2\\A

ADENYL CYCLASE IN LUMINESCENT BACTERTA

GEORGE YOUSEF MUSA

A thesis submitted in partial fulfilment of the degree
of
MASTER OF SCIENCE

AMERTCAN UNIVERSITY OF BETRUT

Department of Biology

Aungust, 197k



ADENYL CYCLASE TN LUMINESCENT BACTERTA

By

GEORGE YOUSEF MUSA

Approved by:

m{mon, J. Co, Assistant Professor of Biology, Chairman
of the Examining Committee.

L DR

Deeb, S. S., Associate Professor of Biology.

£ Lo

Pascoe, E., Associate Professor of Biology.



Thesis Release Form

American University of Beirut

I, George Musa

o< Authorize the American University of
Beirut to supply copies of my thesis to
libraries or individuals upon request.

Z 4 Do not authorize the American University
of Beirut to supply copies of my thesis
to libraries or individuals.

Signature

”:?7 29,/97%

Da



ABSTRACT

Production of luciferase, the light producing enzyme,
has been shown to be repressed by glucose (catabolite repression)
and this repression is partially reversed by c-AMP (Nealson et.
al., 1972). Being an inducible enzyme, luciferase may
require c-AMP for its transcription. Therefore, this thesis
attempts to demonstrate the presence of c-AMP in luminescent
bacteria and adenyl cyclase, the enzyme which produces
c-AMP from ATP.

This work presents the first direct evidence for
the presence of c-AMP and adenyl cyclase in luminescent
bacteria. During the autoinduction phase the concentration
of intracellular c-AMP and the activity of adenyl cyclase
were higher than that during the inhibition phase. It has
been shown by Nealson et. al. (1970) that the luciferase
gene is inactive during the inhibition phase and is induced
during autoinduction. This correlation between the induc-
tion of luciferase and the increase of intracellular
concentration of c-AMP may suggest a possible involvement of

c¢-AMP in the transcription of luciferase gene.
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INTRODUCTION

Enzymes may be classified into two major groups:
constitutive and inducible enzymes. Constitutive enzymes are
constantly produced, while inducible enzymes are manufactured
only in response to specific inducers.

Luciferase, the light producing enzyme in lumines-
cent bacteria, is considered to be an inducible enzyme, e.g.
it is induced by an activator produced by cells during
"gutoinduction" (Eberhard, 1972). The inducer of luciferase
synthesis was partially purified and was shown to be lipoidal
in nature, and had a molecular weight in the range of 100-200
(Valenzuela, 1973).

Perlman and Pastan (1968) showed that c-AMP is
required for transcription of inducible operons. Other
research has indicated that c-AMP stimulated the synthesis
of lac-mRNA by increasing the frequency of this initiation
(Pastan and Perlman, 1970). c-AMP presumably acts at the
promotor site since promotor mutants (mutants defective
in the nucleotide sequence where transcription of the lac
operon is intiated) did not respond to c-AMP (Pastan and
Perlman, 1968). However, c-AMP does not act directly

on the DNA; rather it binds to receptor protein, a highly



basic protein having a molecular weight of Ll,000, which when
bound with c-AMP facilitates intiation of transcription
(Jost and Rickenberg, 1971).

Furthermore, c-AMP affects the translation of
certain genes in E. coli. The synthesis of tryptophanase
susceptible to catabolite repression in E. coli was stimula-
ted by c-AMP. This stimulation occurred even when the
synthesis of RNA was blocked by actinomycin. Thus c-AMP
appeared to act at the level of polysomes. In the presence
of GTP, c~-AMP binds to the G factor and regulates the
movement of ribosomes along mRNA and inhibits hydrclysis
of the ribosome by RNase (Jost and Rickenberg, 1971).

Cyclic-AMP has also been shown to act as an allosteric
cofactor in the reaction in which phosphorylase-b-kinase
kinase catalyzes the phosphorylation of seryl residues of
inactive phosphorylase-b-kinase thereby converting the
enzyme to its active form in eucaryotes. In this reactionm,
ATP acts as a phosphate donor that is dependent on c-AMP
(Kn for c-AMP is 1 x 10 M) (Jost and Rickenberg, 1971).

Kuo and Greengard (1969) found c-AMP dependent protein
kinase in E. coli and concluded that all the wide variety of
effects elicited by c¢-AMP at the substrate level may be

mediated through stimulation of protein kinases.



Adenyl cyclase is an enzyme found in bacteria as well
as higher plants and animals and is responsible for converting
ATP to c-AMP and pyrophosphate. It is either associated
with cytoplasmic, mitochondrial or endoplasmic membrane in
eucaryotes. It responds to a variety of hormones such as
glucagon and epinephrine in liver (Bitensky, et. al., 1968)
and pharmacologically active compounds such as histamine and
serotonin, and NaF. Solubilized and catalytically active
adenyl cyclase is not responsive to hormonal action. This
suggests that the regulatory part of the enzyme is associated
with the membrane (Jost and Rickenberg, 1971).

Hirata and Hayaishi (1967) were able to purify

adenyl cyclase from the cell extracts of Brevibacterium

liquefaciens and establish the stoichiometry of the adenyl

cyclase reaction. ATP was converted stoichiometrically to
c-AMP and pyrophosphate. They suggested that the reaction
sequence involves intramolecular phosphorylation of the

3'0H of the ribose moiety. Tao and lipman (1969) purified
adenyl cyclase from E. coli, but found that it had proper-

ties different from the adenyl cyclase in B. liquefaciens:

the adenyl cyclase in E. coli is inhibited by pyruvate and

NaF; whereas the adenyl cyclase in B. liquefaciens is stimu-

lated by both pyruvate and NaF, The fact that adenyl cyclase
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is activated by NaF was explained by Birnbaumer et. al. (1969)
by fluoride enhancement of the enzyme for Mg** through a
Mg**-F complex. The activity of adenyl cyclase from

B. liquefaciens is easily reversible, but that from E. coll

is not reversible although the reverse reaction is thermo-
dynamically possible. The molecular weight of E. coli
adenyl cyclase was determined by sucrose gradient centrifu-
gation to be around 110,000 (Taoc and Lipman, 1969).

When Photobacterium fischeri and Beneckea harveyi

are growing in a complex media, the synthesis of the lumi-
nescent system is inhibited during the first hours of growth,
and starts only during the middle of the logarithmic phase
of growth. It was concluded that this inhibition of light
emission was due to the inactivity of the gene(s) coding
for the luminescent system (Nealson et. al., 1970; Makemson,
1973). The inhibition is due to substances in the complex
media which become inactivated after a few hours of growth
of the cells. During inhibitory phase, however, the
luminescence falls much below the level of in vivo lumi-
nescence obtained from freshly inoculated cells, but the
level of extractable (im witrg) luciferase does not decrease
during the inhibitory phase (Nealson, et. al., 1970). This

decline of luminescence was attributed to the decrease in
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the level of the substrates (natural aldehydes and/or
reducing power) of luciferase (Nealson et. al., 1970;
Makemson, 1973).
The control of the luciferase system resembles that
of the inducible enzymes in E. coli. In B. harveyi and
P, fischeri WSU, the synthesis of the luciferase system is
subject to repression by glucose. Catabolite repression
in B. harveyi but not P. fischeri WSU can be partially
reversed by c-AMP (Nealson et. al., 1972; Makemson, 1973).
Transcription of inducible enzymes requires c-AMP,

but exceptions exist such as Lactobacillus plantarum

(Sahyoun and Durr, 1972). Glucose represses the transcrip-
tion of many inducible enzymes and c-AMP reverses this
effect (Pastan and Perlman, 1970). Makman and Sutherland
(1965) concluded that glucose facilitates the exit of c-AMP
from E. coli because the extracellular concentration of
¢c-AMP increases coincident with the depletion of glucose
from the medium. It was shown that an increase in intra-
cellular c-AMP occurred during the depletion of glucose.
This was not due to de novo synthesis of adenyl cyclase, or
to the increased activity of adenyl cyclase, or the decreased
activity of c-AMP phosphodiesterase. In addition, glucose

does not inhibit adenyl cyclase or activate phosphodiesterase



in vitro (Peterkofsky and Gazdar, 1971). Nevertheless, Aboud
and Burger (1971) showed that c-AMP phosphodiesterase in
E. coli is repressed during the incubation of cells with
glucose. Peterkofsky and Gazdar (1973) devised an in vivo
assay for c-AMP formation based on a one minute pulse
labeling with ATP. Using this assay they demonstrated that
c-AMP synthesis increases drastically after the exhaustion
of glucose. Exposure of cells to glucose ( 10_2!!) for one
minute abolishes the accumulation of labelled c-AMP. Hence
this indicated that glucose (or a metabolic product) inhi-
bits adenyl cyclase or activates c-AMP phosphodiesterase
in vivo.

Further explanation was provided by Buettner et. al.,
(1973). They observed that the addition of glucose resulted
in the inhibition of beta-galactosidase synthesis and reduced
the intracellular concentration of c-AMP from 3.3 x 10—5!{ to
2B 1.0-51{. Moreover, they found that mutants resistant to
catabolite repression and defective in c-AMP phosphodiesterase
had almost twice the c-AMP concentration even when grown on
glucose., They suggested that catabolite repression is
brought about by lowering or raising the c-AMP concentration
about its threshold concentration.

However, Khandelwal and Hamilton (1972) showed that



the purified adenyl cyclase of Strep. salivarius is stimu-

lated by few intermediates of glycolysis such as glucose-6-F,
2-P-glycerate and pyruvate. On the other hand the enzyme
was inhibited by pyrophosphate, ADP and AMP. They proposed
that c-AMP which also reduces the activity of phosphofruc-
tokinase might act as a "messenger" in the regulatory

system controlled by the interaction of both micleotides

and glycolytic intermediates.

A further view-point in catabolite repression was
suggested by Magasanik (1970) and investigated by Rothman-
Denes et. al. (1973). They explained c-AMP partial
reversion of the glucose-inhibition of galactokinase
synthesis mediated by c-AMP enhancement of the uptake of
the galactckinase inducer by c-AMP. Conversely, glucose
(catabolite) repression would involve glucose mediated
inhibition of inducer(s) uptake. Thus c-AMP may function
in two ways: through its role in transcription and its
role in inducer uptake.

The present work investigates the presence of
c~-AMP and adenyl cyclase in P. fischeri and B. harveyi.
This work is related to the possible involvement of c-AMP
in the regulation of luciferase synthesis (Nealson et. al.,

1970 and 1972; Makemson, 1973).



MATERTALS AND METHODS

Strains. Beneckea harveyi (previously called P. fischeri

MAV) and Photobacterium fischeri were supplied by J W

Hastings, Harvard University. P. fischeri WSU, a psychro-

phile is one of our culture collection, strain G. I., a

luminescent bacteria, was isolated from the back of a freshly

caught Mediterranean fish by the author.

Media Testing. The ability of various media to support

growth and luminescence of these bacteria was tested
(variationsof the media used by Farghaly, 1950). Growth
of these bacteria was monitored at 600 mm in 1 cm cells
in Spectronic 20. Luminescence was measured with a G. K.
Turnor Fluorometer (Model 110) adapted to function as a
photometer by covering the excitation path with a black
friction tape (Makemson, 1973). A culture aliquot was
diluted in 0,01M potassium phosphate buffer in 2% NaCl,
and its luminescence was recorded in light units (arbit-
rary units on the fluorometer scale from O to 100). The
media which supported the greatest luminescence per cell
mass and which supported the greatest amount of growth

were selected for further work.
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The following media compositions were derived

(see results) and are shown in Table 1.

Table 1

Media Composition that SupportsCptimal Growth and
Luminescence of Luminescent Bacteria

GomEone nt

Peptone
Yeast Extract
NaCl

Glycerol

K H PO),

Na Hp PC),_l

Mg Soh.THQO

Tryptone

Strain
P, fischeri B. harveyi P. fischeri WSU#*

0.5% 0.5% -
0.05% 0.05% -
3.0 % 1.0 % 2.0 %
0.3 % 0.3 % 0.3 %
0.05% 0.1 % 0.05%
0.35% 0.7 % -
0.01% 0.01% -

- - 0.3 %

% Used as mentioned by Makemson (1973).
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Phosphorylase Assay of c-AMP

Cyclic-AMP was measured by its ability to stimulate
rat liver glucose-l-P-phosphorylase. A stock solution of
glucose-1-P (0.03M) containing L mg/ml of glycogen, 0.1M NaF,
1. x 107N AMP and 2 x 10 °M ATP was prepared (pH 6.2)
(Sutherland and Wosilait, 1955). Routinely 0.2L ml of the
stock assay mixture was added to each tube, then 0.12 ml
of c-AMP or an unknown was added. The reaction was started
by the addition of 0,0k ml of rat liver extract to the assay
mixture and incubated 15 minutes at L°C. The assay tubes
were incubated at 3700 for another 15 minutes. The reaction
was stopped by adding 1 ml of iced 10% TCA, then centrifuged
to precipitate the denatured proteins. The Fisk and
Subbarow (1925) phosphate determination test was performed
on each tube. The rat liver extract was prepared according
to Rall and Sutherland (1957).

The assay for the endogenous c-AMP in luminescent
cells was done by using the phosphorylase assay. The lumines-
cent cells were grown and harvested from various phases of
growth. The cells were washed once with tris-HCL (pH 7.L,
0.05M) in 1,0% NaCl. The washed cells were extracted by
adding 0.3 ml of 23% chloroform to each ml of thick cell

suspension, vortexed, then applied to vacuum pump to obtain



a dry cell extract which was then resuspended in distilled
water (Dhople and Hanks, 1973), and tested for the presence

of c-AMP after removal of the cell debris by centrifugation.

Adenyl Cyclase Assay

Adenyl cyclase was assayed by measuring the amount

of c?-.l!{P formed from ATP. The composition of the assay
mixture was as follows: 2m M ATP, 2m M MgCl,, lm M caffeine,
9m M NaF, 20m M tris HCl in 2,0% NaCl final pH 7.1. 0,04 ml
of cell free extract was added to a final volume of 2 ml.
(Hirata and Hayaishi, 1967). The cell free extract was
prepared from cells in various phases of the growth curve.

The cells were harvested and washed in tris-HC1l (pH 7.lL;

0.05 M) in 1.0% NaCl at 4°C and resuspended in the same buffer.
The cells were then disrupted by sonication (Branson Model 185)
in a polyethelyne tube immersed in ice for four fifteen second
{ntervals. The sonicated cells were centrifuged at 5,000 g
for 15 minutes at h°c to remove the whole cells. The supernate
was considered to be the cell extract. After the addition

of this extract, the reaction tubes were incubated at 23%

(B. harveyl, and strain G, I.) or at 15°C (P. fischeri, WSU).
The reaction was stopped by boiling for 5 minutes, then centri-
fuged to remove the denatured proteins. The supernate was

tested for the presence of c-AMP by the phosphorylase assay.



RESULTS

Standarization of the Medium

The medium used by Farghaly (1950) consisted of
3,0% NaCl, 0.7% NaHFO) , 0.1% KH,PO) , 0.05% (rmh)zﬂpoh,
0.01 MgSOh, 0.3% glycerol, 0.5% peptone, and 0,05% yeast
extract. Farghaly's medium, which was used in most previously

published studies with Fhotobacterium fischeri and Beneckea

harveyi, was tested by varying the concentration of
phosphate and NaCl and observing the subsequent growth
and light production for the two strains.

For P. fischeri (ATCC 77u4L) the luminescence per
cell mass was greatest when the medium contained 1/2 of the
phosphate concentration of Farghaly's medium (Fig. 1),
and the optimal NaCl concentration was equal to that in
Farghaly's medium (Fig. 2), whereas for B. harveyi (MAV)
the luminescence per cell mass was greatest at the phosphate
concentration used by Farghaly (1950) and at 1-2% NaCl
(Fig. 3). Other components of Farghaly medium such as
peptone, yeast extract were all required except for
(l'th)2HP|EJLl which was not required by both strains and

therefore removed.
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Phosphorylase Assay of Cyclic-AMP

Phosphorylase was extracted from a liver of a freshly
sacrificed rat. The standard curves of all assays run in
this study had a standard error in the range 0.575 to
0.063 b c-AMP and a correlation coefficient in the range
0.775 to 0,997 using linear regression analysis (Table 2).
Tt is concluded from this analysis that the degree of
association between the concentration of c-AMP and the
absorbance due to inorganic phosphate is high. Excluding
the two lowest correlation coefficients (experiment 2 and
7) the assay had correlation coefficients above 0.9, thus
experimental error was probably below * 10% of the assay
values. The phosphorylase assay (Rall and Sutherland,
1957) was chosen for its low limit of detection of c-AMP
(10‘714). But a disadvantage of this assay is that c-AMP
does not directly activate phosphorylase. Rather, it
activates phosphorylase-b—kinase—ldnase , which in turn
activates phosphorylase b. Hence the relative activity
of any one of these enzymes would effect the assay of
c-AMP and yield standard curves with variable slopes from
assay to assay. However the variation of correlation

coefficient is due to experimental error.
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Table 2

Linear Regression Analysis of Phosphorylase
Assay of Cyclic-AMP

Slope of the
Experiment RB%;; :5::;& f{‘igzgi).:n S?;d:x:dmgror Goeffgzgi 1:1 tion
1 95.238 0.577 0.990
2 3L.189 0.575 0.865
3 29.594 0.380 0.909
L 3L.625 0.176 0.981
5 10.219 0.215 0.971
6 5.606 0.172 0.982
7 Lh.22h 0.576 0.775
8 28.9L7 0.193 0.977
9 51.130 0.257 0.959
10 18.230 0,340 0.92
11 43.233 0.068 0.997
12 29.676 0.131 0.987
13 39.809 0,063 0.997
il U45. b5k 0.275 0.953

#* For the equation: y = a + bx where y = u moles c-AMP,
% = Absortmnce at 660 nm (A660), a = y intercept
and b is the slope.
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Assay of Endogenous Cyclic-AMP

The mucleotide extract of B. harveyi, strain G. I.
grown at 25°C with shaking, and that of P. fischeri WSU
grown at 15°C with shaking, were obtained from cells at the
Wautoinduction® phase. When the extracts were tested for
c-AMP by the phosphorylase assay the results in Table 3
were obtained.

The extracts were scanned on Beckman DB-G Spectropho-
tometer to determmine their ultraviolet spectrum. All the

extracts showed only one peak at 260 nm (Fig. 4). The A280

ratios in Table 3 indicate that the extracts of the strains
in Table 3 contained virtually no proteins and contained
almost the same content of nucleotides. Therefore this
extraction procedure (Dhople and Hanks, 1973) was used to
detect and quantify c-AMP from cells at various parts of
the growth curve (see below). The percent of ATP released
from B. cold by using this procedure was 100% (Dhople and
Hanks, 1973) and it is assumed that c-AMP was also quanti-

tatively recovered by this procedure.



Table 3

The Concentration of Cyclic-AMP in Different Strains

n moles of c-AMP/mg of

Strain cell-dry weight by A260 mm A280/A260
phosphorylase assay
_B_o m 0-589 :_ 0.1 0-2l.l.1 0.’.&61
S8train G.I. 0.901 + 0.1 0.217 0.50
0.937 0. 465

P, fischeri WSU 1.60 *+ 0.1
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Figure L. Ultraviolet spectrum of the nucleotide extract
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Kinetics of the Adenyl Cyclase Assay

Adenyl cyclase transforms ATP stoichiometrically
to c-AMP and pyrophosphate. If the total amount of enzyme in
this system is constant, the rate of product formation would
be an explicit function of time; the product should increase
linearly with time.

The cell extracts of B. harveyi and P. fischeri
WSU when tested for adenyl cyclase manifested a constant
rate of product formation (Fig. L and 5), and the specific
activities of both strains were very close. Thus, the range
of protein in Table L (20-52 Pg/ml) used in the assays provided
a linear response.

The concentration of endogenous c-AMP and the
activity of adenyl cyclase were measured at different phases
of growth of B. harveyi and P. fischeri WSU. The results
{n Table 5 show a significant increase in the activity of
adenyl cyclase and the concentration of c-AMP during the

autoinduction phase.
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Table L

The Specific Activity of Adenyl Cyclase in B. harveyi

and P, fischeri WSU, and the Correlation
Coefficient of the Kinetics Assay

Specific Activity ug of Correlation Standard Error
Strain n moles/min/mg Protein/ml Coefficient (n moles c-AMP)
B. harveyi 125 20 0.937 18
2.5

P, fischeri WSU Lyl 2 52 0.998
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it can be concluded that the concentration of c-AMP is
somehow related to the quantity of light emmitted per cell
mass. Although the two strains were grown under different
physiological conditions, both were in the auteoinduction.
This light emmission under these conditions is due to the
amount of active luciferase in the cells (Nealson et al.,
1970; Makemson, 1973). Since in these conditions the cells
are actively synthesizing luciferase, c-AMP may be involved
in the control of the synthesis of luciferase. This

agrees with the role of c-AMP in the synthesis of inducible
enzymes (Perlman and Pastan, 1968). Furthermore, it was
shown by Nealson et al. (1972) that the catabolite repression
effect involves a decrease in the rate of the luciferase
synthesis and c-AMP partially restors the level of luci-
ferase.

The activity of adenyl cyclase in vitro just after
inoculation into fresh medium was higher than that during
the inhibition phase of luciferase synthesis. Since the
inoculum used were cells from the autoinduction phase of
the growth curve, this magy be due to the absence of an
activator or the presence of an inhibitor in the cells
regulating the amount or activity of adenyl cyclase.

Eberhard (1972) has shown that luciferase is an inducible
enzyme system and the cells during autoinduction produce
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an activator which seems to induce the synthesis (transcription)
of luciferase. And the fresh medium contains inhibitor(s)

of luciferase synthesis (Nealson et. al., 1970) that may

effect catabolite repression (Makemson, 1973).

The concentration of endogenous c-AMF at early
phase of both strains was almost equal to that at the inhi-
bition phase. This result might be due to higher rate of
release of c=AMP from the cells just after inoculation inte
the medium eventhough they contain a relatively high level
of adenyl cyclase. Makman and Sutherland (1965) showed
that glucose in the medium facilitates the exit of c-AMP
from E. coli. The excretion of c-AMP from the strains
presently studied may be facilitated by some components
which are more abundant in the medium during the early
phase resulting in a low intracellular concentration of
c-AMP. These components which facilitate c-AMP excretion
may be removed from the medium before autoinduction.

During the inhibition phase of both strains the
concentration of endogenous c-AMP and the activity of
adenyl cyclase in vitro were low. It is possible that
the synthesis of luciferase only occurs at a thereshold
concentration of c-AMP. This hypothesis is in agreement

with Buettner et, al., (1973) who observed that the
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the addition of glucose to E. coli medium reduced the intra-
cellular concentration of c-AMP below a threshold level and
thereby inhibited the synthesis of B-galactosidase.

During autoinduction the concentration of c-AMP
as well as the activity of adenyl cyclase increases. During
this phase the inhibitory substances in the complex media
have been removed by the growing cells (Nealson et al.,
1970 and Makemson, 1973) and the cells produce an activa-
tor (Eberhard, 1972). Therefore, in the presence of the
activator and the absence of inhibitor(s), the intracellu-
lar activity of luciferase dramatically increases. Also
the activity of adenyl cyclase increases, perhaps due to
relief of the same inhibitors; inhibitors that are charac-
teristic of catabolite repression. It has been shown by
Nealson et.al., (1970) that the luciferase gene is inactive
during the inhibditory phase, and it is induced during
autoinduction. Induction may be in part attributed to
the high level of c¢-AMP produced by adenyl cyclase after
the removal of the inhibitors by the cells and to-the
presence of activator. The relationship between activator
and c-AMP-adenyl cyclase is not understood. Does relief
of catabolite repression increase the activity of adenyl

cyclase, and thereby result in activator synthesis induced
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by c-AMP? Or, does activator induce the synthesis of or
activate adenyl cyclase? It seems logical to assume that
c-AMP is required for luciferase synthesis, but its exact

relationship to activator awaits elucidation.



B. harveyi and P. fischeri (ATCC 77LL) used in the
present work showed differences in the medium NaCl and
phosphate concentrations that support optimal growth and
luminescence.

The concentration of endogenous c-AMP in B. harveyi
and P, fischerli WSU has been determined by the phosphorylase
assay. The activity of adenyl cyclase in vitro and the
concentration of endogenous c-AMP were measured at difference
phases of growth. The following conclusions were reached
from the results:

1. The activity of adenyl cyclase is highest during
the autoinduction phase, probably due to the
absence of catabolite repression.

2. Association of high concentration of c-AMP
with the synthesis of luciferase during the
autoinduction phase may suggest an involve-

ment of c=-AMP in the synthesis of luciferase.

w3 =
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