxidase of reduced nico- 
tinamide-adenine dinucleotide, adeno- 
sine triphosphatase, dehydrogenases, and 
hydrogenase (1). In addition, a minor 
fraction of ribonuclease I has also been 
observed in a crude fraction of en- 
velopes from E. coli (43). Enzymes 
have been localized in preparations of 
envelopes from other Gram-negative 
organisms, including Pseudomonas flu- 
orescens, Pseudomonas aeruginosa, Al- 
caligenes faecalis, and Azotobacter 
agilis (1). 

Various enzymes have been detected 
in washed ribosomes, but the signifi- 
cance of ~these findings is difficult to 
assess. That the activity can be re- 
moved by further washing in some cases 
suggests that there is secondary adsorp- 
tion in the course of isolation. How- 
ever, ribonuclease I, an acid phospha- 
tase, and aminopeptidase are rather 
firmly bound (44). Because binding of 
ribonuclease I is limited to the 308S 
ribosomal particles, it is considered to 
be especially significant. However, a 
well-defined number of binding sites do 
not exist, and washed ribosomes can 
adsorb a large excess of soluble ribo- 
nuclease I specifically to the 30S par- 
ticles (45). Furthermore, no functional 
relationship has been established, for 
ribosomes derived from a mutant hav- 
ing no ribonuclease appear to be nor- 
mal in many respects (46). The ques- 
tion of ribosomal enzymes in E. coli 
has been reviewed (47), and it is con- 
cluded that no enzymes have been con- 
vincingly identified as ribosomal struc- 
tural elements. On the other hand, 
Matheson and Murayama (48) feel that 
the dipeptidase they have studied is a 
true ribosomal component because the 
ribosomal specific- activity decreases 
when there is a severe deficiency in 
magnesium, a condition that causes the 
cells to lose most of their ribosomes. 
They argue that nonspecific adsorption 
should have increased the specific ac- 
tivity in this experiment because the 
same amount of enzyme would have 
become attached to less ribosomal ma- 
terial. 

Summary 

A group of hydrolytic enzymes, in- 
cluding phosphatases and nucleases, is 
selectively released from E. coli and 
certain other Gram-negative bacteria by 
a process designated as osmotic shock. 
This procedure involves exposure of 
the cells to ethylenediaminetetraacetate 
(EDTA) in 0.5 molar sucrose followed 
by a sudden osmotic transition to cold, 
dilute MgCl2. Osmotic shock also re- 
sults in an alteration of the permeability 
barrier of the bacterial cell and a de- 
pletion of the pool of acid-soluble nu- 
cleotides, but there is no loss of viabili- 
ty. On being restored to growth me- 
dium, the shocked cells recover after a 
lag period. Formation of spheroplasts 
by treatment with EDTA and lysozyme 
leads ito selective release of the same 
group of enzymes. 

We believe that the selectively re- 
leased enzymes are confined in a region 
between the bacterial cell wall and the 
cytoplasmic membrane. Histochemical 
studies indicate such a localization. Fur- 
ther, the enzyme activities are mea- 
surable with intact cells, even when the 
substrate is a nucleotide, to which whole 
cells are impermeable. Another piece 
of evidence concerns a mutant E. coli 
with a defective cell wall. In contrast 
to normal bacteria, this organism loses 
one of these enzymes into the medium 
in the course of growth. 

After osmotic shock, the bacteria 
show reduced uptake of sulfate, /3- 
galactosides, galactose, and certain ami- 
no acids. Furthermore, the shock treat- 
ment causes the release of nondialyzable 
factors able to bind sulfate, galactose, 
and the same amino acids. A possible 
interpretation of these observations is 
the following: the binding proteins oc- 
cupy sites near the bacterial surface, 
and they may be components of active 
transport systems responsible for the 
concentrative uptake of these nutrients. 

Addendum 

An alternative view (58) is that, al- 
though the electron microscopic evi- 
dence for the surface localization of 
the released hydrolytic enzymes, es- 
pecially alkaline phosphatase, seems to 
be decisive, there are a number of weak 
points in the ibiochemical arguments. 
These weaknesses do not disprove the 
hypothesis that the enzymes have sur- 
face localization, but they indicate that 
more evidence is necessary to establish 
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firmly the location of the hydrolytic en- 
zymes and, especially, of binding fac- 
tors implicated in transport phenomena 
for which electron microscopic evidence 
is not available. 

A number of reports have demon- 
strated that EDTA causes a nonspecific 
increase in cell permeability not only 
in E. coli but also in higher animal 
and plant cells (13, 49, 50). In view 
of these observations, it would seem 
unnecessary to invoke the hypothesis 
of surface localization. Furthermore, 
treatment with EDTA alone does not 
cause the release of these proteins. If 
these proteins were free in the "peri- 
cytoplasmic space," one would expect 
them to be released by this treatment, 
since about 50 percent of the cell's 
lipopolysaccharide layer is removed by 
EDTA (51). Rather, EDTA and osmotic 
shock are required. Thus, it would seem 
equally likely that EDTA weakens the 
permeability barrier and osmotic shock 
provides the force necessary to expel 
this group of proteins from the inside 
of the cell. 

The fact that growth of shocked cells 
is inhibited by ribonuclease, lysozyme, 
and, particularly, deoxyribonuclease is 
especially interesting because it suggests 
the possibility that ribonuclease and 
deoxyribonuclease are accessible to 
macromolecules that are generally 
thought to reside inside the cell or at 
least on the interior surface of the cell 
membrane. If these enzymes can get 
into shocked cells, it would seem that 
the permeability barrier is weak enough 
to allow the egress as well as the en- 
trance of proteins. 

These arguments are especially perti- 
nent with regard to the interpretation 
of the physiological role of the binding 
factors implicated in transport. One log- 
ical conclusion based on the hypothesis 
that these protein factors are located 
on the surface is that the transport 
factors bind substrates at the surface 
of the cell, or that they may even 
carry the substrate through the mem- 
brane (19). However, definitive evidence 
for the specific function of these trans- 
port factors is lacking. The work of 

Fox and Kennedy (52) on the galacto- 
side permease system and that of Ka- 
back and Stadtman (23, 53) on the up- 
take of proline and glycine by prepara- 
tions of isolated membranes from E. 
coli indicate that at least a component 
of these uptake systems is intimately as- 
sociated with the membrane and is not 
released by its treatment with ultrasonic 
waves, EDTA, or both (54). In addi- 
tion, there is an abundance of evidence 
from studies on erythrocyte ghosts that 
the molecules concerned with carrier- 
function are part of the fabric of the 
membrane (55-57). It seems possible 
that the transport factors released by 
the shock procedure are involved in the 
accumulation of sugars and amino acids 
against a chemical gradient, as Kundig 
et al. suggest (20), rather than in mem- 
brane permeability per se. If this is 
the case, it would seem reasonable to 
postulate that the transport factors re- 
leased by treatment with EDTA and 
osmotic shock are located inside of the 
cell or at least on the interior of the 
membrane where they could bind the 
substrate after it had penetrated the 
membrane (58). 
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