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--- During growth, pH of the medium decreases resulting in the inactivation of cell-
free and surface-bound alkaline phosphatase, whereas periplasm- located alkaline
phosphatase is not affected. The decreased pH of the medium induced permeability
changes in the outer cell wall which resulted in the complete release of alkaline
phosphatase after sucrose extraction. The permeability change of the outer cell wall is
pH dependent and reversible. The periplasm-located alkaline phosphatase remains
constant during growth of Pseudomonas aeruginosa. A hypothetical model of the
mechanism for the release of periplasm-located proteins into the growth medium during

* growth is presented
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INTRODUCTION

Alkaline phosphatase (orthophosphoric monoester phosphorylase, EC 3.1.3.1) is
of ubiquitous occurrence in animal, plant and insect tissues as well as in microorganisms.
A survey of the literature reveals very little information on bacterial alkaline phosphatase
until 1959, but since the discovery of alkaline phosphatase in Escherichia coli
(I I, 18, 10), this topic has attracted a great deal of interest. It has been studied in several
other bacterial species (1). Many bacteria are known to secrete extracellular enzymes
into the external medium. In gram-positve strains, these proteins appear in the culture
medium, whereas in gram-negative strains the polypeptides are retained in a region
located between the inner and outer membrane, which is called the periplasmic space.
An obvious problem that has long been recognized for these proteins secreted outside of
the cytoplasm is: what is the mechanism that allows these proteins to cross the highly
hydrophobic layer constituted by the inner membrane and what is the basis for the
selective secretion of these proteins? Bacterial systems are convenient models for
examining these problems. Pseudomonas aeruginosa synthesizes an inducible periplasm-
located alkaline phosphatase in inorganic phosphate (Pi) limited medium (6). The
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enzyme is released to the medium during growth (2), and has been shown by electron
microscopy to be localized both in the p riplasm and on the outer surface of the cell (12).
The enzyme was purified to homogeneity and shown to be a dimer (8). The native dimer
is resistant to heat and proteolysis (8) and is dissociated by acid pH (pH 5.0) whereas the
monomer is unstable to heat and is sensitive to trypsin digestion (12). The enzyme is
released completely from whole cells after suspension in 0.2 M MgCI2 and a fractional
amount is released by suspension in 20%e sucrose (6).

The present study was undertaken to demonstrate that, during growth, the pH of
the medium decreases, resulting in the inactivation of cell-free and surface-bound
alkaline phosphatase whereas periplasm-located alkaline phosphatase is not affected.
The decreased pH of the medium induced permeability changes in the outer cell wall

which results in the complete release of alkaline phosphatase after sucrose suspension.

The permeability change of the outer cell wall is pH dependent and reversible. Finally,
the quantity of periplasm-located alkaline phosphatase remains constant during growth
of P. aeruginosa. A hypothetical model on the mechanism for the secretion of

periplasm-located proteins into the growth medium during growth is presented.

MATERIALS AND METHODS

Organism and Culture Conditions

P. aeruginosa (ATCC 9027) was grown in inorganic phosphate deficient medium
of the following composition as previously described (3): 0.02 M NH4CI, 0.02 M KCI,
0.12 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer, 0.5% proteose
peptone (Difco), and 0.0016 M MgCI2-7H 2 0. The medium, without glucose and
MgCIh, was prepared, and the pH was adjusted to 6.8 with concentrated HCI. The
medium was autoclaved and filtered, and the pH was then readjusted to 6.8, if necessary,

-a and reautoclaved. Before inoculation, 2.0 ml, of 25% glucose-and 1.0 mL of 0.16 M
* daMgCI2 -7 HO solution per 100 mL of medium were added aseptically. This Pi limited

medium is necessary to depress the synthesis of alkaline phosphatase (6). Growth studies
were subsequently conducted at the temperatures specified in the particular experiment.
An inoculum of 1 mL from a 7- to 10-h culture was used per 100 mL of medium, and
growth was carried out by incubation in a gyratory shaker (psychrotherm shaker, New
epBrunswick Scientific Co., New Brunswick, N.J.) at 370 C or other specified

temperatures.
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Prepamtion of Samples for Euzyme Activity Estimation

Equal volumes of P. aeruginosa cultures were centrifuged (10,000 x g) and the

pellets were suspended in equal volumes of 20Oo sucrose in 10 mM Tris-HCI buffer, pH
8.4, and 200 mM MgCI2 in the same buffer. After 10 min of incubation at room
temperature, the cells were centrifuged. The supernatant fluids obtained from sucrose-

extracted cells and MgCl2-extracted cells were assayed for surface-bound alkaline
phosphatase (SBE) and the total alkaline phosphatase activity (TE) associated with the

cells, i.e., SBE as well as periplasm alkaline phosphatase (6). PE was obtained by
subtracting SBE from TE.

Enzyme Assay

Enzyme assays for alkaline phosphatase and glucose-6- phosphate dehydrogenase
were performed as described previously (6,2).

RESULTS AND DISCUSSION

The Effect of pH Changes During Growth on the Releae of Alkahe Plosplatase
Activity

The effect of pH changes during growth on the release of periplasm-located
alkaline phosphatase is illustrated in Fig. I A. During the initial stage of alkaline
phosphatase synthesis (4 - 5 h), no detectable SBE (curve 2) was extracted with

sucrose. Cell-free enzyme (CFE, Curve 1) activity increased to 44 units after 6 h, and
this was followed by a decrease in CFE activity to 3 units after 11 h of growth. The

decrease in enzyme activity was observed previously (12) and was due to the decreased
pH (6.86 to 5.2) of the culture medium.

" When growth was allowed to proceed for 24 h, there was an increase in the pH of
the culture medium (pH 5.2 to 5.8, Fig. 1 B) which results in an increase in the CFE

* activity (3 units to 9 units, Fig. I A). The increase in CFE alkaline phosphatase activity

is probably due to dimerization of pre-existing monomers in the culture fluid or

incomplete monomerization, at pH 5.8, of newly-released alkaline phosphatase. The

quantity of PE increased from 6 units to 73 units (curve 3) after 7 h of growth. As

growth proceeded (8 to I I h), the level of PE decreased from 50 units to - 6 units, and
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the pH of the growth medium decreased from pH 6.0 to 5.2. Further growth from 11 h
to 24 h resulted in an increase of 15 units in PE activity (curve 3, Fig. 1 A). The SE
activity increased from 0 to 72 units within 5 to 10 h of growth and then decreased from
70 to 11 units during the 11 th and 24th h of growth (Curve 2, Fig. 1 A). Both sucrose
and MgCI2 supernatant fluids obtained from cells during growth between 6 and 24 h gave

-. 'no detectable glucose- 6- phosphate dehydrogenase activity indicating that cytoplasmic

proteins were not released by these procedures. Phase contrast microscopy revealed that
the cells were intact but plasmolyzed.

The results of the present study support the findings of Cheng et al. (7), which
suggested that alkaline phosphatase is bound by electrostatic forces mediated perhaps by
Mg 2* since it was found that during the later stages of growth, when the pH of the culture
medium dropped below 6.0, 10% sucrose extracted TE. Therefore, low pH (high proton
concentration) must decrease the electrostatic forces which bind alkaline phosphatase to
the outer cell wall structure thereby aiding the sucrose extraction of TE. Conversely, at
later stages of growth, when the pH of the culture medium increased, sucrose was
ineffective in releasing TE alkaline phosphatase. Therefore, it is concluded that, unlike
low pH as mentioned above, high pH re-establishes or increases the electrostatic forces in
the outer cell wall thus preventing the extraction of TE by suspension in sucrose (4).
Under these conditions, cells appear plasmolyzed but essentially intact after the sucrose
extraction procedure, and consequently, plasmolysis effects alone are unable to account
for release of TE by sucrose.

The effect of a temperature shift during growth on SBE and PE is illustrated in
Fig. 2 A. Surface bound enzyme (curve I) and PE (curve 2) activities increased before
the temperature shift (indicated by an arrow) from 37 to 460C. At 460C, the PE activity
increased in the first hour followed, subsequently, by a slight increase in absorbance at
600 nm (growth) (Fig. 2B). The SBE activity increased gradually to 63 units after 10 h
of growth and decreased to 48 units after I I h. This decreased SBE activity occurs when

, . the pH of the culture medium declines. There is also a signficant increase in the SBE
observed after 9 h of growth (curve 3). It appears probable that, after the shift to 46°C,
some of the CFE may rebind to the cell surface which relates to the decrease in CFE and a

subsequent increase in SBE, while the PE remains almost constant. Alternately, this
relative increase in SBE activity may be due to the fact that CFE is inactivated, whereas
additional PE is synthesized and transported to the outer surface, while PE activity
remains constant. It should be stressed again that no SBE appears during early stages of
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enzyme synthesis indicating that the sequence of alkaline phosphatase localization is
firstly, in the peri-plasm, then the outer cell wall surface and, finally, culture filtrate,

i.e., apparent secretion.

It has been observed that the pH of cultures growing at 460 C does not change
significantly when compared to cultures growing at 37°C (3) and, therefore, temperature
shift experiments were pursued further to substantiate the effect of pH on the
permeability of the outer cell wall in connection with the release of TE. After
temperature shift from 37 to 46°C, the pH of the culture did not change significantly

(Fig. 2B) and the amount of PE remained almost constant. Sucrose did not induce a
release of TE from the cell at any stage of growth after the shift as shown in the previous
experiments (6). The marked increase in PE activity in the first hour after the
temperature shift is presumably due to the dimerization of monomers which were already
synthesized by actively growing cells at 37*C (3). The data also show that PE activity

* decreases after the temperature shift whereas CFE continues to increase. This result
suggests that PE eventually gives rise to CFE. Since sucrose did not increase the
extraction of PE activity, the outer cell wall permeability function is still intact.
Therefore, the appearance of PE activity in CFE must be the result of a normal
physiological "secretion" process.

Molecular Mechanism for the Release of Alkaline Phosphatase

In order to study the molecular mechanisms which are involved in the secretion of
proteins across biological membranes, it is useful to have a simple model system. Based

on the results of the present study and the work of others, a hypothetical model on the
release of alkaline phosphatase and other perplasm located proteins is presented (Fig. 3).

The results reported in the present study support the theory proposed by Kung

and Henning (1972), that a limiting and constant number of binding sites in the cell
. envelope exist for each type of protein.

The precursor of monomer alkaline phosphatase is synthesized on the membrane
* b bound polyribosomes (5, 19). This completed nascent monomer, after traversing the

cytoplasmic membrane, becomes accessible to a protease located at the outer side of the
cytoplasmic membrane (13) which then releases the enzyme monomer into the periplasm.
Since alkaline phosphatase monomers are very susceptible to proteolytic cleavage (16),
the monomers fold up and dimerize before they can be degraded. Pages et al. (15), in
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their study, have reported the evidence for this limited proteolytic degradation of
alkaline phosphatase monomers.

- The release of periplasm-located enzymes to the growth medium during growth of
P. aeruginosa, therefore, may be due to the fact that the binding sites become saturated
and newly synthesized enzyme (PE) and lipopolysaccharide (LPS) molecules displace the
"older" molecules to the outer surface of the cell wall (SBE), and eventually into the
culture filtrate (CFE). This model would explain the finding that substantial amounts of
other periplasm-located enzymes are released into the medium during growth, whereas,
these enzymes are not released significantly by any of the biochemical procedures
used (2).
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Figure 1. The effect of pH changes during growth on the release of alkaline
phosphatase and glucose-6-phosphate dehydrogenase.

AP. aeruginosa was cultivated at 37°C and at the indicated time intervals samples
were withdrawn and analyzed for growth, pH changes, alkaline phosphatase and
glucose-6-phosphate dehydrogenase activities as described in the text. Symbols:
A; CFE (0), SBE (9), PE (A) and glucose-6-phosphate dehydrogenase (U).
B; Growth A6o nm (0), pH (0).
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Figure 2. The effect of a temperature shift from 37°C to 46°C on the release of alkaline
phosphatase activity.

A culture of P. aeruginosa was cultivated initially at 37°C and shifted to 46°C (as indicated
by an arrow). Samples were withdrawn at regular intervals and analyzed for growth, pH,
APase activities as described in the text. Symbols: A and B same as Fig. 1 A, B.
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Schematic illustration of specific binding sites and release of periplasm-located APase.
Polypeptide is synthesized on the polyribosomes and a protease present at the outer side
of the cytoplasmic membrane [191 released the polypeptide to the periplasm. In the
periplasm two nascent subunits or monomers polymerize in the presence of Zn +2 [171 to
give active alkaline phosphatase (PE) (or other periplasm-located enzymes). This active
alkaline phosphatase dimer complexes with lipopolysaccharide (LPS) [9] such that the
enzyme-LPS complex I becomes part of the inner surface of the outer cell wall. The
process is repeated and due to a limited number of sites, the original enzyme LPS-
complex I migrates to the outer aspects of the cell wall and the new enzyme-LPS
complex 1I takes its place. On further repitition of the process an anzyme-LPS complex
III replaces the enzyme-LPS complex il (SBE) in the outer surface of the cell wall and
the enzyme-LPS complex I is released to the growth medium as CFE.
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