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. - . ABSTRACT

) : Myxococcus xanthus vegetative cells contained sigq&ficant A
amounts of'nuqleotide cyclase activities and cyclic nucleo-
tide binding proteins. The guanylaté cyckase activity was

distributed between the 100,000g ,supefnatant and pellet

.\% fractions, required divalent cation ‘ and exhibited an appa-

-~

rent Km of 1.0mM.

) o ‘ Adenylate cyclase activity was detected both in the
. . » .
. 100,000g sypernatant -and pellet. The supernatant enzyme had
. " an apbarent K of 220uM-wit}h a Hill coefficient of 1.9,
whereas that of pellet fracdgbn had an apparent, Kgp of 72uM
and a Hilecbefficient of 1.0. The eﬁzymes differed in
their pH optima and divalent cation reguirements. , ‘
Three bindipg activitiés, one spécific for guano-
sine 3‘,5'—’monophos§£ate (cGMP) and two épecif%c for adeno-
* ‘ sine 3'15'—£%onophosphate (EAMP) have been partially puri-
fied. . The c}c%ic GMP binding activity exhibited high
specificity and affinity towards cGMP with a Kp of 42nM.®
Scatchard analysis of the data indicated a single class of
bHinding sites.
"The two cAMP bindiné activities were- physically dis-
tinct as indicated by their ce&lular locations and dissocia- %

tion constants.” The cytoplasmic binding protein exhibited a
-

v

. : : . . : . S~
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Kp of 57nM whereas that of the peripiaSm had a lower affini- -

) ‘ty with a KD of luM.
‘ During development, the nucleotide cyclases and cyclic
- . ~ nucleotide binding proteins exhibited changes in activities
) " that are consistent with the préq}ous proposal for the in-
‘ - ' .
volvement of cyclic nucleotides in development (McCurdy, Ho
p S . .
- - . and Dobson, 1978).
) ' -
P
y) J
) )
) \\/\.
- - -~
)
.\- ke Ed
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Chapter I/

INTRODUCTION

’

Myxococcus xanthus is a;Gram—nggative bacterium that poss-

esses a complex life cycle (ﬁcCurdy, 1974). When ndﬁrients'
are depleted in a solid medium, cells‘glide towards aggrega-
tion centers forming hemispherical moundsA called FFfuiting
bodies' within which the rod shaped cells convert to ovoid,
environmentally resistant microcysts. M. xanthus is there-
fore regarded as-an attractive prokaryotic system fb; the

study of morphogenesis and cellular differentiation.
. \
The developmental cycle of M. xanthus shows several re-

markable similarities to that of cellular‘slime mold, - Bict-

‘

yostelium discoideum (Newéll, 1977). When,deprivéd of a

food source the initially free-living D. discoideum amoebae

differentiate into aggregation-competent cells that chemo-

tactically respond to pulses of cAMP to form a multicellular

fruiting body (Konijn, et al. 1967). cAMP phosphodiesterases
(Toorchen, et al. 1976) play a significant role in the cel-
lular response presumébly by modulating the conéentration of
cAMP to maintain it within the sensitive range.

‘During the onset qf aggregation competence, D. discoi-
deum synthesises a carbohydrate binding protein (discoidin)

at the cell surface which is presumed to play a role in cell

to cell adhesion during aggregation (Barondes, 1978).

4

- ] -
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‘The finding of a similar Bevelopment—specifié lectin

L ]
[Myxobacterial hemagglutinin (MBHA)) in M. xanthus (Cumsky

v . . 4
-, and Zusman, 1%79) suggested that the similarities between D.

-

discoideum and M.  ¥anthus w

gre not merely superficial but

reflected—simitar morphogenetic mechanisms. Hence the scarch
for other mechanistic similarities was e%couraged.

A number of workers -examined . the possibility that cAMP

played a role in M. " xanthus. First, it was observed: that

CAMP and ADP stimulated fruiting 'in M. xanthus (Campos and
Zusman, I§75). Subseqqently,'Parish, eﬁlal. (1976) and Yajko
and Zuéman.(1978) demonstratea the presence of CAMP ih_ﬂ:
xanthus and Zusman (1978) reported CAMP phosphodigsteras%

.

activity in cell free extracts.

3

In D. discoideum exogenous phosphodiesteraée hastened

7 . . 4
aggregation (Alacantra and Brazil, 1976) and cAMP suppressed
the'PD effect (Wier, 1977). 1In M. xanthis, however, it was

found that CGMP rather than cAMP delayed the appearance

-and depressed the number of fruiting bodies, hence suggest-

ing that cGMP not cAMP functioned as the fruiting chemocatt-
ractant in M. xanthus (McCu;dy, et al., 1978).

These observations contributed to the proposal of a mo-=
ééi for the roles of cyclig nucleotides dqriné development
in M: xanthus. This model incorporated the suggestionuof
Yajko and Zusman (1978) that cAMP functians as derepressor
of development specific operons and.proposed fﬁfthér that

cGMP functions as a aggregation chemoattractant (McCurdy, et

al. 1978). 3

7
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Consistent with this propqsal it wag .su'bsequen'tly
reported that cAMP concentration peéked imm$diaﬁely,cﬁfter
induction, that cGMP peaked \;nﬁ%acellulafly between 18-28h
and that the latter. also exhibited an extracellular peak
corresponding to aéé;egation. Further it was found tﬁat
cyclic nucleotide PD activi}ies were maximal at the time of
maximal aggregation (Ho and McCutd§, 1980). It was also éon4
fi;med that cGMP is indeed a chemoattractant for.ﬂ. xénthus
under nutrémt deprived (i.e. fruiting) conditions. (Ho and
McCurdy, 1979). . | '

During developmént.;n D. discoideum adenylate cyclase
(Klein, 1976), guanylate cyclase (Mato and Konijn, 1977) and
cAMP surface receptors (Malchow and Gerisch, 1974) exhibit
changes in activity that reflect critical roles in develop-
ment. In the following we report ﬁhe results of an examina-
tion of nucleotide cyclases and eyélic nucleqtide'binding
- proteins iﬂaﬂ. ' xanthus which suggest that they may play a

similar critica}‘role in the development of this prokaryote.

Ly .
-y
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) ' . Chapter II
| MATERIALS AND METHODS
SOrganism and growth conditions
Myxococcus xén&hgﬁ strain M300 ( McCurdy, et al. 1978)
) i was used for “all experiments. -
Working cultures were cultiyated on SP agar plates
) _ (McCurdy, 1963) or in 30 mls of 1liguid SP in 125 ml screw
cap flasks with shaking at 30°C in the dark. Stock cultures
. were maintained either on SP slants at 18°* for weekly trans-
J N feré or frozen at -70C.
) Studies on fruiting body formation
Fruiﬁing medium, FM {(McCurdy, et al. 1978) contdined
‘ the followiﬁg‘ per litre of distilled wafer: KoHPO,,1.4g;
B KH PO, , 0.35g; Casitone (Difco, Detroit, 'Mich), 0.4g;
_ ' MgSQ, . 7TH 70, 1.0g; agar, 1l5g; pH';.3. Three milliliter quan-—
) ' tities of autoclaved FM were aéepti;ally dispensed onto Sd'x
) . 9mm petfi dishes (Falcon, Oxnard, CA., Type 1006). After
) the agar plates had solidified, ‘ the condensate was allowed

to dry for 3 to 6h with covers partially open.

) FM plates were each spot-inoculated with 7 x 10° cells
and, after brief drying, 1incubated at 58°C. After various
time intervals a number of replicate plates' Qeré harvested

! ' by scraping the cells from the agar surfaces and resuspend-

r

L

« - 4 -
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ing them in a buffer containing 0.05M Tris-hydrochloride, pH

Y. . © 7.5; 0.01M Mgtt and 3m mercaptoethanol. .

Protein Determinations

The method of Lowry, et al. (1951) was used for protein

estimations: Bovine serum albumin was used as standard.

-~

8

-

v o

- . . . b
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Biochemicals

| The following compounds were obtained from Sigma chemi-
cal Co., [St,. Louis, MO): Adenosine S'—%riphosphate, sodium
salt (ATP); Guanosiné S'—triphogphaﬁe, lithium'églkA(GTP);
Adenosine 3',5'—monophosphate (cAMP); Guanosine 3',5f— mono-
phosphate (cGMP); Adenosine monophosphate {AMP); Gua;osine
monophosphate (GMP); luMethyl—3—isobutyl xanthine (IBMX); 2-
Mercaptoethanol; Pheﬁylmetﬁanesulfony; fluoride - (PMSF) ;
Sodium azide; Creatine kinase; Phosphocreétine; Tris (hydroxy
methyl) amino methane; HEPES; Maleic acid and Glycine. -The
cAMP and cGMP radioimmune assay (RIA) kits were’obtained
from New England Nuclear Corp., [Lachine, Quebec].

(8—3H) Guanosine 3',5'—monophosphate (18ci/mmol) and
(8—3H) ~Adenosine 3',5'—monophosphate (20ci/mmoi) were ob~-
tained from Amersham Corp., Oakville, 4 Ontario)l. The DEAE
cellulose, CM cellulose and Sephadex G-200 were products of
Whatman Corp., [Clifton, New Jersey]. Millipore filters were
from.Millipore Co., [Bedford, Mass.].

For liguid scintillation counting, the filmware plastic
bags (20 ml) were obtained from Nalge Co., [Rochester, New
York). Triton X-100 was obtained from Rohm and Haas Co., [Wes%
Hill, Ontario]. 2,5-0xazole (PPO) and 1,4-2(5-phenyl
\oxozolyl) benzene toluene was obtained from Fisher Chemical

Co., [Don Mills, Ontario]..

-/

IS

7

F\’Ieproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o( - . a

Enzyme precparation

Toluene treatment of cells was done according to Har-

‘wood and Peterkofsky. (1975). Ten Pls of toluene were added

to 1 ml of cell suspeﬁ;TBn containing approximately 0.5 mg/

ml protein, and incubated at 30°C for 10 minutes.

For preparation ¢f crude homogenate and preliminary

-fractionaﬁion, cells were suspended 1in homogenizing buffer

consisting of 50mM Tris-hydrochloride, pH 7.5; 10mM Mnpnso
3mM mercaptoethanolland 20% v/v glycerol. The cells were
broken by two, twentj second bu;sts of sonication with a
Bronwill Biosonik (Bronwill Scientific, Rochester, New
York), set at full power. Fhe cell free éxtract obtained
after low speed centrifugation (7000 g) was centrifuged ag
100,000 g for 90 min at 4°C. The cleaf supernatant was re-
moved and the\}ﬁﬁlowing procedure was undertaken to wash the
thin pellet adhering ﬁoAthe innexr wall of the centrifuge

tube. Tﬁe tuEe was\inverted to drain off all the remaining
supernatant and the sides of the ipverted tube including the
surface of the pellet were washed.guickly with the homogen-
izing buffer. After removing the buffer completely the pel-
let was suspended in homogenizirg buffer to a'final volume
equivalent to original volume of\é mls. This wash procedure
was employed mainly to minimize the loss of enzymé activity

that occurs even at 4°C.

Enzyme Assays

Adenylate cyclase: The enzyme assay was essentially by

the method of Terasaki, et al. (1979). The 100 rl recaction

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

47



8
mixtufe contained 50 mM- Tris—hydrochloride, pH 7.5; 2mM
Mnso
azide; 3mM 1-Methyl-3-isobutyl xanthine (IBMX is: a cyclic

nucleotide phosphodiesterase inhibitor in Myxococcus xanthus,

Ho ;;H McCurdy,l9éO)-2mM Mercéptoethanoel and 0.1mM ATP. The
reactlon was carried out at 300C for 10 min and then stopped

by addlng 85 pl of 0.2M acetic acid at 4 C followed by boil-

‘1ng for 3 minutes. After cooling 15 ;yl of 0.8 N NaOH were

added to neutralize the reaction mixture and cAMP determina-

tions were made by using the radioimmune assay of Qéteiner;

et al. (1972). The data analysis was made using the com-

. puter program of Brooker, et al. 1979.

u
Guanylate Cyclase Assay

The enzyme assay was essentially by the method 6f Gar-
bers and Murad (1979). The reaction miituré was same as
above except that ‘1mM\STP was used as substrate and again
the determinations were made using the fadioimmune assay of
Steiner, et al. (1978) and the data analysis using a compu-
ter program of Brooker, et al. 1979.

In the assays of both adenylate and'guanylate‘ c&clases
Tris-HC1, Tris—maleate, Glycine~Na0OH and HEPES buffers were
used for pH optimum determinations. The enzyme act1v1ty was
linear with respect to protein concentration (up to

3-33Pg/p1)and time (up to 30 min) in the assay.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Preparation of Periplasmic Shock Fluid

) +Osmotic shock was carried out by the method of of Nos-

~

sal and Heppél (1966), as modified by Burchard (1974) for

use in Myxococcus xanthus. The techriigue is operatiocnally

considered to release the fluids Jlocated in the periplasmic
space although it cannot be precluded that small amounts of
other prote%ns (i.e. some located in the outer membrane) are
) released. We shall use the term 'Periplasmic proteﬁn' based
ﬁpon the operational definition in commdn use. In any case
s * S~
) it is the peripheral location that was of importance here.
) " Vegetative cells wére collected by centrifugation at
7,000 é for 10 min at 4°C and washed once with T buffer
(lOmM‘Tris HC1l, pH 7.5). The washed cells were collected by
centrifqgation and resuspendéd in 40 volumes of T buffer.

" After gentle mixing of the cell suspensién for 20 min, an
equal voclume of 40% gucrose in T buffer was added with stir-
ring and cells were incubated for 10 min wi£h gentle shak-
ing. The bacteria were collected by centrifugation and then
shocked with 80 volumes of cold deidnized water containing

;- 0.5mM MgCl,, at 0°C.  The Eells were pelleted by centrifu~
gation and the pellet was saved. The shock fluids were
routinely concentrated 20 fold by lyophilization. EDTA was

) : omitted from the shock procedure as it induced lysis in M.
xanthus. More than 90% of the shocked célls were viable as
determined by ;iable counts on SP agar.

The post-shocked pellet was susbended in Tl buffer

(T buffer containing 5mM MgClgz and 3mM mercaptoethanocl) and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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broken by ‘2, 15 second ﬁursts of so;ication with a Brownhiii
Biosonik (bropwill cientific, Rthestér, New York) sét‘gt
o full power. 'The cel} frece extract was obtained after low‘
speed centrifugation (7000 g for 10 min). Thé supernatant
fraction was dialyzed overnight against 100 volumes of T1

buffer.
Binding Assay

The assay of cyclic nucleotide binding proteins was
a modification of the procedure'qucribed by Gilman (1970).

The 250 ul recaction mixture conpaiged 10mM Tris-HC1,
pH 7.5; SmM MgCl,; 3mM Mercaptoethanol§i3mM 1~Methyl—3—isobﬁ—
tyl xanthine (1BMX); imM Phenyl methane sulfonyl flucoride
(PMSF, a protease inhibitor); 20 nM tritiated qyc?ié:
nucléotide (10,000 cpm / pmole) and 200. to 800 ug of cell.
prqtein. The cytoplasmic cAMP binding assay contained
the same reaction mixture except that 200 nM tritiated
cyclic nucleotide (10,000 cpm/pmole) was used.

The recaction mixture was incubated £f6r 10 min at 0©C
and the assay was terminated by passing the mixture over a
membrane%-filter ﬂMillipofe EQrp. Type HAWMP, 0.45uM poré
size) and washing immediately with 3 ml of ice cold Tl
buffer. The filter was dried undef'a heat lamp and counted

.in a scintillation counter (Beckman, 'LSC Model 3150P).

Controls containing high concentrations of non - ra-
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dioactive byclic nugleotides were run in paral]el _with b)nd—
ing assays. DeLe1m1nat10ns.contalnlng boiled proteins were
equivé}gnt to controls containing high concentratiohs‘ of
nqn—}édioactive cyclic Hbcieotides.

Pur1f1cat10n pLocedure T A
~N . ' The purif%catjon bfocedufé was e;sentiélly that of Wil-
lis, et al. (1974). The shock fluig concentrated by lyophi-
lizatiqn wds passed through a 1Sephade{ G-200 co]uﬁn'equili—
brated with T buffer. A single broad pfotein pcak was
obtained. The fractions with binding activity were pooled
and the pH adjuéted to 4.5 with 7.5% acetic acid. The pre-
cipitate waé scparated by cenﬁrifugation and the supernatant
was -loaded onto a high f‘ow-rate'CM cellu]ose column El ml
resin bed volume, 6-8 mg of proteln to be fractlonated, co- ¢
lumn height:diameter 3: 1) equ111brated with CM buffer (10mM
sodium acetate, pH 4.5). The column was wéshed with 3-5 vo-
lumes of CM buffer followed by elution with 3.5 volumes of
0.3M NaCl in CM buffer. About 20% of the binding activity.
was “absorbed and.subsequently eluted from the the column.
When the effluent was again passed through a column the same
recovery was obtained. Hence it appearéd unlikely that thefe
was selective adsorpton} between more than one binding pro-
teig. The eluted fractions containing all binding activ{ty
were pooled and the pH was adjusted to 7.5 with concentrated
ammonium hydroxide gnd‘ thén‘ dialysed overnight against

T buffer at 4°C. The dialysate was loaded onto a
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DEAE cellulose column (1 ml resin bed volume, 4-6 mg protein
to be fractionated; column height:diameter 12:1) pfeviously

equilibrated with T buffer, The column was washed with 5

" bed volumes of cold buffer and activity was eluted with a

linear gradient of 0-0.4M KC1l in T buffer. The flow-rate

was kept at 8-10 mls/h. The cytoplasmic cAMP binding protein

eluted between 0.1 to 0.15M KC1l, . whereas the cAMP binding ~

‘protein from shock fluid eluted between 0.17 to .23M KC1.

The c¢GMP binding protein eluted between 0.15 to 0.17M KC1.
All active fractions were pooled for activity and dialysed

overnight against T buffer.
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) ' : Chapter III

RESULTS

) PART 1: STUDIES ON ADENYLATE- AND GUANYLATE TYCLASE

+ACTIVITIES
) Enzyme Activities During Development
When Myxococcus xanthus M300 was induced to fruit by

inoculation onto FM, maximum aggregation occured at approxi- -
mately 40 hours. - Fruiting bodies were clearly delimited at
about 60h and myxospore differeﬁ%}ation was completed bet-
ween 75~85 hours.

! Both adenylate and gﬁanylate cyclase were detected ag
levels of activity:which varied with the time of,develop-
ment. ‘

The level of adenylate cyclase activity in téluenized

vegetative cells wés 2-4 pmole/mg protein/min, but during

“development it exhibited much higher peaks between 10-20h

J ) \ and between 40-50h (Fig. 1). There was also a third smaller'
p bu£ reproducible peak at about 75 hours.

Initial guanylate cyclase activity in toluenized cells

y was about 3-4 pmole/mg protein/min but then rose sharply to

a peak befween'e—zoh, decreased until 40h and then rose

dgain to a less dramatic maximum at about 75h (Fig. 2).

- 13 -

s
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]
Guanylate Cyclase

) Guanylate cyclase activity was detectable in both the
100,0009-superna£ant and pellet (Table l). Both activities
exhibited concave substreﬁe—velocity curves, however, the

. insolqbility of the subst}ate prevented the obtaining of

. .
data from higher concentration which with the usual satura-

tion kiﬁeticslwoule have yielded sigmoidal curve&i‘ éoth the
.) ) supernatant and pellet enzymes exhibited,a Knp ofgﬂlmM and a
Hill coefficient of g.6 (Fig. 5). Accordingly, ﬁt appears
that the sémevenzyme is detected in both fractions and it
) probably exhibits positive cooperativity. Guanylate cyclase

wes dependent on divalent cations: Mn*tt was more effective
than Mg*t or Ca*, producing optimal activity at 0.15mM
whereas the céncentration of Mg*+ for optimal activity was
1.5mM (Fig. 4). The enzyme exhibited a sharp pH optimum at
pH 7.0. It was stimulated by cAMP and pyruvate, but neither
ATP (Macchia, et al. 1975) nor ‘fluoride ion (Mac-
chia, et al. 198l; Sun, et al. 1954) had any effect (Table
2).

Adenylate Cyclase

Adenylate cyclase activity was located in both the
100,000g supefnatant,(soluble enzyme ) and pellet (particu-
late enzyme} ({(Table 1l). The epparent Kp for the latter was
72uM and the Hill coefficient, N=1l. The supernatant enzyme
had an apparent K; of 220uM and a Hill coefficient of N=1.9
which may indicate positive cooperativity towards the sub-

strate (Fig. 5).
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Tﬁg supernatant epzyme'eihibited a sharp pH optimum at

pH 825;wherea§ the ﬁellbt enzyme had maximal }a;tivity bet~
ween pH 7.5 to 9.0. Both enzymes reguired Mﬁ?’ko; Ag4+ with
Mni+ being more effective than Mgt (Table 3). cat hag no
effect on either the soluble or particulate enzyme.

Soluble enzyméijés stimulated by py{Lvate, NaF and GTP
while»that of the pa;ticulate enzyme was not ‘(Table 3),.

To determine if mheiactivity peaké seen during develop
ment reflected one or both énzymes,‘ chénges in soluble and
particulate enzyme activities were separately examined dur-
ing development. It was observed that soluble activity ex-
hibited two peaks, one around 8h and another at approximate-—-

4

ly 75h (Fig. 6). Pellet enzyme activity was initially high

in the vegetative cells, declined and then rose to a peak

around 40h (Fig. 7). Hence, while the specific activities
determined using toluenized developiﬁg cells aretﬁ;t the re-
sult of the combined specific activities of -pellet and su-—-
pernatant enzymes (the two enzymes perhaps, being diffe;en—
tially extracted), the results do seem consistent with the

assumption that the 8h and 75h péaks observed are attributa-

ble to supernatant enzyme while the 40h peak. is attributable

to the pellet enzyme.

. | )
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» ‘ Figure 1: Cellular adenylate cyclase activity in
toluenized Myxococcus xanthus, duri
éevelopment. The enzyme was assayeé as
described under 'Materials and Methods'.
Specific activity is expressed as pmole cAMP/

) v mg protein/min and plotted as the mean with
bafs'showing Higﬁest and lowest values .
’ C detected. Each point represents an average of

5-6 separate determinations.
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Figure 2:‘ Guanylate cyclaée'activity,in toluenized
! Mvxococcus xanthus. The enzyme- was assa&ed as
¢ described under 'Materials and Methods'. The
' specific actiQity was expressed as,pmole
. ‘CEMP/mg prbtein/min and plotted as -a mean with ‘

) . : bars showing highest and lowest detected

) values. Each poinikrépreseng; an average of 5-6
) . u . separate determinations. , )

| . h

¥ ) . . ) =
= g . a i
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. ' _ . :
Figure 3: Substrate-velocity plot of guanylate cyclase

. activity The enzyme was assayed in the 100,000g
) soluble {0) and particulate (e) fractions of M.

xanthus. Substrate concéntration was varied

) -
from 102 M to 10 6M. Inset, Hill plot of.
guanylate éyc]ase activity obtained using
100,000g soluble (o) and partichlate (o)

) o
fractions at various concentrations of GTP from

N ) _ . —‘6
) 10 2M to 10 M.
4
-

} “ -

] ‘

)

)
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Figure 4: Effect of Mgtt and Mn*tt on guanylate cyclase
activity. The reaction was carried out at 30°C
under standard conditions, using'toluene—
treated cells, except that indicaéed
concentrationé (0-15mM) of MnSO,; (e) or

) . Mgclz (o) were used.

N
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Figure 5: Substrate-velocity plot of adenylate cyclase

activit&, The enzyme was assayed in the
100,000g soluble (o) and particulate (1)-
fractions from the vegetative cells of M.
xanthus. Substrate concentrations were varied

2 6

from 0.5 X 107°M to 0.6 X 10 M. Inset; Hill

plot of adenylate cyclase activity obtained

using 100,000 g soluble (0) and particulate (A)

fractions at various concentrations of ATP from -

0.5 X110 2M to 0.6 X 1076 M.
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Figure 6: Adenylate cyclase activity in 100,000g soluble

, - fraction of Myxococcus xanthus during
) h : development. The enzyme assays were carried

out as described under 'Materials and Methods'.

b} ‘
The enzyme activity is expressed as pmol cAMP/
mg protein/min, and of two separate
determinations.
)
) o
)
) .
) )
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Figure 7: Adenylate cyclase activity in 100, 000g

) .
particula;e fraction of Myxogoccus xanthus

) during development. The assay was carried out
as described under 'Materials and Methods.' The
enzyme activity is expressed as pmol CcAMP/mg

j protein/min and of two separate determinations.

) \

).
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TABLE 1 ya

Cyclase activities in the 100,000g supernatant and pellet. %

) fractions . %
i
) .
Specific’ activity Total activity

) pmol/mg protein/min pmol

Adenylate cyclase ‘

supernatant fraction 1.81 4,52
) pellet fraction 12.1 " 18.15
) Guanylate cgyclase ,

supernatant fraction- 3.3 . 8.25 _

pellet fraction 4.3 6,73
) 8
) f
’ y |

5
N 7 ' - !
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a . TABLE 2
3 o .
L ) . . i -~
The effect of pyruvate, GTP, NaF and cAMP on guanylate
Y , ' ' cyclase actiyity
: Addition Concentration Guanylate -cyclase activity - _ \
o 4 s
). Control 100
' . Pyruvat:e‘ ' 4.5 . & 223
)
<AMP 5 200
‘ -
} NaF 5 99
. - ATP ) 1 ' _ 100
) - e L
\ ‘ ) s
) -
V J ~ -tr“’
w ~
)
~J .
) > ,
! . |
j 2 v ;
1
. A
) ' :{
4 ) -
S e e ‘,_ ! ) - ) \ . . . ’ s ) : f:
Al "_ . i - - N N - .\' ;
. - - - » - N
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‘ . TABLE 3 )
) ‘ . : v 5 .
The effect of pyruvate, ATP. &nd NaF on 'soluble and
)- ) ’ particulate adenylate cyclase activity .
)
Addition Concentration Adenylate cyclase activity
mM ) Supe:{natant Pellet
) ' oy | %
Control ’ " 100 100
B
Mnt+ 1%5° ' 736 | 163
Mg+t 1.5 271 105
- Pyruvate 4.5 \ 270 - _10;3
NaF | 5 562 98
GTP . 0.05 1200 | 101
\
.
«
o~
B IR '

. -
>
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PART I1: STUDIES ON CGMP AND CAMP BINDING PROTEINS

Purification of cAMP and cGMP binding proteins

cAMP and cGMP binding activity present in the crude
shock fluid was partiallf purified as described in 'Materi~
; . als and Methods’. The concentrated 'shock fluid was passed
| througb a Sépﬂadex_G—ZOO &olumn equilibrated with T buffer.
The activity péak'was loaded on to a CM cellulose column. The
small amount (20%) of activity bound was eluted with 0.3M
NaCl in CM buffer. Binding acéivity was further purified by
passing it bver a DEAE cellulose column and elution of:the
) bound activity with a linear s?lt gradient. A peak of cAMP
- binding activity was found to elute. between .17 to .23M KCl
and a cGMP binding activity peak ‘eluted betwéen .15 to .17M

KC1 from DEAE cellulose column.

When the cell free extract froﬁ the post-shocked pellet
was passed through the purification steps'as above, a single'
peak of cAMP binding activity was eluted between .1 to .15M
KC1l from DEAE cellulose column.

The purification data are summarized in table 4. The
recovery of periplasmic cAMP binding protein was 26%.whereas

)’ that of the cGMP binding ~§?6tein was 7%; The purificatién
of cjtoplasmic cAMP binding protein was 5 fold whereas: that
of ;the periplasm was 30 fold. | ‘

Characterization of ¢GMP binding protein

90% of ¢GMP binding activity found in the vegetative

cells was recovered in periplasmic shock fluid (Table 5).

pe
\
\
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The binding was complete within 10 seconds and stable for

up to 30 mins (Fig. 8). No appreciable cGMP hydrolysis

was detected under the‘assay conditions. cGMP binding was
. 7
linear with increasing amounts of protein (Fig. 9). It was

found in competitive binding assays that ﬁhe binding was not
inhibited cAMP, GTP or GMP (Fig. 10). All the binding acti-
vities were corrected ‘for the non-specific .?inding of
labelled cGMP. “The Scatchard analysis of the binding data
for cGMP yielded a straight 1line suggesting the presence of
a singig—\class of binding sites (Fig. 11). The apparent
dissociation constant (KD)-was calculated to be 42nM.

During devélopmeﬁt M. xanthps exhibited two peaks of
cGMP binding activity; a minor but reproducible !peak was
observed at about 18h and a major peak occurred around 40h,
the Eime of maximum aggregation (Fig. 12). Thereafter the
binding decreased to initial levels.

Properties of cAMP binding proteins

cAMP binding was also detected 1in the periplésmic
shock fluid (Table 5). The binding was linear with in-
creasing protein concentrations (Fig. 13) and binding was
complete within 10 seconds at 49%c (Fig. 14). Binding of
1abelléd CAMP was not inhibited by cGMP, ATP or AMP over
the concentration ranées tested (Fig. 15). Scatéhard
analysis of the partially purified periplaémic CAMP binding
protein indicated the presence of only one class of binding
sites with an appgrent dissociation constant (KD) of 1nM

(Fig. 16).
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cAM? binding was also detected in thev post-shocked
pellet (Table 5). Th{; activity had proﬁgities which were
virtually identical to the cytoplasmic cAMP binding activity
reported by Orlowski (1980), i.e. CcGMP, ATP nor AMP had any
effect on cAMP binding'aﬁ SOPM' (Tablé 6) and a Scatchard
plot of cAMP binding activyty was linear with a dissociation
constant - (Kp) of 57nM (Fig. 16). )

During development, cytoplasmic cAMP binding activity
exhibited a peak early in development around 8-18 h and a
subsequent decline to relatively constant levels (Fig. 17).
The periplasmic cAMP binding activity ﬁowever, exhibited a-

peak around 45-55h.
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Figure 8: Cyclic GMP binding as a function of time. The

' binding assay was performed as described in the

i text.. The binding reaction was started by the
addition of concentrated shock fluid to
[3H]cAMP (20nM final concentration) at 46C.

) Each point represents an average of three
separate determinations.
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Figure 9: cGMP binding as a function of protein

’ concéntration. The assay was started by adaing
concentrated shock fluid to reaction mixture.
The vélue on the abscissa represents the amount
of protein in 250}113 reaction mixture.

) '

y-

.
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Figure 10:

40

)

s

Th?*effec£$ of non-radioactive cGMP ( A ).,
cAQ;.(A ), GTP ( @ ) on binding of labelled -
cGMP. The nucleotides were presenf in increasing
concentrations in the presence of 20 nM (3H) cGMP.
The binding assay was performed as described

under 'Materials and Methods'.

]
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Figure 11: - Scatchard plot of [3H]cGMP binding by shock :
fluid. The bindihg assay was performed as A
described in the text, The 250 ul incubation
mixture contained ZDOFg proﬁein and the amount

o of cGMP bound was calculated from the amount

of radioactivity retained by the millipore

filter.
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Figure 12: cGMP binding activity during development of M.

xanthus. The binding aséay was performed as

described in 'Materials and Methods'. ' ‘éi

: Cdncentrated periplasmic shock fluids were
prepared at the times indicated after |

) ' “ inoculation on FM. Bound cGMP is plotted with

the bars showing highest and lowest detected

values in 4-5 separate determinations.
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. I Figure 13: cAMP binding as é function of proteinu

) concentration. , Th;a a'ssay we;; performed as
i ’ described in‘ 'Materials and ‘Methohds', boiled

: protein is used as gontrol. The value on the
) wabscissa represents the amount of protein in
T - ; ' 250|Jls-reaction mixture.
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Figure 14: CcAMP binding as a function of time. Details
) . . .

of the assay are presented in the text. The
binding reaction was Started by addition of
cell free extract to [3H])cGMP (200nM final
concentration) at 4°C.

)

)
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Figure 15: Specificity of cAMP binding activity. The

)
unlabelled cAMP (0), cGMP (®), ATP (A) and AMP
{A) were present at increasing concentrations.
The standard binding assay described in the
text was used.
)
)
. £
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J
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)
]
) 4
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Figure 16: . Scatchard plot of cAMP binding activities.
The assay was performed using periplasmic shock
; ' £luid (4 ) and shock pellet cell-free extract
(o) as described in 'Materials and Methods’ .
The amount of cAMP bound was calculated from the
amount of radioactivity retained by the filter.
- The amount of free cAMP was calculated from the
total amount of cAMP added to the mixture 1ess

) A the amount bound.

o
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Figure 17:

Reproduced with permission of the copyright owner.

cAMP binding activities during development of

M. xanthus. Periplasmic shock fluid (A) and

post-shock pellet cell free extract (D) were
obtained from the same batch of cells
immediately after harvesting. Binding data
represent average of four scparate
determinations,  bars indicate the highest

and the lowest values detected.
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Periplasmic <P
Binding prctein
Shock fluid
(concentrated)
G-200
MM-cellulcse
DEAE—cellulose

Cytoplasmic cAMP

‘Binding protein

Cell free
extract

G~-200
M—cellulose
DEAE-cellulcse

Periplasmic cAMP
Binding protein
Shock fluid
{concentrated)
G~200 '
M—cellulcse
DEAE—cellulose

Lol

56

TABLE 4 v
N g,

Partial purification of binding proteins.

Vol
mls

37

20
10

45

8o =]

37

20
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Total P;:otein Specific Purification Recovery
Units mg/ml Activity . $
pmoles bounfl
mg protein
16.00  0.93 0.46 1 100
11.40  0.60 0.95 - 2.10 7.2
2.43 0.09 2,70 5.86 15.18
1.13 0.07 3.80 8,26 7.06
<4
404.1 , 5.98 1.5 1 100
209.0 3.80 2.2 1.46 51.7
43.44 1.81 3.0 2 10.7
8.4 0.3. 8.0 5.3 2.1
9.6 0.93 0.28 1 100
6.72 0.30 1.12 4.0 70.0
4.96 0.09 5.52 19.7 51.6
2.49 0.06 8.3 29.6 25.9
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TABLE S
The. cellular distribution of binding proteins.
¢
Periplasmic Post-shock Toial*l
- : . | shock fluid pellet

cGMP binding activity -

" (pmole bound) " 0.388 0.042 0.43

cAMP binding activity

(pmole bound) 1.13 ' 2.03 }.4

* The total cyclic nucleotides bound was obtained
from sonicating and subsequently assaying the

sonicated extracts of vegetative cells.
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Specificity of cAMP binding.

)
) Nucleotidg added
None .
- _5‘
cGMP (5 X 10 M)
ATP (5 10"5M)
) _ 5'AMP (5 10’5M)
GTP (5 10'5M)
) -5
GMP (5 X 107 °M)

TABLE 6

~—

100.2

»95

101
98

100.7
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DISCUSSION T A e
The guanylat; cyclase. from vége;a;;ve cells of~Myngocgg§

xanthus ‘has ?any.properties in common with the enzymes pre-
viously reported in prokaryotes: it is,hot sti@uiated by
fl%Pride— an agent known to activate guanylate cyclase of
eukaryotes, it requires Mn*t for activity and é¥gs not -use
ATP as substrate. The K, for GTP of ‘1mM 1s in the range of
values so far reported for guanylate cyclases of prokaryotes
[Q“i\\g 5mM] (Clark and Bevnlohr, 1972, Macchla,let al. 1975
and Sun, et. al. 1974},

Oh the other hand it resemblesithe eukaryotic_enzyme';n
that it seems to exhibit cooperativity towards i£s substrate
(Garbers, et al. 1975; Chrisman, et al. 1975; Craveé,.et

al. 1975). w / .

' g ’ . ’ hd
At least two forms of adenylate cyclase activity can be

ed centrifugation of cell free ex-

separated by high
tracts.
Whiie the terms “soluble’and”particulateﬂ may ' not pre

ivo natu¥e of the enzyme, it is like-

alization.' In Eﬁfs connection

B) are relevant. -

~

/ . . . ) ‘-. .
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Ide exnmined the lysates of 21 bq&gﬁrial specieérfor
adenylate cyclase activity and found. that the bacterial en-
zymes generally fell into two groups: (i) prédominantly sO-
luble in céll lysates and stimulated by pyfuvate and (ii)
primarily membrane-associated, not pyruvate,stimuléted. Si-
milarly we found~that the soluble form of adenylaﬁe cyclase
was stifulated by pyruvate whereas pyruvate had no effect on
pellet activity. The ﬁgluble form of adenylate cyeclase re-
sémbleslﬁhe eukaryotic enzyme in tnat it is stimulated by
GTP aéd NaF (‘Bhat, et al. 1980). ‘

The\séluble ang'particu}atg adenylate cyclase activi-
ties are also disninguishable_ by their kinetic behaviour.
The presence. of two différent adenylate cyclase'activities
exhibiting different.Kms has also been reported for Strepto-

coccus salivarius (Khandelwal and Hamilton, 1979), for which

. it was suggested that the presence of two activities re-

flected their association with different subcellular frac-—
tions.

Adenylate cyclase activity exhibited peaks at critical
periods in development... The first peak occuring around 8h
could be respongible for the peak of CAMP concentrations
previously reported to occur between 0° and 20h (Ho dnd
McCurdy, 1980). The 40h peak while éoincident with agére-
gation does. not correlate with any observed increase of cAMP
concentfations (Yajko " and Zusman, 1978; Ho and McCurdy.

1980). This may be due to high phosphodiesterase activity
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observed at that stage (Ho and McCurdy, 1980). The third

‘peak occured around 75h when microcyst formation within

fruiting bodies is initiated. Previous-studies (McCurdy, et

al. 1978; Yajko and Zusman, 1978} have demonstrated a gharp

peak in cAM% content during early development of glycerol

induced myxospores.

It was hypothesized (McCurdy, et al. 1978) that cAMP is
involved in derepressing differentiation specific operons at

two critical times. First, shortly after.induction of

fruiting body formation; second, on initiation of myXxospore

inducfion, It is consistent with these expectatioﬁs tbat
it is the soluble, apparently allosteric form of adenylate
cyclase which exhibits maxima at tﬁese critical times.

Guanylate cyclase activity exhibited a peak of activity
ty between 0 and 20h, a time which slightly preceeds the in-
tracellular and subsegquent extracellular accumulation , of
éGMP associated with aggregatioh (Ho and McCurdy, 1980).
Similarly the second peak -in the activity corresponds to the
second rise in ¢GMP concentration “occuring late in develop-
ment as reported earlier (Ho and McCurdy, 1980).

If one f%kes into account the phésphodiesterase.activi—
ties, it appears that cyclic nucleotide accumulation is a
reflection of cyclase activities in M. xanthus.

The studies on b£;ding proteigs indicated the presence
of a cGMP specific periplaémic binding protein and tﬁo CAMP

binding proteins distinguishable by their elution patterns

~
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on DEAE’ cellulose, their diﬁsociation constants and their
) | ‘cellular locations. The cytoplasmic cAMP binding protein
has beenﬁidentified with tﬁat previously reported by Orlow-
. ski (1980).

The properties of the binding proteins are consistent
wifh the. premise that'they function as receptors which nmedi-
ate the physiological effects of their ligands. Among these
are their high ‘specificities and affinities, although F?s,*
Periplasmic cAMP binding activity is marginal in this ré-
spect with its Kp of LpM. It is also unlikely that the

} binding activities are identifiable with enzymes attacking

t the ligands. Ligand binding was stable in all‘cases for at

.least 30 mins with no evidence of hydrolysis and was not af-

fected by the corresponding nucleotide monophosphates. PDs
were inhibited in the reaction mixtures but in any case ex-
hibited different patterns during development from those of
the binding proteins (Ho and McCurdy, 1980). The KD of caMP
binding protein (57nM) differed significantly from the Km
for cAMP-PD (24PM' Yajko and Zusman, 1978). It is unlikely

) ' therefore that PD interfered with the assay., .

It would be consistent with a Physiological receptor
function if the location and levels of activity of the bind-
) _ ing proteins corresponded to the site of action of their 1li-

gands as weil‘as changes in their concentration levels.
Accordingly, the periplasmic location of cGMP binding

protein makes it accessible to 1its extracellular and chemo-
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tactic ligand (Ho and McCurdy, 1979). igurthermore, as would

>

be expecfed, it increases in acfivity concomittant with the
increase in extracellular.cGMP concentration which is asso-
ciated with fruiting body aggregation (Ho and McCurdy,
1980).

Similarly the cytoplasmic cAMP binding protein in-
creased conc;mittantly with the increase in intracellular
CAMP ievels observed upon fruiting body induction, an obser-
vation that.supports the premise that it functions with cAMP
in derepression of morphogene;is in a manner analogous to
CAP protein in E.coli (Zubay, et ail. 1970}.

The periplasmic cAQ; binding protein exhibits a peak of
activity at the later stages of development which corres-
panded to a significant increase in éxtracellular concentra-
tions of cAMP (Ho and McCurdy, 1980). Whether sﬁch a corre-
lation is of significance in fruiting body formation is

unknown..

In conclusion, this study was’ based upon the assumption

T4

= that nucleotide cyclases and cyclic nucleotide binding pro-

teins play a role in development of M. xanthus. In general,
our results are consistent with that proposition although
only correlative in nature. What is now required is an exa-
mination of aggregation—defeicient mutants of M. xanthus

M300 to determine whether thé;F‘develobmental defects cor-

respond to deficiencies in the elements of cyclic nucleotide

metabolism which were examined in this dissertation study.
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) .
Should this be found to be the case more detailed examina-
) . tions of the distribution, physicai characteristics and me-
chanisms of action of these activities would be justified.
, . g
-*
-
\
)
b .
J
)
J ?
Y
)
) -
) .
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Activities Jof nucleotide cyclases and cyclic nucleotide

65

‘;“\@&MARY

binding proteins and their behaviour during development were
examined. The cyclases were distributed bétween 100,000g

supernatant and pellet fractions. The adenylate cyclase ac-

tivity of 'the latter differed from that of the soluble frac-—.

tion in its kinetic behaviour. Both the supernatant and the

pellet fractions contained the same guanylate cyclase activ-

a

ity.
.The cyclic nucleotide binding proteins exhibited affin-
ities, specificities and cellular distribution expected of
hysiological receptors. The two cAMP binding prote{ns were
distinct as indicated by their elution patterns from DEAE
cellulose Folumn, cellular location and affinities towards
.CAMP. Only one cGMP binding protein was detected and it was
located in the periplasm.
The activities of nucleotide cyclases and cyclic nu-
cleotide bindings»proteins exhibited changes during develop-
ment that suggest their involvement in morphogenesis in M.

xanthus.
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AMP
ATP
cAMP

) cGMP
CM-cellulose

. CM-buffer

DEAE-cellulose
EDTA
FM
GMP
GTP

HEPES

IBMX
PD
PMSF t

Tris HC1

T buffer

Tl buffer
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ABBREVIATIONS

Adenosine 5'-monophosphate
Adenosine 5'-triphosphate
Adenosine,3{,5‘;monophquhate
Guanosine 3',5'-monophosphate
Cérboxy*methyl cellulose

10mM Sodium écetate, pH 4.5
Diethylaminoethyl cellulose
Ethylenediaminetetraacetic acid
Fruiting medium

Guanosine 5'-monophosphate
Guanosiﬁe 5'—triphdsphate
N'-2-Hydroxyethylpiperazine
N'—2—ethane$ulfonic acid
lfMethyl—B—isobutil xanthine
Phosphodiesterase

Phenyl mehane sulfonyl fluoride
Tris(hydroxymethylbaminomehtane
hydrochloride | |

10mM Tris HCl, pH 7.5

10mM fiis HClL;pH 7.5; SmM MgCl,;
QmM mercaptoethanoi

i
i
H
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