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In a paper on the facultative autotroph,
Pseudomonas saccharophila, Doudoroff (1940)
noted that this organism forms an extracellular
amylase when grown with starch as a source of
carbon. Later studies showed that this enzyme
could be formed also in resting cellular suspen-
sions simply by the addition of starch or maltose
(Klein and Doudoroff, unpublished experiments).
In this respect, P. saccharophila appears to be
similar to P. fluorescens and P. puirefaciens,
both of which can be induced to form enzymes in
the absence of added nitrogenous compounds
(Stanier, 1951; Klein and Doudoroff, 1950).
These bacteria thus resemble yeasts in their
capacity to form new enzyme protein from endog-
€Nous Sources.

The purpose of the experiments reported here is
to describe and characterize the amylase system
of P. saccharophila, to test the effect of various
factors on the induction of this enzyme, and to
study possible interactions between the induction
of amylase and that of another inducible system.

MATERIALS AND METHODS

Organism and media used. P. saccharophila
(Doudoroff, 1940) was maintained on agar slants
containing the following: 0.033 M KH,PO,-
Na,HPO, buffer (pH 6.64), NH,Cl], 0.1 per cent;
MgSO,, 0.05 per cent; FeCl;, 0.005 per cent;
CaCl,, 0.0005 per cent; sodium lactate, 0.2 per
cent; and agar 1.5 per cent. Solutions of carbo-
hydrates or sodium lactate, in distilled water,
were sterilized separately by autoclaving for 20
min at 13 Ib pressure. Thirty-ml quantities of
media contained in 125-ml Erlenmeyer flasks,
or 500-ml quantities of media contained in 2-L
Erlenmeyer flasks, were aerated by shaking on a

1 Supported in part by State of Washington
funds for medical and biological research. The
work reported here was taken in part from a thesis
submitted to the Graduate School of the Uni-
versity of Washington in partial fulfiliment of the

rotary shaker at approximately 256 C. When in-
cubation at 30 C was desired, the flasks were
shaken in a water bath at that temperature.

Resting cellular suspensions were prepared by
centrifuging 24-hr-old cultures in a Serval centri-
fuge at 10,000 RPM for 5 min, washing the cells
twice in 0.033 M phosphate buffer of the desired
pH and resuspending the organisms in buffer of
the same composition to a volume of approxi-
mately one-fourth that of the original culture.

Assay for sucrose phosphorylase. Washed cells
were ground in a mortar and pestle with twice
their wet weight of alumina (Mecllwain, 1948),
after which the intact cells, cell debris and alu-
mina were removed by centrifugation, and the
supernatant was assayed for sucrose phosphoryl-
ase, using the method of Doudoroff (1943). Un-
der the conditions employed in this study, the
rate of disappearance of inorganic orthophosphate
was linear for 40 min at 30 C.

Assay for amylase. The source of enzyme for
these assays was the supernatant liquid from ex-
periments in which cells of P. saccharophila were
incubated with starch or maltose in phosphate
buffer. The activity of the enzyme was measured
by one of the following methods: Starch-iodine
method: The following modification of the method
of Smith and Roe (1949) was used. One ml of
the enzyme solution is added to 8 ml of a buf-
fered (pH 5.5) solution of starch (final starch
concentration, 0.11 per cent). Another tube,
containing water instead of the enzyme, is used
as a control. After the appropriate incubation
period at 37 C, 1 ml of 1 N HCl is added to each
tube to stop enzyme action, and a 1-ml aliquot
is transferred to a tube containing 0.5 ml of 1 N
HCIL. One ml of the iodine reagent (0.3 per cent
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K1, 0.03 per cent I,) is added and the solution is
diluted to 25 ml with distilled water, after which
the color is read at 660 mu. Activity is expressed
as amylase units. One unit of a-amylase is the
amount of enzyme causing the loss of color
equivalent to 0.5 mg of starch in 30 min under the
assay conditions. Reducing sugar method: a-amyl-
ase activity was also measured by the increase in
reducing groups resulting from the hydrolysis of
starch (Noelting and Bernfeld, 1948). With this
method activity is expressed as mg maltose lib-
erated per 3 min at 37 C at pH 5.5. Using this
procedure, 1 unit of a-amylase was found to
release 0.021 mg reducing sugar (as maltose)
in 3 min at 37 C at pH 5.5.

Chemical analyses. Inorganic phosphate was
determined directly on samples, after removal of
proteins by treatment with 1 volume of 10 per
cent trichloracetic acid, by the method of Fiske
and SubbaRow (1925). The method of Stadt-
man et al. (1951) was used to estimate protein,
using a preparation of crystalline bovine serum
albumin as the standard.

Chemicals. Merck soluble starch was used as a
substrate-inducer for growing the organisms, as
well as for the starch-iodine assay, while “Nore-
dux” soluble starch (Ziegfried, A. G., Zofingen,
Switzerland) was used for the enzyme assays in
which reducing sugar was measured. All other
chemicals were of C. P. grade.

RESULTS

Kinetics of induced a-amylase biosynthesis in
resting cells. To test for the rate of enzyme forma-
tion, resting cell suspensions were prepared, and
at zero time maltose was added to a final concen-
tration of 0.2 per cent. Samples were removed at
intervals, and at each interval the cells were re-
moved by centrifugation for 5 min in the Serval
centrifuge, after which the supernatants were
diluted in 0.067 phosphate buffer (pH 5.5) and
assayed for a-amylase activity. The results of
these analyses are illustrated in figure 1. No lag
in enzyme formation was observed in this system
although an initial lag period of up to 15 min is
possible, since it took that much time to separate
the cells and supernatant for each sample ex-
amined. Under the conditions employed here,
therefore, enzyme synthesis is linear for a period
of at least 3 hr.

Using starch as the inducing substance, es-
sentially similar results were obtained. Starch was
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Figure 1. The rate of appearance of the a-
amylase of Pseudomonas harophila with
maltose as an inducer. Resting cellular suspensions
were prepared in M/30 phosphate buffer (pH 6) as
described under Methods, and maltose (0.2 per
cent final concentration) was added. Enzyme
assays performed by the starch-iodine method.

added to a final concentration of 0.3 per cent at
zero time. Samples were removed at various times
and transferred to 12-ml Spinco centrifuge tubes
which were immediately swirled in an ice bath for
a period of 114 min. This procedure rapidly
lowered the temperature of the mixture to 5 C.
By 13 min after removal of each sample, the
supernatant and cells had been separated. Assays
for amylase were performed on the supernatants
and the results obtained are given in figure 2.
It can be seen that no lag period was observed in
the synthesis of the amylase. The maximum
possible lag period in enzyme production in this
experiment is 13 min. Thus it is reasonable to
conclude that, under the conditions employed,
synthesis of this protein commences very soon, if
not immediately, after addition of the inducer,
and continues at a constant rate for several hours.
Of course, since the enzyme investigated here is
largely extracellular, figures 1 and 2 represent
merely the rate of appearance of enzyme in the
supernatant. The kinetics of amylase appearance
may thus be a summation of synthesis and secre-
tion unless, as is not unlikely, synthesis takes
place at the cell surface.

The effect of varying concentrations of maltose
or starch on the synthesis of amylase. Resting cellu-
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Figure 2. The rate of appearance of the «-
amylase of Pseudomonas saccharophila with starch
as an inducer. Resting cellular suspensions were
prepared in M/30 phosphate buffer (pH 6) as
described under Methods and starch (0.3 per cent
final concentration) was added. Enzyme assays
performed by reducing sugar method.

lar suspensions were prepared in 0.033 M phos-
phate buffer and varying concentrations of mal-
tose or starch were added. The suspensions were
then aerated at room temperature on a rotary
shaker for 8 hr, after which the cells were removed
and the supernatants assayed for amylase ac-
tivity. The results, illustrated in figure 3, demon-
strate that maltose and starch are essentially
equivalent inducers on a weight basis. Further-
more, the data indicate that induction with these
compounds is a function of inducer concentra-
tion. It should be noted, however, that starch and
maltose serve the dual functions of inducer and
energy source in these experiments. Therefore,
these data show the over-all effect of inducer con-
centration on enzyme production and do not
necessarily reflect the influence of maltose or
starch as inducers.

In the absence of a ‘‘gratuitous inducer”
(Monod and Cohn, 1952) of amylase formation,
we have attempted to obtain further information
on the effect of the inducer concentration in the
following manner. In the series of inductions with
maltose, chemical analyses for maltose were per-
formed on the supernatants at the time of assay
for amylase. These determinations showed that,
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using initial concentrations of maltose above 0.1
per cent, the amount of reducing sugar utilized
during the 8-hr incubation period was constant,
regardless of the initial maltose concentration.
It is therefore probable that the systems for gen-
erating energy were saturated at the higher con-
centrations. For this reason, the increased levels
of amylase produced at higher substrate concen-
trations may be considered to be a consequence
of an increase of inducer concentration, rather
than of an energy or carbon source.

The effect of added ammontum chloride or acid-
hydrolyzed casein on the biosynthesis of a-amylase.
Since suspensions of P. saccharophila were found
to be capable of forming enzyme in the absence of
added nitrogenous compounds, it was of interest
to test the effect of such substances on the forma-
tion of amylase. Accordingly, ammonium chloride
or acid-hydrolyzed casein, over the concentra-
tion range of from 0.01 to 0.5 per cent, were
added to the cells during adaptation. These sub-
stances had no stimulatory effect on resting
cellular suspensions. However, when the salts
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Figure 3. The effect of varying concentrations
of maltose or starch on the induced biosynthesis
of a-amylase. Open circles = starch; triangles =
maltose. Conditions as in figures 1 and 2 except
for substrate concentration. Enzyme assays
performed using reducing sugar method.
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TABLE 1

The effect of ammonium chloride and acid-
hydrolyzed casein on the synthesis of a-amylase
by suspensions of Pseudomonas saccharophila*

NELCI Added Acid-Hydrol
Final per cent ﬁh{; Final per cent ﬁcmti’vlulf';
0 5.3 0 5.3
0.0001 6.4 0.0001 3.0
0.001 11.6 0.001 3.2
0.005 15.5 0.005 6.4
0.01 20.8 0.01 8.8
0.05 18.6 0.10 11.0
0.1 6.7 0.25 11.7
1.0 0.0 0.50 12.7
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* In this experiment, washed cells were sus-
pended in M/30 phosphate buffer (pH 6) and salts
(see text). Enzyme assays performed by starch
iodine method.

needed for growth were also added (0.05 per
cent MgSQO,, 0.005 per cent FeCl;, and 0.0005
per cent CaCly), increased levels of amylase were
obtained. Table 1 shows the effect of ammonium
chloride or acid-hydrolyzed casein on the final
enzyme content of the supernatants after 414-hr
aeration on a rotary shaker at room tempera-
ture. Under the conditions of these experiments
1 to 2 cell divisions may occur (Whelton and
Doudoroff, 1945). Thus these apparent stimula-
tory effects may be attributable to the growth of
the cells rather than to an actual increase in the
amount of enzyme produced per cell. Indeed the
lack of stimulation of enzyme synthesis by these
compounds in the absence of added salts makes
this interpretation seem reasonable.

The effect of pH on the synthesis of amylase.
Several aliquots of a 24-hr-old culture of P.
saccharophila, grown on glucose, were washed
twice in M/15 phosphate buffer at various pH
values, and each was resuspended finally in
buffer of the same composition. Maltose was
added to these suspensions to a final concentra-
tion of 0.3 per cent, and the cells were aerated for
8 hr at room temperature on a rotary shaker.
After removal of the cells, the pH of each super-
natant was determined with a Beckman pH meter
and amylase assays were carried out on aliquots
of each supernatant. These were first diluted with
3 volumes of acetate buffer in order to bring the
final pH to between 5.4 and 5.5.4

¢ Thayer (1953) stated that the optimal pH for

P
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TABLE 2

The effect of pH on the synthesis of a-amylase

. ) a-Amylase Per Cent

Initial pH Final pH Activity® mmmi“t;'
5.0 4.5 0.12 27
5.5 5.2 0.28 .64
6.0 6.0 0.44 100
6.5 6.4 0.36 82
7.0 6.8 0.28 64
7.5 7.3 0.28 64
8.0 7.5 0.20 45

* Enzyme assays performed by reducing sugar
method.

Table 2 is a summary of the results obtained
in this experiment. It is evident that the optimum
pH for the induced biosynthesis of the a-amylase
is approximately 6, which is rather close to the
optimal value for the activity of the enzyme.

Inhibition of the synthesis of a-amylase by azide,
arsenate, and 2,4-dinitrophenol. The effect of
varying concentrations of sodium azide, sodium
arsenate, and 2,4-dinitrophenol on the induced
biosynthesis of the a-amylase was studied. Pre-
liminary experiments, to test the effect of these
substances on the enzyme itself, showed them to
be non-inhibitory at the concentrations used in
the following experiments. Resting cellular sus-
pensions containing 0.3 per cent maltose, 0.033
M phosphate buffer (pH 6.0), and varying con-
centrations of the inhibitor were used. The sus-
pensions were shaken for a period of 8 hr on the
rotary shaker at room temperature, and after-
wards the cells were removed by centrifugation
and the supernatants assayed for amylase ac-
tivity. The results obtained are reported in table
3 and demonstrate that all three compounds in-
hibit the synthesis of amylase and that this in-
hibition is a function of the concentration of the
inhibitor employed.

Interactions in the induced biosyntheses of
a-amylase and sucrose phosphorylase in resting
cellular suspensions. In order to study possible
interactions between the sucrose phosphorylase
and the a-amylase synthesizing systems in rest-
ing cellular suspensions, it was necessary first to
determine optimal conditions for sucrose phos-
phorylase synthesis. The results of experiments

this enzyme is 5.4. Using crystalline preparations
of the enzyme, we have found the optimal range
to be between 5.25 and 5.75 (Markovitz et al.,
1955).
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TABLE 3
Inhibition of the synthesis of a-amylase by sodium
arsenate, sodium azide, and 2,4-dinitrophenol

Additions inhibition

A. Sodium arsenate

0.004 M. 18

0.04 M.......oviiiiiiiiinn, 69

0.08 M..........iiiiiiiil.. 80
B. Sodium azide

0.000025 M.................... 12

0.00025 M.................... 32

0.0025 M.................... 63
C. 2,4-Dinitrophenol

0.0000025 M................... 10

0.000025 M................... 49

0.00025 M................... 60

bearing on this problem are summarized in the
following paragraph.

For this purpose, studies were conducted using
conventional manometric techniques® to measure
the rate of sucrose oxidation under various cir-
cumstances. These experiments showed pH 7.5
and 0.05 M sucrose to be optimal for the adapta-
tion to sucrose oxidation. The age of the cells at
the time of harvesting proved to have little bear-
ing on their subsequent ability to adapt to
sucrose. In addition, it was found that maximal
sucrose phosphorylase synthesis had usually been
obtained in resting cellular suspensions by the
end of 3 hr.

Having obtained information pertinent to
sucrose phosphorylase synthesis, experiments
were performed to test for interactions between
the formation of this enzyme and amylase.

To determine what effect the sequential in-
duction of these two enzymes would have on the
final enzyme levels, cells were grown in lactate
medium for 24 hr, washed, and divided into five
aliquots. The first aliquot was then shaken with
sucrose for a period of 4 hr, and after this the
cells were washed and resuspended in buffer plus
0.2 per cent starch for an additional 4 hr (sus-

§ Although invertase activity undoubtedly
contributes to the dissimilation of sucrose by these
organisms (Doudoroff, 1943), direct determina-
tions of sucrose phosphorylase activity, using
extracts of cells induced under these conditions,
showed a good correlation between the levels of
this enzyme and oxygen uptake of intact cells.
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pension A). A similar process was performed with
a second aliquot of cells except that during the
initial period of 4 hr the cells were in starch, and
during the second 4 hr they were in sucrose
(suspension B). Two additional aliquots of cells
were shaken for 4 hr in buffer only. The cells
were then washed twice, after which 1 aliquot
was induced with starch (suspension C), and the
other with sucrose (suspension D). A final aliquot
of cells was induced to form sucrose phosphorylase
during the first 4 hr and, after washing, these
cells were shaken in buffer for an additional 4 hr
(suspension E). Enzyme assays for both enzymes
were performed on appropriate suspensions, as
indicated in table 4. The results show that cells
first induced to form sucrose phosphorylase can
subsequently form only 12 per cent as much amyl-
ase as a suitable control. In addition, cells first
induced to form amylase can subsequently form
only 25 per cent as much sucrose phosphorylase
as a suitable control. It is interesting to note that

TABLE 4
Interactions in the induced biosyntheses of
a-amylase and sucrose phosphorylase tn resting
cell suspensions of Pseudomonas saccharophila

Enzyme
Activity
Sv:isg:n- Treatment sl‘alfro“
phoor;-l- ""ﬂ"
‘_se.
A Induced to form sucrose | 0.51 | 0.45
phosphorylase; then in-
duced to form a-amylase
B | Induced to form a-amylase; | 0.14 | 3.65
then induced to form
sucrose phosphorylase
C | Shaken in buffer; then in- | — | 3.65
duced to form a-amylase
D | Shaken in buffer; then in- | 0.55 | —
duced to form sucrose
phosphorylase
E Induced to form sucrose | 0.50 | —
phosphorylase; then
shaken in buffer

* Sucrose phosphorylase activity is expressed
as the disappearance of inorganic phosphate in
pg/mg of protein per 40 min at 30 C. Sucrose
phosphorylase inductions were carried out at pH
7.5.

t a-Amylase assays were done by the starch-
iodine method. The a-amylase inductions were
performed at pH 6.8.
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the assay for sucrose phosphorylase in suspen-
sion D, performed 4 hr after the addition of su-
crose, was very nearly identical with that of sus-
pensions A and E, both of which were shaken in
the absence of sucrose for 4 more hours. This
demonstrates that this enzyme is relatively stable
and that the cells do not easily readapt. This
behavior is even more emphatically shown in the
results obtained with suspension A. In this case,
cells that had initially formed sucrose phos-
phorylase, and later small amounts of amylase,
showed no significant drop in sucrose phosphoryl-
age. Thus, with respect to sucrose phosphoryl-
ase at least, the enzyme once formed is not easily
lost, even upon the subsequent induction of
another enzyme.

One further point is worth noting. This is the
observation that cells shaken for 4 hr in buffer
and then washed (suspensions C and D) were
still capable of forming as much enzyme as cells
freshly harvested from the growth medium. If,
in the resting cellular suspension, some cells were
undergoing autolysis or were releasing endogenous
cellular materials in some other manner, the cells
remaining after the washing process should have
had a reduced capacity to adapt to sucrose or
starch utilization. Since this did not prove to be
the case, we consider it unlikely that the induced
synthesis of these enzymes occurs in some cells
at the expense of materials released from other
cells.

Another way to study the interaction between
the synthesis of these two proteins is to induce
the synthesis of both enzymes simultaneously
rather than sequentially. Unless some kind of a

TABLE 5

Sitmultaneous induction of sucrose phosphorylase
and a-amylase in resting cell suspensions*

Sucrose - 1
Inductor(s) Used 1")‘.’;&” * ‘?::’
Activity | Activity
Sucrose..................... 0.40 —_
Starch...................... — 3.46
Sucrose plus starch.......... 0.25 1.62

* In these experiments cells were suspended in
M/30 phosphate buffer (pH 6.8). This pH is inter-
mediate between the optima for each of the
inductions. Final concentration of starch used
was 0.2 per cent and of sucrose 0.05 M. Enzyme
assays as in table 4.
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“diauxie” effect (Monod, 1949) occurs, it should
be possible to induce the simultaneous forma-
tion of both amylase and sucrose phosphorylase.
To study this possibility, a resting cell suspen-
sion was divided into three portions; sucrose was
added to one, starch was added to another, and
sucrose plus starch were added to the third group
of cells. After 4 hr aeration on a rotary shaker at
room temperature, the cells were centrifuged and
extracted for sucrose phosphorylase assays and
the supernatants were used for a-amylase as-
says. The results obtained are presented in table
5, from which it is seen that the induced bio-
synthesis of both enzymes is depressed by the
simultaneous induction of the other enzyme.
Forty-seven per cent as much a-amylase and 62
per cent as much sucrose phosphorylase are pro-
duced in the double induction as compared with
their respective controls.

DISCUSSION

The kinetics of the induced biosynthesis of
a-amylase have been shown to be linear, using
maltose or starch as inducers. Although no lag
was actually observed, a lag in enzyme forma-
tion of the order of 13 min is possible. As pointed
out by Monod and Cohn (1952), the lag time in
the induced biosynthesis of the B-galactosidase
of E. coli can and does vary according to the
inductor used and, under certain conditions, is
virtually non-existent. Thus, according to these
authors, the kinetics of enzyme formation should
be considered from the moment enzyme first
begins to appear. The kinetics of the induced bio-
synthesis of the 8-galactosidase of E. coli (Monod
and Cohn, 1952) and of the penicillinase of
Bacillus cereus (Pollock, 1952) are linear. On the
other hand, Halvorson (1953) has reported an
autocatalytic type of induced biosynthesis with
the maltase of Saccharomyces cerevistae which
cannot be attributed to the energy derived
from the inducer since the inducer, a-methyl-
glucoside, is not utilizable under the experimental
conditions employed.

It was demonstrated that the ability of cells to
form a-amylase was reduced by 88 per cent when
they had previously been induced to form sucrose
phosphorylase. Similarly, when cells were first
induced to form amylase, their subsequent
ability to form sucrose phosphorylase was reduced
by 75 per cent. This decreased ability to form
enzyme is not due to the depletion of the en-
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dogenous carbon reserves of the cell, since the
carbon content of induced cells is higher than
that of freshly harvested cells and the en-
dogenous respiration of induced cells is higher
than the endogenous respiration of freshly har-
vested cells (Markovitz and Klein, 1954). It is
more likely that the deficiency is related to a re-
duced supply of nitrogenous compounds avail-
able within the cell for enzyme biosynthesis. This
interpretation is supported by the fact that rest-
ing cells, grown on lactate, can be rendered in-
capable of induced enzyme biosynthesis after a
period of oxidation of additional lactate, and
that such cells regain the capacity to form en-
zymes when acid-hydrolyzed casein is added in
appropriate concentrations (Markovitz and
Klein, unpublished experiments).

Studies on enzyme formation in certain strains
of S. cerevisiae (Spiegelman and Dunn, 1948; Hal-
vorson and Spiegelman, 1953) suggest that these
yeasts are capable of turnover of nitrogenous
compounds in order to supply nitrogen for en-
zyme synthesis. The present results, which show
that sucrose phosphorylase does not decrease
upon the subsequent formation of a-amylase,
are in agreement with the results of experiments
on the B-galactosidase of E. colt (Rotman and
Spiegelman, 1954; Hogness et al., 1955).

SUMMARY

An extracellular a-amylase has been shown to
be formed in resting cellular suspensions of
Pseudomonas saccharophila, using maltose or
starch as inducers. The kinetics of a-amylase
appearance have been shown to be linear. Both
substrates are essentially equivalent on a weight
basis, and the level of enzyme produced is pro-
portional to substrate concentration.

The synthesis of a-amylase is stimulated by
the addition of acid-hydrolyzed casein or am-
monium chloride only in the presence of inorganic
salts essential for growth.

Interactions between the systems synthesizing
sucrose phosphorylase and a-amylase have been
observed.
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