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A b s t r a c t

A n a ly s is  of the  pattern  of express ion  of d e v e lo p m e n ta l ly  

regu la ted  g e n es  in the  esg  m utant background, s u g g e s ts  that E- 

signaling d e p en d e n t  ev en ts  of developm ent occur afte r  3 to 5 hours  

of developm ent. It h a s  b een  predicted that iso-15:0 m ay function a s  

a signal molecule b a se d  on the observation tha t esg  m u tan ts  do n o t  

develop and sy n th e s ize  low levels of iso-15:0. By growing w i ld -  

type and esg m utant cells of M. xanthus with H^-labeled b ran c h ed -  

chain fatty acids we show ed  tha t esg m utant cells  in c o rp o ra te d  

labeled leucine into lipids at no more than 11% of the  w i ld - ty p e  

cells. Levels of iso-15:0 incorporated  into the phospholip ids  of th e  

esg  m utant cells w ere o bserved  to be more than th ree  t im es lo w e r  

than tho se  of w ild-type cells. These  resu lts  confirm ed that th e  

reduced sy n th es is  of iso -15:0 in the esg m u tan t may be 

responsib le  for its deve lopm en ta l defect. If iso -15:0  is a  s ig n a l  

m olecule we predict th a t  its levels would increase  during the e a r ly  

s ta g e s  of developm ent. Analysis of leucine labeled free  fatty ac id  

frac tions  purified from developing wild-type cells  show ed t h a t  

iso-15:0 is not re leased  a s  a  free fatty acid but is a

x v i i



com ponent of a  larger labeled sp e c ie s  w hose  level rem ained  

relatively c o n s ta n t  during the first ten hours of developm ent. 

T hese  labeled lipid sp e c ie s  were biologically active and rescued  

developm ent of an esg  mutant. Iso-15:0 by itself w as a lso

biologically active. W e p ropo se  that fatty ac ids or a  combination o f  

fatty acids and  o ther  lipid com pounds sy n th es ized  during

vegetative  growth in the  esgf-dependent pa thw ay may function a s

signal m olecules during developm ent of M. xanthus. A n u tr i t io n a l  

dependent fatty acid re sp o n se  occurs in M. xanthus. We observed  

that esg  gene  express ion  and BCKAD activity w ere under n u tr i t io n a l  

regulation and w as responsib le  for the  changing fatty acid 

composition of the cell. Esg m utan ts  failed to respond to

nutritional c h an g es . W e conclude that the BCKAD is required for th e  

nutrition d e p en d e n t  fatty acid re sp o n se  in M. xanthus.
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CHAPTER 1

Myxobacteria: The Unicellular Prokaryote 

Exhibiting a Primitive Multicellular Life

Cycle.

1.1 Introduction

Myxobacteria, a group of Gram negative bacteria that have  been

in ex is tence  for over 2 billion years  (46), w ere  first described by Roland

Thaxter in 1892 (85). T hese  bacteria have adopted  a unique multicellular

life cycle. This multicellular behavior h a s  enab led  these  bacteria  to be

very competitive, enabling them  to optimize feeding and minimize the

loss of their hydrolytic enzym es by diffusion.These enzym es a re  u sed  by

the  bacteria  to lyse their prey and  b reak  down m acrom olecu les into

sm alle r  co n su m ab le  com pounds . T he  life cycle of m yxobacteria  is

therefore g eared  towards maintaining a  high cell density at all times.

Myxobacteria have, to a  large extent, been  successfully cultured

in labora to ries  affording sc ien tis ts  the  opportunity to exam in e  the

m ech an ism s of cell interactions an d  cell comm unications in an

organism  that is experimentally convenient and  is am enable  to modern
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biochem ical and genetic  a p p ro a c h e s .  Although a  large num ber of 

m yxobacteria l s p e c ie s  h a v e  b e e n  identified, m ost of our cu rren t 

knowledge of myxobacterial biology has  com e from extensive studies of 

one  sp e c ie s  in particular, M yxococcus xanthus. The life cycle of M. 

xanthus  is typical of m yxobacteria  a n d  co n s is ts  of two alternative 

p h a s e s .  In the p re se n c e  of a d e q u a te  nutrients, the cells en te r  the  

growth p h a se  (vegetative p h a se ) .  W hen the food supply is depleted, 

the  cells adapt by forming multicellular fruiting bodies containing sp o res  

(developmental phase).

1.2 Vegetative Growth Phase

T he  vegetative growth p h a se  of individual M. xanthus cells is 

typical of most bacteria. T he gram  negative rods grow in length and  

divide by binary t r a n s v e r s e  f ission . H ow ever, unlike m ost o th er  

unicellular bacteria, M. xanthus cells display a  rem arkable deg ree  of 

social behavior. This social behavior enab les  the bacteria to forage a s  a  

multicellular swarm of bacteria  referred to a s  a  “microbial wolf pack ” 

(25). Cell motility on solid su rfaces  is essentia l for swarming. This type 

of motility is called gliding. T he  bac te ria  se c re te  a  large am ount of

extracellular polysaccharide material and  it is a ssu m ed  that the bacteria
2



utilize this extracellular material to slide over a  solid surface. Gliding 

motility is assoc ia ted  with individual cells and with m a s se s  of cells 

which move a s  a  cooperative multicellular unit. Characterization of M. 

xanthus mutants th a t  a re  defective in gliding motility su g g e s ts  that 

gliding motility is controlled by two independent motility system s, the A 

and  the S system s. The S (social) system  direc ts  group movement, 

while theA (adventurous) system , controls the m ovem ent of individual 

cells (42). Both sy s te m s  have to be active for efficient motility. For 

example, A^S cells fail to move a s  a  group while A S *  m utants fail to 

dem onstrate  individual cell motility. Mutants defective in both system s 

(AS") a re  nonmotile. The 8 and A system s are  in turn controlled by a 

single locus called the  m gl (mutual function for gliding) locus, since 

motility is abolished in th ese  mutants.

The M. xanthus frizzy m utants have se rved  to define a  se t  of 

g en es  called the frz g e n e s  (94). T hese  genes  control bacterial movement 

by regulating the  f req u e n cy  at which the b a c te r ia  re v e rse  their 

direction of motility. The frz locus comprises seven  g e n e s  nam ed frz A, 

B, CD, E, F, G, and  Z (5) (94). Collectively, th e se  g e n e s  show  striking 

sim ilarities to th e  signal tran sd u c in g  s y s te m s  u s e d  to control

chem otaxis in E. coli (94). It a p p e a rs  logical to a s su m e  that the
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direction of movement in M. xanthus is governed by a chem otactic 

response. After all, chemotaxis has been shown to  play an important 

role in the  feeding behavior of m ost bacteria as well as in the social 

interactions of the multicellular eukaryote Dictyostelium (22) (46).

Recent work in M. xanthus has failed to  dem onstrate chemotaxis 

(42) (102). Dworkin and Eide (24), have proposed th a t myxobacteria do 

not utilize a chemotactic mechanism in their motility. They observed 

tha t M. xanthus failed to respond chemotactically to  moderate gradients 

of a wide variety of defined chemicals. Shi e t  al (96), have disputed this 

finding. Under their experimental conditions, they were able to  show 

tha t a colony of cells moved towards increasing concentrations of 

casitone and yeast extract and moved away from repellents such as 

isoamyl alcohol. They interpreted this behavior as a chem otactic 

response.

M. xanthus contains two surface appendages, pili and fibrils 

tha t play an important role in group motility (23) (47). The fibrils, 

contain equal amounts of protein and carbohydrate (3). They are 

important in cell-cell interactions (23) and supply the cohesive forces 

tha t enable cells to  manifest cohesion, social motility and fruiting body

formation (i). The pili of M. xanthus are polarly located and have been
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shown to play a  role in social motility (21). However, the  precise role of 

the pili rem ains unresolved.

1 .3  Developmental Life Cycle

As vege ta tive  cells perceive nutrient depletion , they initiate a 

p rog ram  of tim ed e v e n ts  involving th e  initiation of developm ent, 

aggregation, the construction of a multicellular fruiting body, and finally 

the conversion of the vegetative rod sh a p e d  cells into oval m yxospores 

within thisfruiting body.

INITIATION;- Limiting concen tra tions  of am ino  ac id s  in a  growth

m edium  elicit the  s ta rva tion  r e s p o n s e  in m an y  m icroorganism s,

including M. xanthus ( 2 6 )  (40) (74). S ince am ino acids are u sed  by

bacteria a s  a  source  of carbon and energy  and for protein synthesis, it is

n e c e s s a r y  th a t  b a c te r ia  b e  a b le  to c o n s e r v e  the ir  in te rna l

c o n c e n tra t io n s  of am ino  ac ids  during s ta rv a tio n  conditions. This

requirement is provided by the stringent respon se  m echanism  which h as

b een  s tud ied  in g rea t  detail in E.coli and  Salmonella. The s tr ingent

re sp o n se  e n ab le s  bacteria  to respond to low concentrations of amino

acids by increasing their intracellular concentra tions of guanosine 3 ’-di-
5



5’(tri)di-phcsphate nucleotides [(p)ppGpp] (103). The (p)ppGpp appears

to couple  rRNA synthesis  and  the rate of cell growth to the capacity

of the  cell for protein syn thesis . Intracellular levels of (p)ppGpp have

been  observed  to increase  significantly during the  first 30 minutes of M.

xanthus development and  then decrease  over a  period of 2 to 4 hours

(73) (103). To determ ine w hether this early increase  in (p)ppGpp levels

se rv e s  to initiate developm ent in M. xanthus, S inger and Kaiser (103)

introduced the relA gene  from E. coli into M. xanthus. The relA gene

w as  e x p re sse d  in a  light dep en d en t fashion using the  light-inducible

prom oter carQRS. The r e !A  g en e  of E. coli c o d e s  for (p)ppGpp

sy n th e ta se  1 which ca ta lyzes  pyrophosphate transfer from ATP to

GTP forming (p)ppGpp (103). The stringent respon se  is usually observed

in vege ta tive  cells growing in an environm ent containing dep le ted

am o u n ts  of amino ac ids . S inger and Kaiser (103), show ed  that an

e leva tion  in the  in tracellu lar concentra tion of [p]ppGpp stimulated

early developmental g en e  expression recorded over the first 4 hours of

developm en t. Although (p)ppGpp is syn thesized  from GTP, observed

levels of GTP rem ained unaltered  during the  period of their study,

s u g g e s t in g  tha t  G TP m ay  not play a  role in th e  initiation of

developm ent. R educed  intracellular concentra tions of GTP have been
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shown to play a  role in the initiation of sporulation in Bacillus subtilis 

(70). Similar reduced levels of intracellular GTP in M. xanthus failed to 

induce developm ent (103) suggesting that it is the increase  in levels of 

(p)ppGpp and  not the  reduced levels of GTP that is the significant 

process  in the initiation of development in M. xanthus .

Singer and Kaiser (103) have proposed a  two level model to help 

explain the  m ost p robab le  m echanism  governing  the  initiation of 

developm ent in M. xanthus. In this model, the (p)ppGpp serves a s  an 

intracellular signal of starvation permitting the individual cell to a s se s s  

its own nutritional s ta tus . This individual re sp o n se  is then  followed by 

the population respon se  controlled by the A-signal amino acids (see  A- 

signal), which accum ulate  in the media one hour after the initiation of 

developm ent and rise to a  steady s ta te  som ew here  betw een 2 to 4 

hours of development.

AGGREGATION At the onse t  of aggregation  cells move in a

fixed direction tow ards aggregation loci. They accum ulate  at these  

loci stacking up one against the other until they reach  a  threshold cell 

density. It is only when this cell density has been  reached  that the cells

can  initiate the  next se q u e n c e  of s te p s  that lead  to fruiting body

7



form ation  and  m yxosporu la tion . U nidirectional m ovem ent to w a rd s  

aggregation  loci Is an  Important feature  of aggregation. Developm ental 

a g g re g a t io n  h a s  a lso  b e e n  o b s e rv e d  In th e  sim ple e u k a ry o te  

Dictyostelium discoideum {46).  In this a m o e b a e ,  the signal cAMP, 

sec re ted  by se lec ted  cells, ac ts  a s  a  long range signal eliciting a 

chem otactic  resp o n se  from the nonproducing cells. The cells receiving 

the cAMP pulse m ove tow ards the  so u rce  of the signal. This behavior 

se rv es  to assem ble  d ispersed  and  often spatially separa te  a m o e b a e  a t a  

particular locus (22) (46) (47). Myxobacterla, on the other hand, a re  not 

d i s p e r s e d  but a re  In c lo se  c o n ta c t  with e a c h  o th er  within the  

multicellular unit. This close proximity of the  cells eliminates the  need  

for a  long range signal. S ince  both M. xanthus and Dictyostelium  

dem o nstra te  unidirectional m ovem ent tow ards aggregation loci. It w as 

thought that cAMP might play a  similar role In M. xanthus. However, 

s tudies have shown that M. xanthus d o e s  not produce cAMP (41) (116).

Cell-cell con tac t Is favored over chem otaxis  a s  the m echanism  

responsib le  for driving M. xanthus cells tow ards aggregation c e n te rs  

(21). It h a s  been  proposed  that a t the  o n se t  of development, h e a d  to 

tall con tac t be tw een  cells of M. xanthus activates C-slgnalIng, which

In turn Induces the  méthylation of th e  F rz  CD protein. The result of
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this méthylation is a  reduction of the  reversal frequency of gliding.

Being unable  to change  directions the  cells form unidirectional trails

moving tow ards aggregation cen te rs .  This theory is supported  by the

work of Shi e t  al (95) who obse rved  that cells stained with tétrazolium

dye had a  lower reversal frequency when developing in large groups a s

com pared  to small groups. They a lso  observed  that the reduced  cellular

reversal frequency w as corre lated  with the  méthylation of FrzCD  [a

m em ber of the  methyl accepting chem otax is  protein (MCP) family]. The

signals that initiate these  changes  remain unknown.

FRUITING BODY FORMATION/MYXOSPORULATION:- Cells a ssem bling  at

aggrega tion  cen ters  have to rea ch  a  threshold cell density  of

be tw een  10® and 10® cells in o rder  to continue developm ent. Cells

will not a g g re g a te  or form fruiting b od ies  in an environm ent with a

concentra tion  less than the critical cell density (101). To en ab le  the

aggregating  cells to monitor their cell density, they se c re te  m olecules

th a t  s e rv e  a s  intercellular s ig n a ls  w h o se  concentra tion  is directly

proportional to cell density . O n e  su c h  signal m olecule h a s  b e en

identified a s  adenosine , a lthough th e re  is no information ab o u t  the

source  of this adenosine  nor abou t its receptors (101). T here  is also

ev idence  tha t the concentrations of am ino acids sec re ted  by the  cells
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a s  part of the  A-signal sys tem  (d iscussed  in the next section) are 

important sen so rs  of cell density.

The m ovem ent of cells a t aggregation cen ters  is not random but 

highly ordered. Using scanning electron micrographs of developing cells 

of M. xanthus, O’Connor and Zusm an (80), dem onstrated that cells within 

ag g re g a te s  move in an orderly spiral fashion. Cells at the  b a s e  of the 

aggrega te  move in spirals that a re  parallel to the substra tum , while the 

cells in the upper  a r e a s  of the ag g rega te  m ove in sp ira ls  that are  

perpendicular to the substra tum . O nce the cells a t  the  aggregation  

cen ters  have reached  their critical cell density, developm ent enters 

its committed stage.

From this point onw ards, the s ta g es  of developm ent a re  under

the control of five m ajor signal sy s tem s  that regula te  the  temporal

ex p re ss io n  of d ev e lopm en ta l  g e n e s  enabling all cells  to undergo

developm ent in a  sy nch ron ous  m an ner  leading to the formation of

multicellular fruiting bodies. Each fruiting body contains a  large num ber

of cells which undergo a  morphological change to form m yxospores.

Conducting th ree  dimensional analysis of fruiting bodies of M. xanthus

using confocal fluorescence microscopy, Sager and Kaiser (92) show ed

that the  fruiting body is divided into two concentric  hem ispherical
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dom ains. The outer domain is m ad e  up of densely packed rod sh aped  

cells that tend  to move in concentric  clockwise and counterclockwise 

s tream s. The inner domain conta ins  the  less  densely packed  non-motile 

spores.

To further charac terize  the  relationship betw een th e  types of 

cells  in both dom ains, S a g e r  a n d  Kaiser (91) s tud ied  th e  spatial 

expression patterns of 80 M. xanthus developmental g e n e  fusions with 

the  E.coli la c Z  gene  within a  maturing fruiting body. Eight of these  

fusions dem onstra ted  express ion  restricted to the inner dom ain. One 

fusion show ed initial patchy exp ress io n  in the outer dom ain coinciding 

with s p o re  p re c u rso rs  th a t  b e c a m e  visible u n d e r  b righ t field 

microscopy. As the fruiting body matured, the expression of the gene 

and the pa tches expanded inwards, eventually filling both the  inner and 

outer domains. From these  observations, S age r  and Kaiser (91) proposed 

th a t  m yxospore  formation o c c u rs  a t  the  periphery a n d  tha t the 

m ovem ent of these  m yxospores into the interior of the fruiting body is 

a  result of their passive transport by the mobile rod sh a p e d  cells that 

have not undergone m orphogenesis.

D ev e lo p m en ta l  a u to ly s is  o ccu rr ing  during th e  s t a g e s  of

aggregation  and early mound formation is responsible for the  fact that
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only 10% to 20%  of the  M. xanthus cells en te ring  deve lop m en t 

com plete  fruiting body formation and eventually convert to m yxospores 

(114) (115). Autolysis is not unique to M. xanthus but a p p e a rs  to be  a  

com m on event in multicellular development. During the  developm ental 

life cycle of Dictyostelium discoideum, approximately on e  third of the 

1 0® cells in a  fruiting body a re  committed to d e a th  via stalk cell 

formation (109). During conditions of nutrient depletion S treptom yces  

initiate the formation of aerial mycelia a s  specialized b ranches  of the 

su b s tra te  mycelium. Cells at the end of som e of th e s e  aerial mycelia 

differentiate into a  chain of spo res .  During the formation of the aerial 

mycelium and  sp o re s  the  sub s tra te  mycelia have b e e n  o b se rv ed  to 

undergo m assive lysis (22). W hether autolysis in M. xanthus is analogous 

to program m ed cell death  (apoptosis) remains an un an sw ered  question. 

T here  are, however, so m e  possible explanations for the  importance of 

developm ental autolysis. For instance, lysed cells could provide the 

m uch  n e e d e d  nu trien ts  to e n su re  that the  su rv ivors  a re  a b le  to 

successfully  complete the  formation of viable m yxospores (97). Protein S 

is a  spore  coat protein synthesized  within the developing cell. T here  is 

no evidence that this protein is a  secretory protein an d  the  question a s

to how this protein re a c h e s  the  outer coat of th e  sp o re  rem ains

12



unresolved. O ne theory is that the lysis of the vegetative cells re leases  

protein S which is then free to self a ssem ble  on the myxospore surface 

of nonlyzed cells (107).

1.4 The signaling systems identified in Myxococcus 

xanthus

Development in M. xanthus is the culmination of a  se r ie s  of 

tem poral even ts  se t  in motion by nutrient depletion. Therefore , in 

o rd e r  th a t  a  population  of s ing le  cells  m ay a c c o m p lish  this 

m orphogenetic  even t synchronously a s  a  multicellular unit, th ese  cells 

have to com m unicate  with each  other via intercellular signals . Five 

signaling mutant c lasses  have been identified in M. xanthus. (18) (38). It 

h a s  b e en  o b se rv ed  that w hen each  of th e se  s igna lm utan ts  is co­

developed  with equal am oun ts  of wild-type cells the developm entally  

deficient m utant cells regain their ability to undergo developm ent. 

This p rocess  is referred to a s  extracellular complementation. If the wild- 

type cells a re  ab le  to re scu e  developm ent in the m utant, this would 

su g g es t  that the wild-type cells supplies the signal m olecules missing

in the mutant, enabling the  mutant to develop. The signaling m utant
13



groups w ere  a lso  observed  to be able to extracellularly com plem ent 

each  o ther indicating that the mutant groups do not belong to the sam e  

c o m p le m e n ta t io n  g ro u p .  T h e  e x t r a c e l l u l a r  com plem entation 

experim ents led to the characterization of five signaling system s known 

a s  the  A-, B-, C-, D-, and E-signaling sy s te m s .  The pattern  of 

developm en ta l g e n e  expression  in e a c h  m u tan t w as also different, 

leading to  the  conclusion  that the m u tan ts  block developm ent at 

slightly different points in the developmental program  (57) [chap ter2 ] . 

T h ese  pa tterns of developmentally regulated g e n e  expression were used 

to position the signaling system s in an ordered developmental program.

A-Signaling System

A -s ig n a lin g  m u ta n ts  fail to d e v e lo p  a n d  e x p re s s  the

developmentally regulated lacZ transcriptional fusions dependent on the

A signal (57). The A signal activity has  been primarily linked to a  mixture

of 6 am ino acids identified in media conditioned by developing wild-

type cells (62) (63) (64) (65). T hese amino acids (tyr, pro, phe, trp, leu,

lie) a re  re leased  into the medium by the action of p ro teases  (82). The A-

signaling system  is said to require the function of the protease and the

amino ac ids  since it has  been dem onstra ted  that development of an A-
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signal deficient m u tan t  is re sc u e d  either by th e  am ino ac ids  or by 

p ro tea se s  (62) (83). T he  p ro te a se s  have A-signal activity b e c a u se  they 

cleave extracellular proteins, releasing the amino acids.

T he  activity of all five signaling s y s te m s  is required  for the 

initiation of the p re-aggrega tion  s ta g e  of developm ent. The observation 

that the developmental program  in A-signaling m utants is arrested  1 

to 2 hours after the  initiation of developm ent (65) (76) and that cells 

re lease  the amino ac ids  1 to 2 hours into dev e lo p m en t (63) su gges ts  

that the A-signaling sys tem  is required for the  initiation of the  early 

events of the p re-aggregation  s ta g e  of developm ent. As the individual 

cells encoun te r  s ta rvation  conditions, they re sp o n d  by re leasing  the 

amino acids. This re le a se  is proportional to  th e  cell density  of the 

aggregating  cells (62). The re leased  amino ac id s  reach  their threshold 

concentra tion  w hen  th e  a g g re g a t in g  cells re a c h  a  cell density  of 

approximately 10® cells (62). At this cell density the  A-signal amino acids 

are at a  concentration that is high enough to induce the  expression of a  

se t of developmental g e n e s  (A-signal dependen t genes) . This results in 

the stimulation of the  population of cells to initiate aggregation . The 

aggrega tion  of a  large  n u m b er  of cells a t  o n e  agg rega tion  cen ter

e n su re s  that a  sufficient num ber of cells will be  available to build a
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fruiting body so that an  adequa te  number of viable sp o res  will germinate 

under nutritionally favorable conditions giving rise to a  high density 

population (45) (62). It is most likely, therefore, that the  A-signal allows 

individual cells to monitor cell density and falls into the  category  of 

quorum  sensing  s igna ls  that were initially described  for the 

lum inescen t bacteria, but tha t have  now been  show n to exist in a 

variety of other organism s (21).

A-signal production is controlled by three genetic  loci referred to

a s  the asgA, asg B, and asgC  loci (64). T hese  loci have been  fairly well

characterized. The asgA gen e  contains two domains, one  of which has

b een  show n to be hom ologous to the transmitter domain of a  histidine

protein kinase, while the other is homologous to the receiver domain of

re sp o n se  regulators (69) (81). The asgS  gene  encodes a  putative DNA-

binding protein with a  helix-turn-helix motif near its C-terminus (82). The

se q u e n c e  of the asgS  locus is very similar to the seg m en t of the major

sigm a factor that recognizes and binds to the -35 region of promoters.

This seq u en ce , however, d o es  not have any seq u en ce  similarity to the

highly conserved  regions of the major sigm a factors tha t interact with

core  RNA polymerase. The AsgB protein is most probably not a  sigma

factor. It is thought to function a s  a  transcription activator (82). The
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asgC  locus e n co d es  the  major sigm a factor of the RNA polym erase 

holoenzyme (15).

The current knowledge gained about the A-signaling system  has  

b e en  sum m arized in term s of a  simple model (21). This model s t a te s  

tha t the starvation signal is transduced  by the action of AsgA, a 

re sp o n se  regulator, and of histidine kinase which functions within a 

phosphore lay  system . The AsgB, a  DNA-binding protein, a c ts  a s  a  

transcrip tion  factor, p e rh a p s  activating the  g en e  coding for the  

extracellular p ro teases , while AsgC functions a s  a major sigm a factor. 

The combined actions of the AsgA, B, and C-coded molecules results in 

the  re lease  of p ro tease  which g enera te  the A-signal amino acids. The 

concentration of the amino acids acts  a s  a  senso r for the detection of 

cell density which is an important prerequisite for normal development.

B- Signaling System

The B-signaling mutant phenotype is the result of a  mutation in a 

single locus called the  bs gA  locus(34)(35)(36). This m utan t fails to 

d e v e lo p  an d  e x p re s s  all th e  deve lo pm en ta lly  re g u la te d  /a c Z  

transcriptional fusions identified by Kroos et al (57). Since the expression

of th ese  fusions occurs from 0 to 24 hours of development, it is very
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likely tha t th e  B-signaling sy s tem  is e s tab lished  a t the  o n se t  of 

developm ent. The bsgA g e n e  h as  b e en  cloned and  s e q u e n c e d  and 

found to be  homologous to the  Ion g e n e s  of E. coli and Bacillus brevis 

(33). The Ion g en e  of E. coli c o d es  for a  90 kD protein called the La 

protein th a t  functions a s  a  p ro tea se . T he  BsgA protein h a s  been  

partially purified and  identified a s  a  90.4  kD protein (33). Due to the 

similarity be tw een  the La protein of E. coli and the BsgA protein, it is 

su g g e s te d  tha t the bsgA g en e  probably codes  for an A T P-dependent 

p ro tease  that is related to the La p ro tease  of E. coli w hose  function is 

to destroy  a  rep re sso r  protein controlling the express ion  of the 

developmental g en es  (33).

C- Signaling System

O nce M. xanthus begins to ag g re g a te  it requires the C-signaling

sy s te m  to com plete  fruiting body m o rp h o g en e s is  an d  sporulation .

C-signaling m utants fail to dem onstra te  developmentally regulated lacZ

transcriptional fusions e x p re s se d  after 6 hours of developm ent. This

su g g e s ts  that the  C-signaling system  is required at about 6 to 7 hours

of developm en t (57). Mutations preventing C-signaling m ap to a  single

locus known a s  csg A (99) (100). A 17 kD CsgA protein w as purified using
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th e  c a p a c i ty  of th e  protein  to re sc u e  fruiting body form ation, 

sporulation and  the expression of C-dependent g e n e s  in a  csgA mutant 

(56). Amino acid se q u en c e  analysis confirmed that the identified protein 

w a s  the product of the  csgA gene  (37) (56) (98). Using an immunological 

probe, CsgA antibody linked to immunogold, Skimkets (98) dem onstra ted  

tha t the C-signal is localized in the extracellular matrix of developing M. 

xanthus cells.

Cell con tac t  is an important factor for the  transm iss ion  of C-

signaling. Signal transmission is only possible if the cells are  motile and

c a n  orient th e m s e lv e s  to perm it maximum cell-cell co n tac t.  Cell

alignm ent, ra the r  than  motility alone, has been  show n to be  the  key

fac tor in this p ro c e ss  by m echanically forcing nonmotile cells into a

closely pack ed  a rrangem en t (55). Nonmotile m g! m utan ts  p roduce  C-

signal but fail to respond  to the signal that is present. However, when

th e s e  cells w ere  a ligned lengthwise by settling into narrow grooves

e tc h e d  on an  a g a r  su rface , the mechanically a ligned  cells in th ese

troughs w ere  found to activate C-signal depend en t g e n e  expression . It

h a s  recently b een  observed  that end to end collision betw een cells may

b e  important for C-signal transmission instead of the  earlier mentioned

lengthwise cell alignment (90) (105). End to end collision h as  also been
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observed to reduce  reversal frequency in M. xanthus permitting the cells 

to m ove in one  direction (105). Thus end to end cell collision m ay permit 

C-signaling and  c au se  frz gene  d ep en d e n t  unidirectional m ovem ent of 

cells tow ards aggregation centers.

T he transcription of the csgA  locus m easu red  by the expression 

of a  lacZ  reporter was observed to increase  steadily during developm ent 

suggesting  tha t changing concentrations of CsgA protein m ay be an 

im p o rtan t  fa c to r  in th e  activa tion  of th e  d ifferen t s t a g e s  of 

developm ent (37). This assumption w as confirmed by the observation  

tha t C -signaling  m utan ts  could be  re scu e d  a t  various s t a g e s  of 

developm ent depending on the concentration of the added  CsgA protein 

(54) indicating that the C-signal may act a s  a  developm ent timer.

It h a s  b e en  recently sugges ted  that the CsgA protein m ay not 

function directly a s  a  signal. It has also been  p roposed  that the CsgA 

protein m ay be  a  short chain alcohol d e h y d ro g en ase  (SCAD) (67) (68) 

which is involved in the  generation of the C-signal. The CsgA protein 

w as observed  to have amino acid se q u en c e  homology with m em bers  of 

the SCAD family (21). B ased  on the amino acid seq u en ce , Lee et al (66) 

p roposed  that CsgA contains an NAD(P)* binding site. They w ere  also

ab le  to d em ons tra te  by mutational s tud ies  that this NAD pocket is
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n e c e ssa ry  for CsgA activity. In spite of th e se  encouraging results, no 

su b s tra te  h a s  yet been  found for the  dehy drogenase  nor h a s  it b een  

d e m o n s tra te d  biochemically th a t  the  C-signal has  d e h y d ro g e n a s e  

activity (66). It h a s  been  shown, however, that the addition of NAD^ or 

NAD(P)* to ge ther  with the CsgA protein improves the ability of this 

protein to rescue  development of a  csg A mutant, w hereas the  addition 

of NADH or NADPH inhibits su c h  re scu e  (66). While th e re  is a  

considerab le  body of information abou t the  C-signaling sys tem , the  

p rec ise  m echanism  of action of C-signaling in the mediation of cell-cell 

communication still remains unresolved.

D- Signaling System

The genetic  defect in a  D-signaling m utant m aps to th e  dsgA

g e n e .  This g e n e  is essentia l for growth, but a  particular dsg  m utant

allele is able to grow but fails to form fruiting bodies. The requirem ent

of the  dsg A gene  for growth is unique am ong the M. xanthus signaling

g e n e s .  This m utant is able  to sporu la te , although the ex ten t of the

sporulation is substantially reduced  and aggregation is abnorm al and

delayed  (11) (12). Characterization of the dsg gen e  has shown tha t this

g e n e  b e a rs  a  50% amino acid identity to the  E. coli transla tion
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initiation factor IF3 that helps the ribosome se lec t  the initiation codon 

on the mRNA (13) (48). The DsgA protein, which is p resen t a t  relatively 

co n s tan t  levels during vegetative growth an d  developm ent h as  been  

p roposed  to ac t  a s  a  translation initiation fac tor of M. xanthus. The 

p rec ise  m ode  of action of the  D-signaling sy s te m  in M. xanthus 

developm ent or the  chemical structure of the  D-signal molecule have 

not a s  yet b e en  identified.

E- Signaling System

An E-signaling mutant w as identified by Tn5 insertion mutations 

of M. xanthus which cau sed  a  defect in the  ability of this m utant to 

e x p re s s  th e  d ev e lo p m en ta l ly  reg u la ted  tps g e n e  (18) (43 ). The 

e x p re s s io n  of th e  tps g e n e  c o m m e n c e s  a t  ab o u t  5 hours  of 

developm ent reach ing  a  peak  at about 18 to 20 hours (19) (20). Tps 

expression in developing E-signaling m utant cells ranged from 1% or 

less  of wild-type activity within the first 24  hours to abou t 11% 

within 66  hours  (18). T h ese  mutant cells failed to form well-defined 

fruiting bod ies  w hen  spotted on the ag a r  su rface  under developm ental 

conditions and  formed approximately 10" few er spo res  than  wild-type

cells a fte r  4  d a y s  of developm ent. W ild-type cells w ere  ab le  to

22



com plem ent the E-signaling mutant defect resulting in essentially wild- 

type levels of sporulation by the esg  mutant. This observation su g g es ts  

that wild-type cells supplied an extracellular signal molecule that the E- 

signaling mutant failed to produce, but retained the ability to respond  

to, thus regaining the  capacity for cell-cell com m unication which is a  

n e c e s s a r y  re q u ire m e n t  for norm al d e v e lo p m e n t .  E x trace llu la r  

complementation h as  been demonstrated betw een the A-, B-, C-, and D- 

signaling mutant and  the  E-signaling m utant su g g es t in g  that the  E- 

signaling mutant defines a  fifth extracellular com plem entation group. 

Likewise, since the  four other signaling m utan t c la s s e s  successfully  

complem ent the  E-signaling mutant it can be  concluded  that they too 

produced the signal a b se n t  in the E-signaling mutant. T hese  results 

indicated that the E-signaling system defined a  new signaling system  of 

M. xanthus (18).

Toal (108) se q u e n c e d  the e s g  locus a n d  identified its g e n e  

products a s  the E l a  and E1(3 subunits of the branched-chain  keto acid 

dehydrogenase  (BCKAD). The results of the DNA se q u en c e  confirmed 

the earlier predictions that the e s g  locus differed from the asg, bsg, csg 

and dsg  loci. This enzym e is a  part of a  pathw ay responsible for the

metabolism of the branched-chain amino ac ids  leucine, isoleucine and
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valine (50) (Fig.1). It catalyzes the oxidative decarboxylation of the 

branched-chain a-keto acids (produced by the deamination of the three 

branched-chain amino acids) to CoA derivatives of the short branched- 

chain fatty ac id s  isovaleryl-CoA (from leucine), a-methylbutyryl-CoA 

(from isoleucine), and  isobutyryl-Co (from valine). T he CoA e s te r s  

se rv e  a s  primers for the  synthesis of the  long branched-chain  fatty 

ac ids  (50). The primary defect of the  esg m utant is therefore  its 

inability to m etabolize  the b ranched-chain  am ino ac ids  via the  esg 

BCKAD resulting in a  reduced syn thesis  of long branched-chain fatty 

acids. (108). The above results sug g es ted  tha t the branched-chain fatty 

acids play an important part in M. xanthus developm ent. It is known 

from stud ies  conducted  in Bacillus subtilis (113) (50) that if the short  

branched-chain  fatty acids isovalerate, methylbutryate and isobutyrate 

are  added  to the  growth medium, th e se  fatty acids will be taken up by 

the cells, converted to their CoA derivatives and will then be used  for 

the syn thesis  of the  long branched-chain  fatty acids. T hese  CoA 

derivatives of the short branched-chain fatty ac ids  en te r  the pathway 

beyond the point where the BCKAD ac ts  (Fig.1).
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Leucine
Isoleucine
Valine

(exogenous precursor)

a-K eto acids

BCKAD

Branched-C^ and-Cg primers

donor

Isovalerate
2Methylbutyrate
Isobutyrate

(Exogenous subs tra tes)

Branched-chain fatty ac ids

Figure. 1 P a thw ay  for the syn thesis  of the  b ranched -  
chain fatty acids a s  determ ined from the studies on Bacillus 
subtilis (53).
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Using this information, Toal et a! (108) grew esg mutant cells in growth 

m edium  su p p lem en ted  with IVA. By doing this, they were able to 

b y p a ss  the metabolic block caused  by the esg  mutation and enable the 

m utan t cells to syn thesize  the long b ranched-chain  fatty acids. Esg 

m utant cells grown under these  conditions were able to undergo normal 

developm ent when placed in a developmental m edia lacking these  short 

b ranched-chain  fatty acids. T hese  resu lts  implied that branched-chain 

fatty ac id s  or re la ted  com pounds sy n th e s iz e d  during growth a re  

required for developdment.

This is not the  first time that a  role has been  proposed for f a t ty  

acids in M. xanthus development. Fatty acids have already been shown 

to b e  responsib le  for developm ental autolysis, a  p ro cess  occurring 

during the early s ta g e  of fruiting body formation in which a s  much a s  

80%  of the cells within the fruiting body undergo lysis (87) (114) (115). 

The au to s ides  have  been  isolated by ethanol extraction and found to 

belong to two major groups. The AMI autoside, comprise a  mixture of 

fatty acids (l 10) ( i l l ) ,  and the AMV au tosides contain phospholipids (32). 

S tud ies  have show n that AMI and not AMV is primarily responsible for 

inducing developm ental autolysis and  it h a s  been  proposed that AMI

fatty acids a re  liberated from AMV by the  action of a  developmentally
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regulated phospholipase (32). Mueller and Dworkin (78) have  de tected  

increases  in phospholipase activity from 6 to 12 hours of development. 

The increase  in phospholipase  activity is found to occur prior to the 

liberation of the au tosides AMI. This result is consistent with the notion 

that the fatty acids re leased  from phospholipids during developm ent of 

M. xanthus are  a  result of developmental phospholipase  activity. There 

is no evidence at the p resen t time a s  to w he ther  the  action of the 

phospholipase  is under developm ental regulation. T he AMI autosides 

have also been shown to be capable  of rescuing developm ent of a  dsg 

m utant (88) a s  well a s  developmental mutants deficient in the synthesis 

of AMI (86). These results suggest that the fatty acids may have a  more 

significant role in development besides causing cell lysis. One current 

theory is that fatty acids may alter m em brane permeability enabling the 

developing signals to p a ss  across the cell m em brane (86).

T he results from the abo ve  stud ies  have  m a d e  it possib le  to 

p ropose  a  simple model to explain the role of the  branched-chain fatty 

acids in the E-signaling system  (17) (Fig. 2). In this model the BCKAD is 

involved in the synthesis of long branched-chain fatty acids (eg the iso- 

1 5:0 sp ec ie s )  from b ranched-cha in  amino ac id s  during vegetative

growth. The observation that isovalerate  ad d ed  to developing mutant
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cells failed to rescue  developm ent s u g g e s ts  tha t any e sg -d ep en d en t 

fatty acid synthesis occurring during developm ent is not essential for 

fruiting body formation (17) (108). The fatty acids synthesized  during 

vegetative growth are then incorporated into m em brane  phospholipids. 

It is p ro p o se d  that during  the  early  s t a g e s  of d e v e lo p m e n t a  

developmentally induced phospholipase  activity results in the liberation 

of th e  b ran ch ed -ch a in  fatty acid s igna l. Efficient ex tracellu lar 

com plem entation of the tps  gene-express ion  defect in the esg m utant 

w as  found to require ex tensive  cell-cell con tac t with wild-type cells. 

This s u g g e s ts  that the E-signal is cell a s so c ia te d  requiring cell-cell 

contact for transmission and  therefore ope ra tes ,  like the  CsgA protein, 

a s  a short range signal (18). The liberation of free branched-chain fatty 

acids results in the activation of a  s e t  of developm entally  regulated 

g e n e s  ex p re ssed  after about 3 to 5 hours of development.

1.5 Summary of Signaling

Individual cells respon d  to a  nutritional shift down by initially

syn thesiz ing  (p)ppG pp a n d  producing th e  A-signal. T he  (p)ppGpp

activates the  stringent re sp o n se  of the individual cells while the

A- signaling system  s e e m s  to function primarily a s  a  diffusible
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Figure 2. Model of the E-signal system
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m onito r  of cell d e n s i ty .  T he  p ro d u c tio n  of th e  A -s igna l is 

developmentally regu la ted  and  proportional to cell density. O nce the 

concentration of the  re leased  A-signal re a c h e s  a  threshold, the next 

s e r ie s  of developm enta l ev en ts  is perm itted. An A-signal m olecule 

concentration below the  threshold level implies that the cell density is 

too low and tha t cond itions a re  not appropria te  for multicellular 

developmental even ts  to be initiated. The cells then continue growing 

until a  cell density sufficient for developm ent is achieved. At this point 

development enters  the  committed s tage . The high cell density en su res  

a d eq u a te  cell-cell co n tac t  required for the activation of the C- and  E- 

signals, suggesting tha t th ese  signal molecules are cell bound and may 

play a  role in controlling th e  m ovem en t of groups of cells into 

aggregation cen ters . T he  high cell density also ensu res  sufficient cell 

num bers to build fruiting bodies. The last known signal to be produced is 

the C-signal which plays a  central role in development by activating the 

expression of more than  half of the  developmentally regulated g enes . 

The C-signal is considered  to se rve  a s  an extracellular timer inducing 

success ive  developm ental s ta g e s  at progressively increasing threshold 

concentrations.
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1.6 Objective of Dissertation

It is very evident from the extensive research  of Rosenbluh and 

R osenberg  (86), Mueller and  Dworkin (78) and Downard and  Toal (17) (108) 

tha t fatty acids play an  important role in developmental signaling. The 

isolation of the  esg  m utant in Downard’s laboratory (18) and  the initial 

characterization of the esg locus (108) provided strong evidence that 

the  branched-chain fatty acids a re  not merely structural com ponents 

of the  cell, but that they a re  a lso  involved in signal production early in 

developm ent. The work conducted  in Downard’s lab for the  first time 

su g g e s ts  the importance of the branched-chain free fatty acids in cell­

cell communication. This work also associated developmental regulation 

to a  single c lass  of fatty acids namely, the branched-chain fatty acids.

Earlier s tudies identified the  E-signaling system  a s  a  fifth signaling 

sy s tem  of M. xanthus (18). In chapter 2, we determ ined the point in 

time at which this developm ental signal is first produced by studying the 

express ion  patterns of a  collection of developmentally regulated g e n es  

in an  esg mutant background. The times of express ion  of these  g e n es  

ran g e  from m inutes after the  induction of starvation to 16 hours of 

developm ent. We a lso  com p ared  th e  expression p a tte rns  of this se t  of

g e n e s  in the  esg m u tan t o b ta in ed  from this s tu d y  with p a tte rn s
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o b ta in e d  from earlie r  s tu d ie s  using  the  o th e r  s igna l m utant 

backgrounds. The studies descr ib ed  in chapter 3 w ere  formulated with 

the  objective of testing the  predictions of our p roposed  model. In this 

study, labeled branched-chain am ino acids were a d d ed  to vegetatively  

growing wild-type and esg m utan t cells. By following the distribution of 

the  label within wild-type an d  m utant cells, we hoped  to demonstrate: 

i.) th a t  b ran ch ed -ch a in  fatty  ac ids  a re  sy n th e s iz e d  during

vege ta tive  growth of M. xanthus  and  incorporated  into m em brane 

phospholipids, ii.) the syn thesis  of the branched-chain fatty acids is an 

esg d e p en d e n t  event, an d  iii) the b ranched-cha in  fatty acids are  

re leased  from the phospholipids during the early s ta g e s  of development. 

The final part of the sam e  c h ap te r  focused on work des ign ed  to test the 

prediction that the re leased  fatty acids serve  a s  the signal molecules of 

the  E-signal system . Finally, in chap ter  4 we d em o n s tra ted  that the 

b ranched-chain  fatty acid c o n te n t  of M. xanthus cells  is altered in 

re sp o n se  to the composition of the  growth medium and  tha t the esg  

locus plays a  role in the alteration of cellular fatty acid content.

32



CHAPTER 2

Esg -Dependent Regulation of Developmental 

Gene Expression in Myxococcus xanthus

2.1 Introduction

The life cycle of M. xanthus consists of a  vegetative growth p h ase  

and a  developmental phase. The bacteria en te r  the developmental ph ase  

w hen fa c e d  with nutrien t dep le tion  a n d  u n d e rg o  a s e r ie s  of 

morphological c h a n g e s  culminating in th e  formation of m yxospores 

con ta ined  within the  fruiting body ( s e e  c h a p te r  1). In o rder  to 

successfully com plete  development, the  cells within each  multicellular 

unit have to function in a sy nchronous m anner. This coord inated  

behav io r  of th e  M. xanthus cells during deve lopm en t h a s  b een  

documented by Hagen et al (38). Using scanning  electron microscopy, he 

observed  th a t  during developm ent the  cells  undergo  morphological 

ch an g es  in a  reproducible seq u en ce  of s ta g e s .  All the  even ts of M .
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xanthus  developm ent a re  under the  control of five major signaling 

system s term ed the A, B, C, D, and E, sys tem s (38). (also see  chap ter 1)

In an  a ttem pt to identify the  developm entally  regulated g e n e s  

controlled by the signaling sy s tem s, Kroos e t al (58), transduced  wild- 

type cells of M. xanthus with the  t ran sposab le  promoter probe T n 5 /ac  

and  identified 36 g e n es  in which there  w as an increase in express ion  

during dev e lo p m en t.  T n5 /ac  fu se s  the  transcription of lac Z which 

encodes  p -galactosidase  to the  prom oter of any transcription unit into 

which the transposon  inserts in the  correct orientation. The express ion  

of th e se  developm entally  regu la ted  g e n e s  differed both in their p- 

g a la c to s id a se  specific  activity an d  time of express ion  (58). T he 

expression tim es of these  g e n e s  ranged  from minutes after starvation 

to 30 hours of development, which is about the  time of sporulation.

The identification of the developmentally regulated g enes  m ade  it 

possible to determ ine the temporal o rder in which the major signaling 

sy s tem s  w ere activated during deve lopm en t of M. xanthus. Kroos, 

Chang and Kaiser ( lI)  (57) studied the  expression  of the developmentally 

regulated g e n e s  in the asg, bsg, esg, and  dsg signaling mutants. They 

ob served  tha t all the  developm entally  regula ted  g enes  failed to be

ex p re ssed  in the bsg m utant suggesting  that the B-signal is required
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im m ediately after the  initiation of deve lopm en t for g e n e  regulation. 

G e n e s  ex p ressed  after 2 hours of developm ent w ere  affected in an asg 

m utant suggesting  that the A-signal is required for the  regulation of 

developm ental events  com m encing a t  about 2 hours. Similarly, g e n e s  

e x p re s se d  after 3 hours were affected in the dsg m utant while g e n e s  

e x p re s se d  after 6 hours w ere  affected in a  esg  mutant. Thus, the  D- 

signal is required for the regulation of developm ental ev en ts  occurring 

after 3 hours  and the  C-signal for the  regulation of developm en ta l 

even ts  occurring after 6 hours. B ased  on th e s e  observations, it w as  

concluded that the B-signaling system  is the first to be activated during 

developm ent followed by the A-, D-, and  finally the  C-signaling sy s tem s 

(Fig.3). Kroos et al (57), have proposed, that the A-, B-, 0-, and  D-signal 

sy s te m s  lie on the sa m e  d e p en d e n t  pathway. T he E-signaling system  

w as  first identified by the isolation of a  Tn5 tra n sp o so n  insertional 

mutant of M. xanthus that d em onstra ted  a  significant reduction in the 

levels of tps ex p re ss io n  (18). The tps g e n e ,  which s ta r ts  to be  

E xpressed  by about 5 to 6 hours of developm ent, h a s  b e en  studied  in 

som e  detail. This g en e  codes  for protein S, an abun dan t protein which 

has  been  estim ated to contribute abou t 15% of M. xanthus
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Figure 3. Sequence  of signal activation in Myxococcus

xanthus

Developmental protein synthesis (20) (43). T h ese  initial results suggested  

that the E-signal influences developm ent earlier than the C-signal since 

it h a s  been  dem onstra ted  that the tps g e n e  is exp ressed  normally in a  

esg mutant (57). Tps expression is lowered in the asg (65), bsg (57) and 

dsg  (11) m utan ts . While the sa m e  s tudy  indicated that E-signaling

36



occurs by five hours In development, it did not indicate precisely when 

the E-signal is first required during M. xanthus development. At this 

point we are  unable  to position the E-signal pathway in the overall signal 

dependent pathway proposed by Kroos e t  al (57).

The objective of this study w as  to more accurately determ ine the 

time when E-signaling is first required for the regulation of M. xanthus 

development. This w as achieved by comparing the pattern of expression 

of a s e t  of developm enta lly  reg u la ted  g e n e s  in the esg m u t a n t  

background with expression  patterns of the s a m e  se t of g e n e s  in the 

wild-type background. The se t of g e n e s  se lec ted  for this s tudy  were 

those w hose tim es of expression ranged  from a  few minutes to sixteen 

hours after the initiation of developm ent. This time range w as se lec ted  

since it is known from earlier work (18) that th e  E-signal is required to 

regulate developm ental events com m encing by 5 hours of development. 

We w ere  th e re fo re  confident th a t  th e  ex p re ss io n  tim es of the  

developm entally  regu la ted  g e n e s  s e le c te d  for this study would be 

sufficient to e n a b le  us to determ ine  the  position of the E-signaling 

system  with re sp e c t  to the other signaling sy s tem s in the  signaling 

pathway proposed  by Kroos et al (57).
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2.2 Materials and Methods

2.2.1 Bacterial Strains

The wild-type strains of M  xanthus  u sed  in the present study w ere  

DK1622 (42) and DZF1 (18). The esg m u tan t strains, JD275 and  JD 258  

u se d  in this study, were derivatives of DZF1. JD275 contains a  Tn5 

insertion in the  esg locus while JD258 con ta ins  a  tps-lacZ  fusion a n d  a  

Tn5 insertion in the esgr locus (18). The T n5/ac  insertion strains DK5207, 

DK4300, DK4521, DK4494, DK5206, DK4292, DK5279, DK4294, an d  

DK4506 were all derived from the wild-type strain DK1622. Each strain 

contained  a Tn5 lac insertion in a  d istinct developmentally regu la ted  

gene. The se t  of developmentally regula ted  g e n e s  chosen for this s tudy  

w ere ex p re ssed  at different tim es during developm ent ranging from 0 

hours to 14 hours. The Tn5/ac insertion s tra ins  were a  gift from Dale 

Kaiser’s  laboratory. E. coli M C I000 P I : :  Tn5-32 lysogen w as u se d  a s  

the source of the Tn5-132, a  modified form of Tn5 encoding res is tance  

to tetracycline (Tc) instead of kanamycin (Km) (18).
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2.2.2 Construction of esg TnS/acZ Strains

T he Tn5 and T n5/ac  tran sp o so n s  contain the gene  for kanamycin 

p h o s p h o t r a n s fe ra s e  which c a ta ly z e s  inactivation of the  antibiotic 

kanam ycin  (8 5 ) .  Cells th a t  h av e  T n5  or T n 5 /a c  in se r tio n s  are 

c o n s e q u e n t ly  highly r e s i s ta n t  to k a n am y c in .  T n5-132 en co d in g  

te tracycline  re s is tan ce  a n d  not kanam ycin  res is tance  w a s  u se d  to 

modify Tn5 insertion mutations of the  e s p  locus. This served to identify 

double m utan ts  containing a  T n 5 /a c  insertion in the  developm entally  

regulated g en e  and a Tn5 insertion in the  e s g  gene  (61). T h ese  double 

m utan ts  w ere  se lec ted  for their ability to grow on media containing 

both tetracycline and kanamycin. The s e q u e n c e  of s teps em ployed for 

the construction  of the double  m u tan ts  w a s  a) the production of a 

phage  P1::Tn5-132 lysate, b) the rep lacem en t of Tn5 (Km') in the M. 

xanthus  strain JD275 with Tn5-132 (To”), c) the purification of the esg  

: :Tn5-132 (Tc") MX4 lysate and d) the  rep lacem ent of the esg locus of 

the wild-type T n5/ac  insertion strains by the  mutant esg  locus.

a )  Production of a  P1::Tn5-132 lysate

T h e  P1::Tn5-132 p h a g e  w a s  ca rr ied  in the  E .c o li lysogen

M C1000. T he  P1::Tn5-132 lysa te  w a s  p ro d u ced  a s  follows. Two
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hundred microliters of an overnight culture of E .co//lysogen MC1000 

P1::Tn5-132 (Tc”) (37), grown in LB broth [10 |ig/mL tetracycline (Tc)], 

w as subcultured into 25 mL of fresh LB broth containing no antibiotic. 

The cells were first incubated a t  30°C until they reached a  cell density 

of approximately 50 Klett units [m easu red  using a  K lett-Sum m erson 

Photoelectric colorimeter with a  red filter], and  then further incubated 

a t 42°C in order to induce the lytic cycle of the PI phage. Cell lysis was 

first ob se rv ed  after half an hour of incubation at 42°C. This w as 

followed by a rapid d e c re a se  in the cell density from approximately 150 

Klett units to 35 Klett units. Half a  milliliter of chloroform w as added  to 

the infected bacterial culture in o rder to lyse the remaining cells not 

infected by the PI phage. The cells were then centrifuged at 8 ,000 rpm 

for 10 minutes at 4°C and the  c lear su pe rn a tan t  containing the purified 

P1;:Tn5132 (Tc”) lysate stored  at 4°C until n e e d e d .

b) Replacement of Tn5 (Km”) with Tn5-132 (Tc”) in the 

host strain JD 275

The objective of this s te p  w as  to rep lace  the antibiotic resistant

g e n e  assoc ia ted  with the  esg t ran sp o so n  insertion with a  Tn5-132

insertion. The strains containing the  altered Tn5 inserted into the  esg

40



locus w ere  se lec ted  for their ability to grow on m edia  containing

tetracycline. JD275 [esg ;;Tn5 Km”,Tc®] cells were grown in CYE (50

ng/mL Km) to a cell density  of approxim ately  50 Klett units and

h arves ted  by centrifugation a t  8 ,000  rpm for 10 m inutes. T he  pellet

w as  re su sp e n d ed  in 2.5 mL of CYE (without Km) containing 2.5 mM

calcium chloride resulting in a  bacterial suspension  with a  cell density of

approximately 200 Klett units. O ne  hundred microliters of the  P1:;Tn5-

132 lysate w as mixed with 100 pL of the concentrated cell suspens ion

to obtain a  phage  multiplicity of approximately 2 p h a g es  p e r  cell. The

p h a g e  in fec ted  cells w ere  in c u b a te d  without sh a k in g  a t  room

tem pera tu re  for 30 minutes. Two and a  half mL of CYE soft a g a r  [no

Km] w as added  to the transduction mix, vortexed briefly and  overlaid on

CYE agar  containing 2.2 |ig/mL tetracycline. The cells were incubated at

3 0°C. After 24  hours of incubation, 2.5 mL of soft a g a r  containing

tetracycline w as overlaid on the ag a r  surface. This w as done to raise the

concen tra tion  of the te tracycline  in th e  a g a r  to approx im ate ly  12

|ig/mL. Colonies were observed growing on the plate after ab ou t a  week

of incubation. To confirm that the  cells had successfully undergone  the

antib io tic  re s is ta n c e  g e n e  re p la c e m e n t ,  15 c o lo n ie s  w e re  s p o t

inoculated on 2 sets of CYE a g a r  plates. O ne set contained  kanamycin
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(25 |ig/m L) while the  o ther  c o n ta in e d  oxytetracyciine (12 fig/m L). 

After five days of incubation a t  30°C bacterial growth w as  observed  

only on the  plate containing oxytetracyciine. T hese  results  confirmed 

that the  kanamycin p h o sp h o tra n sfe ra se  g en e  within TnS in JD 275 had 

b een  rep laced  by the  te tracycline  g e n e  from Tn5-132 giving rise to 

Km®Tc” daughter cells.

c) Production of the  esg : :Tn5-132 (Tc") MX4 Lysate

O nce  the  desired  esg m u tan t strain  was cons tru c ted  th e  next 

s tep  w as to produce a  m yxophage MX4 transducing lysate tha t could be 

u se d  to transfe r  the  insertion  allele  into stra ins carry ing  Tn5-/ac 

insertions in developmentally regulated  g enes . The method described  by 

C am pos et al was followed to p repa re  the  MX4 lysate (10). O ne  hundred 

microliters of the MX4 phage  (-10"  virus particles/mL) w as mixed with 

200  |iL of the  esg m utant do no r  JD 275  cells [esg  ::T n5-132 (Tc") ] 

which had been  grown to a  cell density  of approximately 10® cells/mL. 

After incubation at room tem p era tu re  for 10 minutes, 2.5 mL of MX4 

medium top agar [1% BBL Tripticase, 0.1%  IVIgSO^.THgO, 0 .6%  Difco 

agar] w as  added  to the  transduction  mix, the mixture vortexed briefly
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and overlaid on MX4 agar  [1% BBL Tripticase, 0.1% IVIgSO^.THgO, 1.5% 

Difco agar]. The plates were incubated a t 30°C. P laques were observed 

on the  p lates after 4  days  of incubation. T he  p h ag e  su spens ion  was 

p repared  by adding 10 mL of TM buffer [10 mM Tris-Hcl (pH 7.6), 10 

mM M gSOJ onto the a g a r  su rface  containing the  p laques. The plates 

w ere  left s tand ing  a t  room tem pera tu re  for abou t half an hour to 

provide sufficient time for the  phage  partic les  to diffuse into the 

medium. The TM buffer w as  then transferred  from the su rface  of the 

p lates into a  clean tube and  mixed with 1/2 mL of chloroform in order to 

lyse the remaining viable cells. The mixture w as  centrifuged at 8,000 

rpm for 10 m inu tes  in o rd e r  to pellet the  cellu lar debris .  The 

supernatan t containing the MX4 lysate w as transferred into a  fresh tube 

and stored at -20°C until needed .

d) Replacem ent of the esg locus of the wild-type TnS lac 

insertion strains by the mutant esg  locus

The wild-type OKI 622 strains containing the TnS/ac insertions in 

the developmental g e n e s  were grown in CYE (50 ^g/mL Km) to a  cell 

density of approximately 65 to 95 Klett units. Incubation w as stopped 

by centrifuging the cells a t  8000 rpm forlO minutes. The pellet was
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resuspended  in CYE (no Km) to a  final density of approximately 200 

Klett units. One hundred microliters of the MX4 lysate w as mixed with 

200 |iL of the concen tra ted  cell suspension . The tube containing the 

MX4 [esg  ::Tn5-132 (Tc")] lysate w as placed at 47°C for 30 m inutes 

prior to mixing to evaporate  the  chloroform. The transduction mix w as 

incubated at room tem pera tu re  for 30 minutes, mixed into 2.5 mL of 

CYE top agar, and  overlaid on CYE ag a r  (Km 50 |ig/mL and  oxyTc 2.2 

|ig/mL). An add it iona l  2 .5  mL of CYE top  a g a r  c o n ta in in g  

oxytetracyciine w as  overlaid  on the  CYE a g a r  after 14 ho u rs  of 

incubation at 30°C. This w as done in order to raise the concentra tion  of 

oxytetracyciine in the ag a r  to approximately 12.2 jig/mL. Betw een 15 

to 30 transductants were observed  to be growing on the p lates after 5 

days of incubation. Ten colonies were selected at random from e ach  se t  

and subcultured onto fresh CYE ag a r  plates [Km 50 |ig/mL and  oxyTc 

1 2^ig/mL].

To confirm that the new strains carrying the m utated  e sg  locus 

w ere not merodiploids, the  developm ent phenotype of th e s e  s tra ins  

were com pared to that of a  known e s g  mutant (D K 1 6 2 2 /e sg  ). Ten 

colonies, se lec ted  from e a c h  Tn5/ac insertion group harboring  the

44



m uta ted  esg locus, w ere  grown in CYE liquid m edia [Km 50 |ig/mL and

oxyTc 12 p.g/mL] to a  cell density of approximately 100 Klett units. The

cells w ere  ha rvested  by centrifugation at 8000 rpm for 10 minutes,

w ash ed  in TM buffer, a n d  re susp en ded  in the sa m e  buffer to a  final cell

d en s i ty  of approx im ate ly  1000 Klett units. Five microliters of th e

concen tra ted  cells w ere  sp o tted  on clone-fruiting (OF) a g a r  [0.015%

c a s i to n e ,  0 .1%  so d iu m  p y ru v a te , 0 .2%  so d iu m  c itra te , 0 .02%

(NH 4)2S0J (86). After 4  day s  of incubation a t  30°C,the phenotypes of

th e  developing  T n5/ac  insertion  s tra in s  an d  control D K 1 6 2 2 /e sg

m utan t strain were com pared . All the colonies analyzed  dem onstra ted

the  esg  mutant phenotype. This result confirmed that the wild-type esg

locus w as replaced with the m utated copy by g en e  conversion and that

the  Tn5/ac insertion s tra ins harboring the mutated esg locus were not

merodiploid strains. Merodiploid strains would have  carried a  wild-type

a n d  m utan t copy  of th e  esg locus and  would th e re fo re  h av e

dem o n s tra ted  a  wild-type developm ental pheno type . All the colonies

grew  on the CYE p la te s  confirming that the  T n5-132  had  b e en

successfu lly  inserted  into th e  e s g  locus of th e  wild-type DK1622

insertional strain by genetic  recombination making the  colonies resistant

to both kanamycin and tetracycline. The developmental phenotypes of
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TABLE 1. TnS lacZ insertion strains

a Expression 
time in 
wt [ h]

= wt
OKI 622

*"esg
Derivative

4 4 5 7 0 DK 5207 GB19

4 4 0 8 1 DK 4300 GB17

4 5 2 1 2 DK4521 GB21

4 4 9 4 2 DK 4494 GB25

4 4 5 5 3 DK5206 GB26

4 2 7 3 5 <= JD10 JD258

4 4 0 0 6 DK4292 GB22

4 4 1 4 10 DK5279 GB18

4 4 0 6 11 DK 4294 GB24

4 5 0 6 14 DK 4506 GB23

All strains a re  derivatives of the wild-type M. xanthus strain DK1622.

 ̂ T he  paren ta l s t ra in s  (a gift from Dale K aiser labora tory) were 
constructed  by P1::Tn5/ac transduction as  described by Kroos e t al (58)
" The construction of the  esg  parental strains is described in materials 
and  m ethods.

JD 10 - Tps lacZ  fusion in a  DZF1 wild type background (18).

 ̂ JD 258 - JD10 with a  Tn5 insertion in Q258 (IS).
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the new strains, a s  well a s  their antibiotic resistance  profile (Km”, Tc” ), 

confirmed th a t  w e had  successfully construc ted  a  s e t  of M. xanthus 

strains that had  the se lec ted  developmentally regulated g e n e s  in the 

esg background . The n a m e s  of th e se  new  strains, the  s tra ins  from 

which they w ere derived and the expression times of the se lec ted  group 

of developmentally regulated genes  are given in Table 1.

2.2 .3  Conditions for Deveiopment

The cells w ere  p repared  for deve lopm en t a s  described  above. 

Using a  30 p ronged  spotter, multiple 5 |iL drops of the  concentra ted  

cells were deposited  onto the surface of CF ag a r  and  allowed to dry at 

room tem perature . The plates were then incubated at 30°C.

2.2.4 Harvesting Developing Cells from CF Agar

T h e  cell a g g re g a te s  developing  on th e  a g a r  su r fa c e  were

d is p e r s e d  with an  a lcohol sterilized g la s s  rod. T he  ce lls  were

resusp ended  in 5 mL of TM Buffer added  onto the surface  of the agar.

The cell s u s p e n s io n  w a s  tran sfe rred  into a  cen trifuge  tu b e  and
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centrifuged at 8,000 rpm for 10 m inutes. The dry pellet w as  stored at - 

2 0°C until needed.

2.2.5 p-Galactosidase Assay

The procedure for determining p-galactosidase specific 

activities from sonicated cell extracts h a s  b een  described (10). The 

protein concentra tions of the cell ex trac ts  were determ ined  using the 

protein a s sa y  reagent kit by Pierce  (Pierce Chemicals Inc). The protocol 

provided by the m anufacturer w a s  followed. Briefly, 2 mL of the a ssa y  

reagen t w as introduced into a  5ml g la s s  tube containing 100 \lL of 

son icated  cells. The cells were well mixed into the rea g en t  by briefly 

vortexing the mixture. The tu b es  w ere  p laced  in a 60°C waterbath for 

30 m inutes, allowed to cool to room tem pera tu re  an d  the  optical 

density of the  reaction mix de te rm ined  at a  wavelength of 562nm. A 

protein s tandard  curve w as determ ined  using known concentra tions of 

bovine serum  albumin (BSA). The concentration of each  a ssa y e d  sample 

w as determined from this s tandard  curve.
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2.3 Results

2.3.1 Esg Dependent Regulation of Early Developmentally 

Regulated Genes in Myxococcus xanthus

The effect of an esg  mutation on developmental gene  expression 

w a s  investigated. The T n5 /ac  insertional s tra ins  u sed  in this s tudy  

conta ined  a  copy of the  tran sp o so n  Tn5/ac, inserted into each  of the  

developmentally regulated g en es . The copy of the chosen esg locus w as 

first constructed in JD275 by infecting it with a  P1 phage  containing the  

tra n sp o so n  Tn5-132 (Tc”). This esg locus w as then  transferred  from 

strain JD 275 to the Tn5/ac insertional strain using the myxophage MX4. 

T he  end result was a  double m utant containing a  transposon  Tn5-132 

(Tc”) in the esg  locus and a  T n 5 /ac  (Km”) insertion into each  of the  

developm entally  regulated  g e n e s .  T h e se  m utants w ere consequen tly  

capab le  of growth in m edia containing both kanamycin and  tetracycline. 

Double m utan ts  within e a c h  of th e  T n 5 /a c  insertional s tra ins th a t  

d e m o n s tra te d  the esg p heno type  w ere se lec ted  for further analysis . 

T n 5 /ac  contains a  prom oterless /acZ g en e  inserted near  one end of the  

t r a n s p o s o n  Tn5. A ccordingly , w hen  T n5 /ac  t r a n s p o s e s  into a  

developmentally regulated g e n e  in the  correct orientation it g en era te s  a
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transcriptional fusion with lacZ which brings p-galactosidase  expression 

under the control of the  promoter of that particular g en e  (59).

Cells were harvested  at different times following the initiation of 

developm ent and the  p-galactosidase specific activity w as determined. 

The expression  of p-galactosidase  in the group of Tn5/ac insertional 

s tra in s  th a t  con ta ined  the  wild-type copy of the  esg locus w as 

m onitored and  the  pa tte rn  of express ion  of the  developm entally  

regulated g e n es  in this group was com pared with those  in the group 

w here the  esg locus contained the transposon  insertion (Fig.4). The 

results p resen ted  in figure 4 are  representative of results obtained by 

repeating  this experim ent three  times. The d a ta  of each  individual 

experim ent is not show n. The results revealed that the expression of 

the  developmentally regulated g e n es  fell into two broad groups: (1) 

g e n es  w hose  expression is not significantly affected by the loss of the 

esg function, and (2) g e n e s  whose expression is strongly dependent on 

a  functional esg locus. The former se t  of g e n e s  were expressed  within 

the  first 5 hours following the initiation of deve lopm en t. T h e s e  

com prised Q 4 4 0 8  [1 hour], Q 4 4 9 4  [2 hours], 0 4 5 2 1  [2 hours] and 

0 4 4 5 5  [3 hours]. The latter group of genes w ere  expressed  betw een 6

to i 4  hours following the  initiation of development.
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T h ese  comprised Q 4 2 7 3 ,  Q 4 4 0 0 ,  Q 4 4 1 4 , Q 4 4 0 6  a n d  0 4 5 0 6  which 

were expressed  at 5 hours, 6 hours, 10 hours, 11 hours, and 14 hours 

of development respectively.

2.4  Discussion

In this study, the  expression patterns of a  s e t  of developmentally 

regulated  g e n es  in both  the  wild-type (OKI 622) an d  the  esg m utant 

(DK1 6 2 2 /e s g  ) s tra ins of M. xanthus w ere  exam ined  and  com pared. 

This in turn led to th e  conclusion tha t th e  E-signal b e c o m e s  active 

betw een 3 and 5 hours of developm ent and  is n eed ed  for the regulation 

of developm enta l e v e n t s  occurring 5 h o u rs  a fte r  th e  initiation of 

developm ent. In this context, a  com parison [displayed in Table 2.] of 

the expression of the  s e t  of developmentally regu la ted  g e n e s  derived 

from our investigation on the  esg  m utant with th o se  of the asg, bsg, 

esg, and dsg m u tan ts  ob ta ined  from the work by C heng , Kroos and 

Kuspa (1) (57) (58) is of special interest.

This com pariso n  clearly sh ow s that the  pattern  of g en e  

expression observed  in the  asg ,bsg and asg m utan ts  differ from the 

pattern of gene express ion  observed in the  esg mutant. The expression
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pattern  of Q 4 4 9 4  (2 hours) a n d  A 4455 (3 hours) fusions Indicate 

reduced express ions in the asg and  bsg  m utants but th e se  fusions are 

normally e x p re ssed  in the esg mutant. Similarly, the expression  of the 

tps gene  Q 4273 (5 hours) is normal in the esg mutant but is reduced in 

the esg  mutant. The striking similarity noticed in the patterns of gene  

express ion  o b se rv ed  in the  dsg  and  esg m utants called for c loser 

attention. W e observed  an in c reased  expression of Q4521 in the  esg  

mutant. However, since the in c reased  expression of 0 4 5 2 1  in the  esg  

mutant w as b a se d  on the final time point (Fig. 4, p.51), we hesita te  to 

place much em p h as is  on this observation at the p resen t time. All the 

earlier time points of 04521  express ion  in the esg mutant cells closely 

overlapped those  in the wild-type cells. T hese  results indicate that the 

express ion  pattern of 0 4 5 2 1  in the  wild-type and esg m utant cells is 

very similar. W e therefore concluded  that the expression of 0 4 5 2 1  is 

m ost probably not significantly a ltered in the esg mutant strain. Based  

on our observation , it would a p p e a r  tha t the E-signaling d e p en d e n t  

events of developm ent are  initiated a t approximately the sa m e  time a s  

those  even ts  dependen t on the  D-signal in the major signal transduction 

pathway of M. xanthus proposed  by Kroos et al (58) (Fig.5).
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TABLE 2. Effect of the signaling gene mutants on 
developmental gene expression

Q Expression time 
(h)

P-Galactosidase

'A "B- 20-

Expression

3D-

4 4 5 7 0 R R N ND R

4 4 0 8 1 N R N N N

4 5 2 1 2 A R N N 1

4 4 9 4 2 R R N N N

4 4 5 5 3 R R N N N

4 2 7 3 5 A R N R R

4 4 0 0 6 ND A R R R

4 4 1 4 1 0 A A R R R

4 4 0 6 1 1 A A A R R

'Kroos, Kuspa and Kaiser (58).
■Kroos and Kaiser (57).
^Cheng and Kaiser (11).
^Present study
A - abolished, R - reduced, N - normal, I - increased 
ND - not determined
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Despite this high degree of similarity there  is abundant ev idence  

to su g g e s t  that the  D- and E-signaling sy s te m s  a re  in fact distinct 

p a th w ay s .  It w as  o b se rv ed  th a t  dsg  m u tan ts  can extracellu larly  

com plem ent esg  m utants and vice v ersa , implying that th e se  m utants 

a re  not deficient in the sam e  signal m olecules (18). In addition, the 

protein products encoded  by the dsg and esg loci ap pear  to be involved 

in fundamentally different cellular p ro ce sse s .  The d sg  gene c o d e s  for a  

transla tion initiation factor in M. xanthus (13) (48), while the e s g  g e n e  

c o d e s  for the  two com p onen ts  of the  b ranch ed -cha in  ke to  acid 

dehy d rogenase , an important enzym e in the branched-chain fatty acid 

biosynthetic pathw ay (17) (108). The levels of the branched-chain fatty 

acids, a re  significantly reduced in the e s g  m utant but not significantly 

re d u c e d  in the  d s g  mutant (Geoffrey Bartholom eusz, u npu b lished  

results). T hese  results sugges t  that the  d s g  mutation does  not affect 

branched-chain  fatty acid synthesis. The developm ental pheno ty pes  of 

th e s e  two m utants a lso differ. The e s g  m utant displayed a  pale yellow 

pigmentation while the d sg  mutant displays a  tan pigmentation.

Despite th e se  observations, Rosenbluh et al (86) have show n that

the  fatty acids of the au tosides AMI can  rescu e  developm ent of a  d s g

mutant. Although there  is no apparen t connection between this
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Figure 5. Predicted entry of the E-signal in the signaling 
pathway regulating development of Myxococcus xanthus

observation and  the  genetic  defect of the dsg mutant, it lends support 

to our observation th a t  the  D- and  E-signaling sy s tem s s e e m  to be 

closely assoc ia ted  in developmental regulation of M. xanthus. Although 

our results sugg es t  tha t the D- and E-signaling sys tem s a re  very closely 

a s s o c ia te d  tem pora lly  in the  regulation  of the  early  e v e n ts  of
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development in M. xanthus, our predictions remain inconclusive until the 

E- and  D -signals  a re  identified and  the  b a s is  for ex trace llu lar 

complementation is known in more detail.

The  expression of one  of the  developmentally regulated g en es  of 

M. xanthus Q4457, e x p re sse d  a t the  onset of developm ent (0 hours) 

was observed  to be d e c re a se d  in the  esg  mutant (Fig.4, p .51). It is 

possible that om ega  4457 is not dependent on the E-signal but on som e 

o ther function tha t re q u ire s  th e  esg locus, (eg. a n o th e r  signal, 

m em brane structure or b ranched-chain  amino acid m etabolism ). The 

possibility tha t the  esg locus m ay  be required for m ore than  one 

biological p ro cess  that is important for M. xanthus developm ent is not 

surprising since the esg dependen t BCKAD plays a central metabolic role 

in M. xanthus. We would expec t cells deficient in the function of this 

enzyme to be impaired in function related to branched-chain amino acid 

metabolism.
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CHAPTER 3

Analysis of the Role of the esg Locus in Fatty 

Acid Synthesis and Developmental Regulation

3.1 Introduction.

In r e s p o n s e  to a d v e rse  env ironm enta l conditions M. xanthus 

initiates a  multicellular deve lop m en ta l  p ro c e s s  culminating in the 

formation of fruiting bod ies . S u c c ess fu l  fruiting body formation is 

dependent on the  ability of the cells to develop synchronously. This is 

achieved by cell-cell com m unication  or signaling. The m echan ism s 

involved in cell-cell communication in M. xanthus a re  diverse and studies 

of signaling defective  m utan ts  s u g g e s t  tha t a t  leas t  five signaling 

system s exist (18) (38) (57). One of th e se  signaling defective m utants is 

the esg mutant. S e q u e n c e  analysis of the  esg  locus identified its gene  

products a s  the  two proteins that constitute the  E1 component of the 

branched-chain keto acid dehydrogenase  (BCKAD).

The BCKAD is an  important enzym e involved in the metabolism of 

the branched-chain  am ino acids (108). This enzym e, which h a s  been
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charac ter ized  from m any bacterial so u rc es  (7) (79) (104), ca ta ly zes  the 

o x ida tive  d eca rb o x y la tio n  of th e  b ra n c h e d -c h a in  a -k e to  a c id s  

(deamination products of the branched-chain  amino acids). This results 

in the  production of the corresponding CoA e s te rs  of short b ranched- 

chain  fatty acids; isovaleryl-CoA, a-methylbutyryl-CoA and Isobutyryl- 

CoA. T h ese  CoA e s te rs  then se rve  a s  prim ers for the syn thesis  of the 

long branched-chain fatty acids that are  found in phospholipids (49) (also 

s e e  Fig 1, p.25).

The esg mutant is deficient in BCKAD activity and it w as  predicted

that this mutant will synthesize reduced am oun ts  of the branched-chain

fatty acids. A com parison of the fatty acid profiles of wild-type and  esg

m utan ts  show ed  that the mutant cells conta ined  reduced levels of the

branched-chain  fatty acids (108). The g re a te s t  reduction w as observed

with the  branched-chain  fatty acid iso-15:0. This is not surprising when

on e  co n s id e rs  that the  branched-chain  fatty acids com prise  roughly

65%  of the  total fatty acid content of th e  wild-type cells of M. xanthus

and  that iso-15:0 is the  most abundan t single branched-chain sp e c ie s

com ponen t of its branched-chain fatty ac id s  (between 45% a n d  55% of

total fatty acids) (108). The levels of th e  o ther branched-chain  fatty

acids w ere a lso  generally reduced in the  esg mutant. An exception  to
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this pattern w as  Iso-17:0 (108). Since the esg mutant b e h av e s  a s  if it is 

defective in cell-cell communication and synthesizes reduced  levels of 

the branched-chain fatty acids, it h a s  been proposed that the  branched- 

chain fatty acids are  needed  for development of M. xanthus, and  that 

they or o ther p roducts of the  esg BCKAD pathway m ay function a s  

signal molecules in th ese  bacteria (17) (108).

In an a ttem pt to dem onstra te  the involvement of branched-chain

fatty acids in M. xanthus d e v e lo p m e n t ,  esg mutant cells w ere  grown

vegetatively in the p resence  of isovaleric acid (IVA), a  leucine derived

intermediate of fatty acid b iosynthesis which en ters  the  pathw ay at a

point beyond the esg mutational block. Fatty acid analysis  of the esg

m utant cells grown vegetatively in the p resence  of IVA show ed  that

these  mutant cells were able to synthesize normal levels of iso-13:0 and

iso-15:0 (108). The esg  mutant fails to form fruiting bodies , but when

th e se  IVA-grown cells were transferred into a developm ental medium

lacking IVA they were able to undergo normal development. W hen IVA

w as  a d d ed  to developing esg m utant cells tha t had  b e e n  grown

vegetatively  in the  a b s e n c e  of the  fatty acid, it failed to  re sc u e

developm ent of the mutant. T h e se  results su gg es t  that the  b ranched-

chain fatty acids are  important for the development of M. xanthus and
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tha t the  fatty acid biosynthetic  activity of the esg  BCKAD is not 

required during development.

A simple model has  been  proposed, based  on the studies of the

role of IVA in esg developm ent and  on earlier observations on the

re lease  of fatty acids with au tos ide  activity (78). This model postulates

that the fatty acids that a re  sy n th es ized  during vegetative growth via 

th e  p a th w ay  involving the  esg  en zy m e  a re  in co rp o ra ted  into 

phospholipids. Following initiation of development, free branched-chain 

fatty ac id s  a re  re leased  from the  phospholipids by the action of a  

developm entally  regulated p h o sp h o lip ase  activity (78). The free fatty 

acids a re  then passed  between cells and activate a  signal transduction 

pathw ay which results in the activation of E-signal d ep en d en t  g en es  

(Fig. 2 , p.29).

In the  first part of this study , the incorporation of - l a b e le d

branched-chain amino acids into vegetatively growing wild-type cells and

Into esg m utant cells of M. xanthus  were separately  investigated. The

proportion of the label incorporated into the phospholipids of the wild-

type cells turned out to be  high, w h ereas  the proportion in the case  of

the esg  mutant was found to b e  significantly less. T h ese  findings lend

direct support to the proposition, in the first part of the model, that
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bran ch ed -ch a in  fatty a c id s  a re  sy n th es ized  by th e  e sg -d ep en d en t 

pathway during vegetative  growth.

The model predic ts  that free b ranched-chain  fatty acids will be 

re le a sed  from the  phospholip ids  by the action of a  developm entally  

regulated phospholipase  in the early s tages  of developm ent. The second 

part of this study w as designed  to yield direct ev idence  of a  pronounced 

re lease  of fatty acids in early development. The resu lts  obtained were 

inconclusive. In fact, the  levels of free branched-chain fatty acids in cells 

growing vegetatively and  in cells in early developm ent w ere  found to be 

more or less the sam e.

In the  final pa rt  of this study we d e m o n s tra te d  th a t  a  free 

b ranched-chain  fatty acid fraction purified from develop ing  wild-type 

cells w as able to re scu e  developm ent of an  esg m utant. This fraction 

contains o ther co m po und s  b e s id e s  simple fatty ac id s  tha t m ay have 

som e  activity. The resu lts  of this study lend support to tha t a sp ec t  of 

the  model that predicts that the branched-chain  fatty ac ids  or related 

molecules could function a s  E-signal molecules. The resu lts  of this study 

will be useful in the future refinements of our model for E-signaling in M 

xanthus.

62



3.2 Materials and Methods

3 .2 .1  Bacterial Strains

T he  wild-type strains of M. xanthus u se d  in this study were DZF1 (26) 

(27) and DK1622 (42). The esg  m utant stra ins w ere JD256, JD 258 and 

JD 300. JD 256 is a  derivative of DZF1 harboring a  Tn5 insertion in the 

e s g  locus (e sg  ::Tn5) (18). JD258 is a  derivative of DZF1 containing both 

a  tps lacZ  fusion gene  and a  Tn5 insertion in the e sg  locus (e sg  ::tps- 

la c Z )  (18). JD300 is a  derivative of DK1622 containing a  Tn5 insertion 

in the  e s g  locus (esg  ::Tn5) (18).

3 .2 .2  Growth Conditions

The ceils were grown in about 70 mL of CTT medium [lOmM Tris- 

HCI (pH 7.6), ImM KHgPO^-KgHPOXpH 7.6), 8 mM M gSO J (85), in a  2 5 0  

mL Erlenmeyer flask with a  side-arm to a  cell density of 70 to 100 Klett 

units m easu red  with a  Klett-Summerson Photoelectric colorimeter with a 

red filter. Cells were prepared  for growth in A1 medium containing the 

labeled branched-chain amino acids a s  described  in section 3.2.3. The 

MOM buffer (lOmM MOPS [morpholinopropanesulfonic acid], 2 mM CaClg, 

4 mM MgSO^ [pH 7.2] w as  used  in this study to induce developm ent of

M. xanthus (89). MOM buffer w as ch o sen  since  it has  been show n to
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support the  developm ent of M. xanthus  and  the  expression of the 

developmentally regulated tps g ene . Since tps expression is dependent 

on the E-signal (18) we conclude tha t the  E-signal system  was active 

under th e se  developmental conditions. T he u se  of a  liquid medium to 

study M. xanthus development a lso  affords us the opportunity to work 

with large volumes of cells making it e a sy  to harvest them for analysis. 

M. xanthus cells, at a cell density of approximately 200 Klett units, were 

incubated in a  side arm flask at 30°C in a  shaker se t  a t 150 rpm.

3 .2 .3  Incorporation of Labeled Leucine, Isoleucine and
Valine into Myxococcus xanthus

To identify lipid com po und s  derived  from the  branched-chain  

amino acids cells were grown in A1 medium containing labeled branched- 

chain amino acids. The defined composition of this medium m akes it a  

suitable tool for studying the incorporation of radio-labeled branched- 

chain amino acids into cellular com pon en ts  (6 ). DZF 1  and JD256 were 

grown in CTT medium to a  cell density  betw een 60 to 70 Klett units. 

The cells w ere  centrifuged at 8000  rpm for 10 minutes and the pellet 

w ash ed  in th e  chemically defined A1 medium free of spermidine and  

vitamin 6 1 2 (6 ). The cells were centrifuged a t 8000 rpm for 10 minutes
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and the pellet w a sh e d  for a  se co n d  time in A1 medium free of vitamin 

Bi2  and spermidine. The secon d  w ash w as carried out by resuspending  

the pellet in 20  to 25 mL of A1 medium in an Erlenmeyer flask and  

incubating it a t  30°C with con tinuous shak ing  a t  250 rpm for 10 

minutes. The w a sh e d  cells w ere  introduced into 50 mL of fresh  A1 

medium in a  250  mL Erlenm eyer side arm flask at a  final cell density 

between 10 to 20 Klett units. The chemically defined A1 medium used  

in this study w as  slightly modified. This medium contained leucine at a  

concentration of 100 pg/mL instead  of the normal 50 pg/mL (Table 3). 

We deem ed  this ch an g e  n e ce ssa ry  since  we wanted the uptake  of the 

H^-labeled amino acids into the  cells to provide an  accurate  estimation 

of the overall amino acids uptake (labeled and  non- labeled) by the cells 

growing in the A1 medium. This w as done to minimize any b ias  in the 

uptake of the labeled  b ranched-chain  amino ac ids  by the M. xanthus 

cells. Preliminary te s ts  indicated that the increase  in the concentration 

of leucine to 100 pg/mL did not affect the  growth of the cells in this 

modified A1 m edium . After abo u t 10 to 12 hours of growth, 25 to 30 

pCiof L-[4,5-^H] leucine, L-[4,5-’H] isoleucine and  L-[4,5-"H] valine were 

added to the medium.
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TABLE 3. Composition of the chemically defined

AI medium

Ingredient Concentration

Standard' Modified

L-Asparagine 1 0 0  ng/mL 100 pg/mL
L-Isoleucine 100 |ig/mL 100 pg/mL
L-Leucine 50 |ig/mL 100 pg/mL
L-Methionine 10 pg/mL 10 pg/mL
L-Phenylalanine 100 pg/mL 100 pg/mL
L-Valine 100 pg/mL 100 pg/mL
Vitamin B,, 1 pg/mL 1 pg/mL
Spermidine.3HCl 125 pg/mL 125 pg/mL
Sodium pyruvate 0.5% 0.5%
Potassium aspartate 0.5% 0.5%
Tris-HCl (pH 7.6) 10 mM 10 mM
KH.PO^-K.HPO, (pH 7.6) 1 mM 1 mM
MgSO, 8  mM 8  mM
FeCI, 10 pM 10 pM
CaCL 10 pM 10 pM
(NHJ 3 SO4 0.5 mg/mL 0.5 mg/mL

^Reference 6
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The cells w ere grown in the p re se n c e  of the labeled am ino acids for 

abou t 4 generations. The concen tra tions of the branched-chain  amino 

ac id s  which a re  required for M. xanthus growth were not a  limiting 

fac to r .

3 .2 .4  Lipid Extraction from ^H-Branched-Chain Amino Acid 

Labeled Cells

Total lipids were ex trac ted  from the cells using a  modified Bligh

and  Dyer technique (52). The harvested  cells were centrifuged at 8000

rpm for 10 minutes and the weight of the  wet pellet determined. Pellets

weighing up to 40 mg were diluted in 1 mL of water and introduced into

a  g lass  vial. Methanolichloroform [2:1 v/v (3.75 mL)] w as  added  to this

cell suspension . The sam ples w ere  mixed and about 1 mL of g lass beads

(0.5 mm in diameter) were then  introduced into the g lass  vial. The cells

and g lass  b e a d s  were incubated  in a  sonicating w ater bath for half an

hour. The cell extract w as th en  transferred to a  g lass  centrifuge tube

and  centrifuged at 8000 rpm for 10 minutes. The supe rn a tan t  obtained

after the first centrifugation w a s  saved . The pellet w as re su sp en d ed  in

3.75 mL methanolichloroformiwater (2:1:0.8), and centrifuged a  second

time a t 8000  rpm for 10 m inutes. The pooled su p e rn a ta n t  fractions
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w ere  s e p a ra te d  into a  low er chloroform  p h a s e  a n d  an u p per  

methanol/water p h ase  by adding 2.5 mL of chloroform followed by 2.5 

mL of water. T he se p a ra t io n  of the  p h a s e s  w a s  a c c e le ra te d  by 

centrifuging the mixture a t 8000  rpm for 10 minutes. The chloroform 

p h a s e  was carefully ex trac ted  from the tube  using a  g lass  P a s te u r  

pipette and transferred to a  c lean  g lass  vial. The sam ple  w as dried under 

nitrogen. The dried lipid extract w as  yellow and viscous. The lipid extract 

w as resuspended  in 2 to 5 mL of a  hexaneitertiary butyl methyl ether 

(MTBE) [200:3 v/v] so lvent. To de te rm ine  the a m o u n t  of ^H-label 

incorporated into the lipid fraction 10 pL of this extract w as spotted on 

a  W hatman 2.4 cm circular g la ss  microfilter which w as  then introduced 

into a  scintillation vial containing 5 mL of a  scintillation cocktail. Sam ples 

were counted in a  scintillation counter for 10 minutes.

3 .2 .5  Fractionation of the Lipid Extract.

The total lipid extract w as  s e p a ra te d  into neutral lipid [NL], free

fatty acid [FFA] and phospholipid [PL] fractions using the  Supelclean

LC-Si SPE  500 mg minicolumn. The m ethod for the extraction of these

lipid fractions from the column h a s  been  previously described  (39) and

w as used  in a  previous study of M. xanthus by Mueller an d  Dworkin (78).
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The lipid extract re su sp e n d ed  in the hexaneiM TBE [200:3 v/v] solvent 

w as carefully loaded  onto the column. The colum n w as then w ashed  

with 10 mL of th e  first solvent containing hexaneiM TBE [200:3 v/v]. 

The column w ash  w as  collected and d es ig na ted  the  neutral lipid [NL] 

fraction. The NL fraction is not a  pure fraction but contains neutral lipids 

and other lipids th a t  do not bind to the matrix (39). The column was next 

acidified with a  12 mL w ash  of the  s e c o n d  so lven t containing 

hexaneiace tic  acid[100:0.2 v/v]. This w as followed by a  third wash of 

12 mL of a  hexaneiM TBEiacetic acid solvent mixture [200:2:0.2]. The 

fraction eluted from the column with this so lvent w ash  w as designated 

the free fatty acid [FFA] fraction. The FFA fraction is itself not a  pure 

fraction. It contains free fatty acids and other lipid com pounds soluble in 

this solvent (39). It h a s  been  shown that approximately 97% of the free 

fatty acids bound to the  matrix of the column a re  eluted in this w ash  

(39) (78). A fraction containing phospholipids [PL] w as eluted from the 

column with 10 mL of methanol. The th ree  lipid fractions were dried 

under nitrogen an d  the  NL and FFA fractions re su sp en d ed  in 50 to 100 

nL of 200%  e thano l while the PL fraction w as  re su sp e n d ed  in 400 to 

800 p.L of m ethanolichloroform [1:1 v/v]. A 10 p.L sam ple  from each
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fraction w as spo tted  onto a  W hatman 2.4 cm circular g lass  microfilter 

to determine the am ount of ^H-label.

3 .2 .6  Alkaline Hydrolysis of the Lipid Fractions

The procedure  for hydrolysis of phospholipids into free fatty acids 

has  b een  described  (32). Briefly, the lipid fractions a re  dried under 

nitrogen, and  the dried extract resuspended  in 1.5 mL of 0.5 M KOH. 

The re susp en ded  extracts  were incubated at 50°C for 30 minutes, and  

cooled to room tem perature . The pH of the cooled mixture was adjusted 

to be tw een  3 a n d  4 by the  addition of 1M MCI. The mixture w as  

extracted 3 times in 2 mL of hexane. The extracts were pooled, dried 

under nitrogen, and  resuspend ed  in 100 % ethanol.

3 .2 .7  Thin Layer Chromatography [TLC]

T he s p e c ie s  c o n ta in ed  in e ach  of the  lipid fractions w ere

fractionated by TLC using silica gel pre-coated 2x20 cm glass plates.

S a m p le s  of d isso lv ed  lipid fractions (8 to 15 pL) w ere  sp o tted

approximately 0.5 inches from one end of the TLC plate and dried a t

room tem perature . The dried plates were then introduced into a  solvent-

saturated incubation jar and  developed with an ascend ing  mobile p h ase
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com posed  of petroleum ether, diethylether and  acetic  acid (70:30:2). 

The p la tes  were incubated  until the  mobile a scen d in g  solvent had 

a lm ost reached  the top of the plate. (3 to 5 mm from the top). This 

took approximately 10 to 15 minutes. T he p la tes  were air dried for 

about an hour before being used  for flourography.

3 .2 .8  Fluorography

The lipid species  on the TLC plate were de tec ted  by fluorography. 

EH^Hance was finely sprayed  on the entire surface of the air dried TLC 

p lates . The p la tes  w ere  then  w rapped in sa ran  wrap, placed in an 

autoradiogram  cartridge together with th e  X-ray film and exposed at - 

7 6°C for betw een 6 to 14 days.

3 .2 .9  Biological Assays

3 .2 .9 .1  Tps Developmental Expression Rescue Assay

The objective of this a s sa y  is to identify a  compound(s) from 

wild-type cells that would restore tps  g en e  expression  in esg  m utant 

cells. The assumption inherent in this approach  is that such a compound 

may be  the E-signal which the esg  m utant fails to produce. R escue  of
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the tps  gene  defect in an esg mutant w as u se d  a s  an  assay  to tes t  fatty 

acid and  lipid fractions for E-signaling activity.

The M. xanthus strain used in the a s s a y  w as JD258 (see  Bacterial 

Strains, p.63). This strain contains a  T n5-/acZ  fusion gene  inserted into 

the tps  g en e  such  that the expression of (3-galactosidase is under the  

control of the  prom oter of the tps gene. This enab les  us to monitor tps 

expression  by determining the expression of P-galactosidase using the 

convenient p-galactosidase  activity assay . JD 258  w as grown in 50 mL of 

CTT medium contained in a  250 mL s ide-arm ed  Erlenmeyer flask, to a  

cell density  of 80 to 100 Klett units. T h e  cells w ere  h a rves ted  by 

centrifugation a t 8000 rpm for 10 m inutes. T he pellet was w a sh e d  in 

MOM buffer and  centrifuged a second time a t 8000 rpm for 10 m inutes. 

The w ashed  pellet w as resuspended in MOM medium and  grown to a  cell 

density of 100 Klett units. Nine hundred microliters of the  con cen tra ted  

cell su sp en s io n  w as then introduced into 25  mL g lass  tubes containing 

6 0 0  |iL of MOM mixed with 8 |iL of the  fatty acid sam ple , bringing the  

final cell d ensity  to approximately 60 Klett units. The tu b es  w e re  

incubated for 24  hours at 30°C. At the end of the  incubation period the  

cells w ere  transferred into 1.5 mL Eppendorf tu bes  and  centrifuged for
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5 minutes. The pellets ob tained  w ere s to red  at -20°C until they  were 

used  in the  p-galactosidase activity assay .

The a ssa y  for P-galac tosidase  activity h as  been d escribed  (77). 

O ne  and a half mL of developing cells w ere collected into Eppendorf 

tu b e s  and  centrifuged for 5 m inutes. T he pellet was re su sp e n d e d  in 

a s s a y  buffer (Z-buffer) and  the  cells w ere  disrupted by sonication to 

produce  a  cell extract. The protein concentration was determ ined using 

the  protein a ssa y  reagen t kit by P ierce  Pierce  Inc. The protocol w as 

provided by the m anufac tu rer . Briefly, 2 mL of the protein a s s a y  

re a g e n t  was introduced into a  5 mL g lass  tube  containing 100 pL of 

son icated  cell extract. The cell extract w as then mixed with the reagen t 

by briefly vortexing the  tube . T he  tu b es  w ere placed in a 60°C water 

bath for 30 minutes and then allowed to cool to room tem perature . The 

optical density of the  reaction solution w as then determined a t a  wave 

length  of 562nm. A s ta n d a rd  curve  relating BSA concen tra tion  to 

a b s o rb a n c e  w as d e te rm in e d  a n d  u se d  to calculate  the  p ro tein  

concentration of the M. xanthus extract.
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formation In developmentally defective m utants  since it is a  cohesive 

strain adhering to the plastic surface of the  well and undergoing fruiting 

body formation in a  subm erged  culture. In this a s sa y ,  vegetatively 

grown cells are  resuspended  in the starvation buffer and introduced into 

each  well of a  24-well culture plate. T he  culture plates a re  incubated 

without agitation a t  32°C and the cells settle  to the bottom of the plate 

at a  fairly high cell density. In subm erg ed  cultures, the wild-type strain 

of DK1622 se ttles at the bottom of the well and  forms a  layer of cells 

that adhere  to the surface. T hese  subm erged  cells at a  high cell density 

on a  solid surface undergo normal developm ent to form rounded fruiting 

bodies  easily o b se rved  by an inverted m icroscope a s  dark  rounded 

s truc tu res  at the  b a s e  of the well. T he  morphology of su b m erg ed  

fruiting bodies resem ble those on an a g a r  surface (60). T he  DK1622/esg 

cells, on the other hand, fail to undergo normal developm ent. Analysis 

of the subm erged  m utant cells with an  inverted m icroscope reveals a 

hom ogeneous layer of cells showing signs of cell aggregation but lacking 

well developed fruiting bodies. Fruiting bodies, when present, a re  few in 

num ber and immature.

The wild-type strain (DK1622) and  the e s g  mutant strain (JD300)

w ere  grown in 50 mL of CTT m edium  in a  250 mL s ide-arm ed
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well developed fruiting bodies. Fruiting bodies, when present, a re  few in 

num ber and immature.

The wild-type strain (DK1622) and  the e s g  mutant strain (JD 300) 

w ere  grown in 50 mL of CTT m edium  in a  250 mL s ide -a rm ed  

E rlenm eyer flask to a cell density  of 80 to 100 Klett units. The cells 

were centrifuged at 8000 rpm for 10 minutes. The pellet was w ash ed  in 

MC7 buffer and  centrifuged a se c o n d  time. The w a sh e d  pellet w as 

re su sp en d ed  in MC7 buffer and allowed to grow to a  cell density of 60 

Klett units. Five hundred microliters of this cell suspension  and 8 |iL of 

the  fatty acid sam ple w ere  then  introduced into a 1.5 mL Eppendorf 

tube  an d  mixed thoroughly  by vortexing. T he 500 |L of th e  cells 

su sp en s io n  w as then introduced into each  well of a  24-well microtitre 

plate, and the plates w ere incubated undisturbed at 30°C for be tw een  3 

to 4  days. At the end of this period, the cells developing in eac h  well 

w ere analyzed  microscopically for the p re se n c e  of fruiting bodies. The 

m orphology  and  num ber of fruiting b o d ies  obse rv ed  in th e  wells 

containing esg mutant cells developed in the p resence  of the fatty acids 

w as  com pared  with th o se  ob served  in the wells containing developing 

wild-type cells ( positive control) an d  esg mutant cells which w ere free

of ad d ed  fatty acid ( negative control).
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3.3 Results

3 .3 .1  Incorporation of the Labeled Branched-Chain Amino

Acids into Wild-Type and esg Mutant Lipids

It w a s  show n in previous s tu d ie s  (109) that the e s g  m utan t 

contains reduced  levels of most of the  b ranched-chain  fatty acids. The 

BCKAD is n e e d e d  for the syn thesis  of b ranched-chain  fatty acids from 

branched-chain  amino acids (49) (51) (113). Direct evidence w as  sought 

for the  notion that the esg BCKAD is u se d  to produce branched-chain 

fatty acids and  related lipids from th e  b ranched-chain  amino acid. ^H- 

labeled  b ranched-chain  amino ac id s  w ere  u se d  to de term ine  if the 

b ranched-chain  amino acids are  su b s tra te s  for the synthesis  of lipids. 

A1 medium  w as  used  a s  the vegetative  growth medium in this study 

s in ce  it co n ta in s  fairly low c o n c e n tra t io n s  of the  th re e  e ssen tia l  

b ra n c h e d -c h a in  am ino ac ids . T h e  c o n c e n tra t io n s  of th e  labeled  

branched-chain  amino acids were sufficiently high to ensure that a  good 

proportion of the  labeled amino acids  would be  taken up into the cells. 

T he concentra tion  of leucine p re s e n t  in the  original A1 m edium  was 

ra ised  to 100 ng/ml to m atch th e  co n cen tra tio n s  of iso leucine  and 

valine [section 3.2.3, p. 64 and Table 3, p. 66].
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Wild-type cells grown under th e s e  conditions incorporated  the  

labeled amino acids into their lipids. This result provides direct ev idence  

tha t th e  branched-chain  amino ac id s  in the  medium w ere u se d  a s  

s u b s t r a te s  during the  syn thesis  of th e  b ranched-chain  fatty acid  

com ponen t of the lipids. Most of the  label in the lipid fraction w as  

derived  from leucine (42%) followed by valine (19%) a n d  finally 

isoleucine (10%) [Table 4]. The g rea ter  utilization of leucine is probably 

due  to the  fact that most of the  b ranched-cha in  fatty ac ids  in M .  

xanthus  a re  iso-fatty acids with an odd  num ber of carbons, fatty acids 

expected  to be produced using leucine (109) (112).

The incorporation of the labeled branched-chain amino ac ids  into 

the lipid fraction of the esg m utant cells grown under our conditions 

w as significantly lower than tho se  o b se rv ed  in the wild-type cells. In 

th e se  cells, m ost of the label in the lipid fraction was also derived from 

leucine (11%), followed by valine (3%), and  finally isoleucine (2%) 

[Table 4]. We found that the levels of the  labeled branched chain amino 

ac id s  incorpora ted  into the lipid fraction of the esg m u ta n t  a re  

approxim ately  11% that of the levels of the  labeled b ranched -cha in  

amino ac ids  incorporated into the  lipid fraction of the wild-type cells.

T hese  results provide direct evidence of the  fact that the esg BCKAD is
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an  important m em ber of the metabolic pathway u se d  for the  syn thesis  

of b ranched-chain  fatty ac ids  from their b ranched-chain  am ino acid 

subs tra tes . It is evident from these  findings that the  reduced levels of 

the  branched-chain fatty acids in the esg mutant a re  directly related to 

the  inability of the m utant cells to synthesize branched-chain fatty acids 

using the esg BCKAD enzym e. The results of this study provide direct 

ev idence  in support of the prediction that branched-chain  fatty acids 

can  be synthesized from branched-chain amino ac ids  during vegetative 

growth of M. xan thus  by an esg BCKAD depend en t pathway. In the 

light of the  facts tha t a) the  branched-chain  am ino acid leucine is 

utilized by the cells for the synthesis of lipids in far g rea te r  am oun ts  

than the other two branch-chain amino acids isoleucine and  valine a s  

revealed by this s tudy and b) the branched-chain fatty acid iso-15:0, a  

leucine derivative, is the  most abundant M. xanthus fatty acid (109), we 

decided to focus the  rest of this study on identifying labeled iso-15:0 

and  monitoring its distribution in developing cells in order to determ ine 

w hether or not iso-15:0 fits the pattern of an E-signal m olecule a s  

predicted by the model.
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TABLE 4. Incorporation of labeled branched- 
chain amino acids into wild-type and esg mutant 
cells of Myxococcus xanthus

STRAIN SUP*
[cpm]

PEL®
[cpm]

LIPID EXT 
[cpm]

INCOR^
[%]

MUT AS ' 
OF WT“

WT:leu 915 ,000 364,000 152,000 42 11
esg :leu 1 ,000,000 160,000 17,000 11

WT:lsoleu 885 ,000 93,000 9,000 1 0 11
esg : Isoleu 1 ,000,000 52,000 1,000 2

WT:val 961 ,000 82,000 16,000 19 12.5
esg :val 1 ,000,000 62,000 2,000 3

The p repa ra tion  of the  s a m p le s  h a s  b een  d e sc r ib e d  under 
M ateria ls  a n d  M e th o d s .  In d e te rm in in g  th e  c o u n ts  p e r  
minute[cpm] of the  incorpora ted  label for e a c h  sa m p le  w as 
analyzed in a  scintillation counter for a  period of 10 minutes. The 
results p resen ted  in this table have been  adjusted to 1 mL of cell 
culture that had  been  s tandardized  to a  uniform wet weight.
*label p resen t in the  growth m edia at the start of incubation 
® label p resen t in the  cell pellet a t the end  of incubation 
^counts incorporated into wild-type and  esg m utant lipid extracts 
divided by the  counts incorporated into wild-type and  esg mutant 
cell pellets (b) X I00
“counts incorporated into esg  m utant lipid extract divided by th e  
counts incorporated into wild-type lipid extract X 100
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3 .3 .2  Incorporation of Leucine Labeled iso-15:0 into

Myxococcus xanthus Phospholipids

In acco rdance  with the model, the branched-chain  fatty acids are 

supp osed  to be syn thesized  and incorporated into phospholipids during 

the vegetative growth p h ase  of M. xanthus. In our case , this would imply 

tha t iso-15:0 is syn thes ized  into phospholipids during the vegetative  

growth p h ase  of M. xanthus. To identify the leucine derived fatty acids 

incorporated  into phospholip ids , the phospholipid fraction w as  first 

purified (section 3.2.5, p.68) and then hydrolyzed to re lease  all its fatty 

ac id s  (section  3 .2 .6 ,  p .70). T he re le a sed  fatty ac id s  w ere  th en  

separa ted  by thin layer chromatography (TLC).

TLC analysis of the alkaline hydrolyzed PL fraction purified from

vegetatively grown wild-type cells of M. xanthus revealed a  num ber of

^H-labeled fatty acid sp ec ie s  (Fig 6A). One sp e c ie s  in particular w as

found to be strongly labeled. This particular sp ec ie s  w as observed to co-

migrate with authentic  iso-15:0 on a  TLC plate (data  not shown). Since

an earlier GO analysis  identified iso-15:0 a s  th e  major branched-chain

fatty acid of M. xanthus (108) (112), we concluded that this intensively

labeled  band  w a s  th e  branched-chain  fatty acid  iso-15:0. As w as

anticipated, the lack of a  functional esg B CKAD enzym e in the mutant
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Sample Spotted 
Here

Figure 6. Autoradiogram of the detectable labeled fatty acid 
species  in the hydrolyzed phospholipid fraction of the wild-type 
[A], and esg  mutant [C] cells of Myxococcus xanthus a n d  1 / 3  
concentration of the  hydrolyzed phospholipid fraction of t h e  
wild-type cells [B]
Dry ex tracts  of th e  phospholipid fraction were hydrolyzed a s  
described in Materials and Methods. Approximately 25 îg of eac h  
labeled phospholipid fraction w as separa ted  by TLC using silica gel 
p re-coated  5X20 cm g lass  plates a s  described in materials an d  
methods. The radioactive count of the wild-type phospholipid 
fraction w as approxim ately  26,000 cpm while that of the  e s g  
mutant w as approximately 5,800 cpm.
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resulted In a  reduced syn thesis  of iso-15:0 (Fig.6C). T h ese  results are 

consistent with the hypothesis  that m o st  of the b ranched-chain  fatty 

acids a re  syn thesized  from b ranched-chain  amino ac ids via an esg  

BCKAD d ependen t pathway.

Fatty acid analysis  of vegetatively  growing wild-type and esg 

mutant cells show  that the esg mutant cells contain approximately 1/3 

the wild-type levels of iso-15:0 (108). It w as therefore expec ted  that a  

1/3 dilution of our wild-type PL fraction would contain labeled iso-15:0 

at approximately the sam e  intensity a s  that found to be p resen t  in the 

esg PL fraction. Our resu lts  show  th a t  even at a  1/3 dilution, the 

labeled iso-15:0 band in the wild-type hydrolyzed phospholipid was more 

prominent than  the  iso-15:0 band in th e  esg hydrolyzed phospholipid 

(Fig.6B).

3 .3 .3  Leucine Labeled Lipid Species in a Free Fatty Acid 

Fraction from Wild-Type and esg Mutant Cells of Myxococcus 

xanthus

W ild-type and  esg m utan t ce l ls  of M. xanthus  w ere  grown 

vegetatively  in A1 m edium  con ta in ing  ^H-leucine a n d  w ere  then

transferred to MCM buffer to induce the  early s ta g e s  of development.
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PL 0 5 10
Hours of Development

Figure 7. Autoradiogram of the detectable labeled 
fatty acid sp ec ie s  in the free  fatty acid fraction of 
developing wild-type cells of Myxococcus xanthus. 
Approximately 60 p.g of the  labeled free fatty acid fractions 
were separa ted  by TLC using silica gel pre- coa ted  5X20 cm 
g lass  p lates a s  described  in Materials and M ethods. The 
radioactive  cou n t of e a c h  sa m p le  w a s  approx im ate ly  
14,800 cpm. The sam p le  of hydrolyzed phospholipid (PL) 
w a s  used  a s  the  con tro l for labe led  i so -1 5:0. T he 
fluorogram w as analyzed after 2 weeks of incubation at 
-76 °C.
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TLC analysis  of the  FFA fraction ob ta ined  from vegetatively growing 

cells and  cells that had been incubated  for 5 and  10 hours show ed that 

the FFA fraction of the wild-type cells contained several labeled species  

which w ere derived from leucine (Fig 7). The three m ost intensively 

labeled spec ies  did not have a  mobility corresponding to iso-15:0, the 

major branched-chain fatty acid of M. xanthus. It came som ew hat a s  a 

su rp r ise  tha t iso-15:0 w as not o b se rv e d  in th e se  free fatty acid 

fractions despite  the  detection of a  substan tia l am ount of this fatty 

acid by GO analysis of the FFA fractions obtained from developing cells 

during the first 14 hours (Table 5).

TABLE 5. Percentage distribution of iso-15:0 in the 
alkaline hydrolyzed free fatty acid fractions of 
developing wild-type cells of Myxococcus xanthus.

Fatty acid Time of Developm ent
0 1 3 5 7 14

iso-15:0 50.81 58.77 50.88 42.19 58.40 42.15
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Figure 8 . A ppearance  of the iso-15:0 fatty acid 
following alkaline hydrolysis of the leucine labeled 
free fatty acid fraction produced by wild-type cells.
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Since alkaline hydrolysis of the FFA fraction w as  performed prior to GC 

analysis, on e  explanation for the ap p aren t contradiction is that iso-15:0 

in the FFA fraction is a  com ponent of a  larger lipid molecule. Consistent 

with th is  in te rpreta tion  we su b je c te d  th e  FFA fraction to alkaline 

hydrolysis an d  observed  that a  labeled sp ec ie s  with the motility of iso- 

1 5:0 w a s  produced  (Fig 8 ). We p ropose  that one  or more of the heavily 

labeled sp e c ie s  observed  in the free  fatty acid fraction is not a  simple 

fatty acid  but is instead a  larger lipid complex com posed  in part of iso- 

1  5:0. T h e s e  labeled lipid spec ies  w ere  significantly reduced in the esg  

m utant (Fig.9), suggesting  that th e  major labeled lipid species  in this 

fraction a re  p roduced  using the esg BCKAD. If one  or more of th e s e  

labeled sp e c ie s  w as a  signal molecule, we might expect the am ount of 

that com pound  to increase  during the  first 5 hours of development 

of wild-type cells. This h a s  been  show n to be the period when the  E- 

signal d e p e n d e n t  even ts  of developm ent com m ence  (see  chap ter  2 ). 

Wild-type cells w ere  grown to mid-log p h ase  in A1 medium containing 

labeled leucine. A portion of these  cells w as  used  for fatty acid analysis 

while th e  rem a in d e r  w ere  d e v e lo p ed  in MCM buffer. S a m p le s  of 

developing cells were collected for fatty acid analysis at 5 hours and  10

hours after the  initiation of development.
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Figure 9. Autoradiogram of the detectable labeled 
species  in the free fatty acid fractions of wild-type and esg 
mutant cells of M. xanthus

The cell density in each  sam ple  w as adjusted to be approximately equal

to m ake sure  that a  similar weight of cell pellet was used  for the fatty

acid analysis. We o bserved  that labeled species  contained in the FFA

fraction obtained from the  vegetatively growing cells were no different

in intensity than those  conta ined  in the  FFA fractions obtained  from

cells that had been developed for 5 and  10 hours (Fig.7, p.83).
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Our observations su g g e s t ,  contrary to th e  predictions of the 

model, that these labeled sp ec ie s  are  most probably not re leased  from 

phospholipids during the  first five hours of developm ent. It w as noticed 

however, that one of the  minor species  that did not correspond to iso- 

1 5:0 and was not obse rved  in the FFA fraction of vegetatively growing 

cells (0 hours) r e a c h e d  a  maximum concen tra tion  by 5 hours  of 

developm ent and th en  d e c re a s e d  in concen tra tion  by 1 0  hours of 

development (Fig.9, p 87  s e e  arrow).

3 .3 .4  Biological Assay for Fatty Acids and Lipid Fractions for

E-Signaling Activity

We have e x p lo red  th e  u se  of a n o th e r  a p p ro a c h  for the 

identification of the E-signal. This approach utilizes biological a s sa y s  to 

Identify lipid com pounds capab le  of restoring developm ental function in 

an esg mutant.

The design of the  first a s s a y  enabled us to s tudy  developm ent in

a  liquid developmental m edia  (MCM). This study em ployed the  induction

of tps expression in esg m utant cells developing in liquid m edia to

identify lipids capab le  of restoring developm ental function in the  esg

mutant. The tps g e n e  w a s  used  a s  a  reporter g e n e  in this liquid a ssay
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for th e se  rea so n s :  a) the  tps  gene  is e x p re s s e d  in low nutrient or 

starvation s h a k e r  cu ltu res  in the a b s e n c e  of the  ex tensive  cell-cell 

contact which occurs during development on a  solid su rface  (53), b) the 

expression of the  tps gene  is greatly reduced in an esg m utant (18), and 

c) the  tps g e n e  which is ex p ressed  a t  low levels during vegetative 

growth is strongly e x p re s se d  com m encing at abou t 5 to 6  hours of 

development. Therefore  a  change  in the  express ion  of the tps gen e  

would be e a sy  to de tec t (19) (20).

Wild-type and  esg mutant cells w ere  grown in CTT medium to 

mid-log phase  and  then transferred to MCM medium at a  cell density of 

betw een 20 and  40 Klett units. The developing esg  m utant cells were 

divided into two groups. O ne group was incubated under developmental 

conditions in the  p re s e n c e  of the FFA fraction while the  other w as 

incubated without the FFA fraction. The FFA fractions tes ted  in this 

a s s a y  were obtained  from developing wild-type and esg mutant cells. 

T he  tim es r a n g e d  from 1 to 10 h o u rs  a f te r  th e  initiation of 

development. The wild-type cells were u se d  a s  a  control to monitor the 

developm ental conditions of the a s sa y ,  while the  e s g  m utant cells 

developing in the  a b se n c e  of the FFA fraction en ab led  us to rule out

background expression  in the mutant strain.
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The resu lts  of our tps developm enta l ex p re ss io n  re sc u e  a s s a y  

show that the  complex lipids p resen t  in the FFA fraction purified from 

developing wild-type cells had a  strong effect in inducing tps expression 

in an esg m utant while the similar fraction obtained from developing esg  

mutant cells exhibited about a  five fold weaker respo nse  (Fig.10). T h ese  

results su g g e s t  that esg  depen den t com pounds m ay serve a s  the signal 

com ponents missing in the esg mutant. This a s sa y  is designed to detect 

E-signaling activity {tps e x p re ss io n )  but we c an n o t  rule out the  

possibility tha t o ther m olecules m ay have activity in this a s sa y .  It is 

rea so n a b le  to sp e cu la te  tha t th e s e  co m p o u n d s  may be re la ted  in 

structure to the  E-signal but tha t th e s e  a re  not the actual com pound 

that is used in signaling.

S tud ies  have  show n tha t commercially purified b ranched-chain

fatty acids a re  able to rescue  tps activity in an esg  m utant (Downard,

data  not shown). The s trongest respo nse  w as observed  with iso-15:0.

We co m p ared  the ability of purified iso -15:0 an d  the  FFA fraction

obtained from developing wild-type cells to rescue  tps  expression in an

esg m utant an d  show ed  that they  were closely com parab le  in their

ability to re sc u e  tps expression  (Fig.11). This result su g g e s ts  that iso-

1  5:0 may function a s  one of the E-signal molecules. The subm erged
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Figure 10. The ability of free fatty acids fraction to 
rescue tps expression in an esg mutant.
Fatty acid fractions purified from wild-type and esg mutant cells 
that had b een  developed for 8  h w ere  used in the assay .
8  jiL of th e  free  fatty a c id s  a t  concen tra tions varying from 
approximately 80 |ig  to 0 .156 |ig  w as  introduced into 1500  | iL o f  
JD10258 re su sp en d ed  in MCM buffer at a  cell density of 60 Klett 
units. The fatty ac ids  purified from developing wild-type cells 
rescued  tps  exp ress io n  in the  esg  m utant after 24 h o u rs  of 
developm ent ( •  ). The s trongest response  in regard to ability to 
rescue tps expression in the esg  m utant was se e n  with fatty acid 
concentra tions of approximately 20 fig. Fatty acids purified from 
developing esg  m utant cells on the  other hand d em o n s tra ted  a  
weak response  in the sam e  regard (□ ).
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Figure 1 1 . The ability of fatty acids to rescue  tps expression 
in an esg mutant.
Free fatty acid fractions obtained from developing wild-type cells 
(■). esg mutant cells (□), and purified iso-15:0( #  ), were used in 
the liquid culture a s sa y .  T he  concentra tion  of purified iso-15:0 
tes ted  in the  a s s a y  ranged  from 40 |ig to approximately 0.3 pg 
while that of the  wild-type and m utant fatty acid fractions ranged 
from 40 pg  to 5 pg. Since saturation with the  purified iso-15:0 w as 
reached  by a  concentration of 10pg readings of p-G alactosidase  
activity a b o v e  th is  c o n c e n tra t io n  w e re  om itted  from the  
graph.Eight pL of the fatty acid sam p les  w ere mixed with 1500 pL 
of JD258 in MCM medium a t a  cell density  of 60 klett units. The 
cells were d e v e lo p e d  for 24  h o u rs .  T p s  e x p re ss io n  w as 
determined by a ssay ing  for p -galac tosidase  activity.
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culture fruiting body formation a s s a y  w as utilized to furtfier te s t  the 

ability of iso-15:0 to rescue  fruiting body formation of the esg  mutant 

(section 3.2.9.2., p .73). In this a ssay , esg m utant cells were incubated 

in MC7 developm ental buffer containing varying concentrations of iso- 

1  5:0. If iso-15:0 h a s  the potential to function a s  a  signal molecule, one 

would expec t the  te s t  cells to respond  to th e  iso-15:0 by forming 

fruiting bodies. W e observed  that the esg  m utan t cells were able to 

form fruiting b o d ies  after 3 day s  of d e v e lo p m e n t  (Fig.12). T h e se  

fruiting bodies w ere  sm aller and  less d e n se  com pared  to the fruiting 

bodies produced by the  wild-type strain of M. xanthus. In the ab sen ce  of 

iso-15:0, esg m u tan t cells failed to u n derg o  normal developm ent. 

T h ese  results s u g g e s t  that iso-15:0 rescu ed  fruiting body formation 

despite  the fact tha t  the rescued  esg  fruiting bodies were som ew hat 

different in a p p ea ra n c e  than wild-type fruiting bodies.

At this point we have  clearly show n th a t  the FFA fraction 

obtained from developing wild-type cells con ta ins  complex lipids and 

that this fraction can  rescue  a  tps expression defect in an esg  mutant. 

We have a lso  show n by alkaline hydrolysis th a t  one  or more of th e se  

lipid complexes contain iso-15:0. Exogenously supplied iso-15:0 has also
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Figure 12. Fruiting body formation in subm erged 
cultures of wild-type and esg  m utant cells.
The cells were grown vegetatively in CTT medium to a  cell density 
of b e tw een  70 to 90 Klett units. D evelopm ent w as initiated in 
MC7 buffer a s  described in materials and  m ethods.T he 
pho tographs were taken after 3 days  of developm ent at low(IOX) 
a n d  h igh  m a g n if ic a tio n (4 0 X ).T h e  OKI 622 w ild-type  a n d  
DK1622/esfif m utant were deve loped  in MC7 buffer without the 
addition of iso-15:0 and  s e rv e d  a s  th e  positive and  negative  
controls respectively. Iso-15:0 concentra tions ranging from 0.3 ^ig 
to approxim ately 4 0 | ig  w ere  te s te d  in the a s sa y .  Iso-15:0 a t  
concen tra tions be tw een  10 fig and  40 pg had the ability to rescu e  
developm ent of the e sg  mutant, although the strongest re sp o n se  
w as obse rv ed  at iso-15:0 concen tra tions of 40 p.g. Fruiting bodies 
were not formed by the e s g  m utant cells developed without iso- 
15:0 but it do es  a p p e a r  to be  a  part of the signaling m olecules 
missing in the e s g  mutant. T he  free  fatty acid fractions obtained 
from developing wild-type cells a lso  rescued  developm ent of an  
e sg  m utan t in the  su b m erg ed  culture a ssay . The re sp o n se  w as  
observed  to be significantly s t ro n g e r  than  th a t  p ro d u ce d  by 
the free  fatty acid fraction purified from developing e s g  m u ta n t  
cells (data  not shown).
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b een  shown to rescue  developm ent of the esg mutant. Since free Iso- 

1 5:0 a s  well a s  lipid com plexes containing iso-15:0 w ere  both able to 

rescue  tps express ion  in an  esg mutant, we decided  to de term ine  

w hether or not there  w as a  significant difference in biological activity 

betw een hydrolyzed and  non hydrolyzed FFA fractions. In the  former, 

iso-15:0 is p resen t in a  free form while in the latter iso-15:0 is tied in 

with other lipid com pounds (Fig.8 , p .85). Our results dem o ns tra te  that 

th e  hydro lyzed  a n d  no nhydro lyzed  FFA frac tions purified from 

developing wild-type cells were able to rescue tps expression in an esg 

m utan t te s te d  in th e  tps developmental expression rescue  a ssa y .  

However, the biological activity of the hydrolyzed fraction w as markedly 

reduced in com parison with that of the nonhydrolyzed fraction (Fig.13).

In this project we have initiated studies designed to identify the 

esg signal. This signal is proposed to be a  lipid molecule produced using 

th e  biosynthetic  pa thw ay  involving the esg BCKAD. Branched-chain 

fatty acids constitute the m ost abundant fatty acid spec ie s  (65%) of M. 

x a n th u s  an d  a re  sy n th e s iz e d  a n d  incorpora ted  into m e m b ra n e  

phospholipids during the vegetative growth cycle of the bacterium (108). 

The incorporation of the branched-chain fatty acids into the
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Figure 13. R escue  of tps expression in an  esg 
mutant by the  lipid fractions containing non-hydrolyzed 
{■ ) and hydrolyzed p  ) fatty acids.
1.5 mL of cells were incubated with 8  p.L of varying 
concentrations of the  fatty acids. Tps gene  expression  was 
determined by the a s sa y  for p-Galactosidase activity using mutant 
cells that had  been  developed in MC7 buffer a t  60 K.U. for 24 
hours. Hydrolysis of the fatty acid fraction resulted  in a  reduced 
biological activity of the fatty acid fraction. Saturation levels 
were not reached  with these  sam ples despite  the earlier 
observation (Fig. 11 p.93that similar sam ples  did reach  saturation 
levels. The m ost probable explanation for this difference is that 
the range of fatty acid concentration used  in this experiment was 
too low to reach  saturation levels.
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phospholipid occurs at varying proportions with iso-15:0 accounting for 

approximately 45% of these  fatty acids (108) ( 1 1 2 ).

3 .4  Discussion

R esults  p resen ted  in an earlie r  s tudy  s u g g e s te d  tha t the esg

BCKAD is part of an important pathw ay for the production of branched-

chain fatty ac id s  from b ra n c h ed -c h a in  am ino ac id s .  Much of th e

branched-chain fatty acid found in M.xanthus  is likely to be derived from

leucine. Our results com plem ent the  earlier observa tions  in that we

o b se rv e d  th a t  ^H-labeled leuc ine  w a s  taken  up into the  cell a n d

incorporated into lipids at a  much higher level than  either isoleucine or

valine (Table 4 p .79). Approxim ately 42%  of the  labeled leucine

incorpora ted  into the wild-type cell w as  utilized for lipid sy n th es is

com pared  with 11% of the isoleucine and  19% of the  valine. The esg

m utant cells have  less BCKAD en zy m e  and  a s  a  result sy n th es ize

reduced  levels of the branched-chain  fatty ac ids  (108). In acco rd ance

with th is  d e c r e a s e  in BCKAD activity, w e o b s e r v e d  th a t  th e

incorporation of the three labeled branched-chain  amino acids into lipids

of the esg  mutant was about 11% of wild-type levels (Table 4). It would

a p p e a r  from th e s e  results th a t  th e  sy n th e s is  of an  important lipid
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com ponen t that is derived from the exogenously  supplied  branched- 

chain amino acids is dependen t on the esg BCKAD.

The esg m utant fails to undergo normal developm ent, and  it has  

thus been  proposed that the  branched-chain fatty acids may function a s  

E -signal m o lecu les  req u ired  for the  regu la tion  of M. xanthus  

development. W hen th e  re lease  of leucine labeled branched-chain  fatty 

acids from phospholipids w as  investigated in vegetatively  grown wild- 

ty p e  M. xanthus ce l ls  a s  well a s  during th e  first 1 0  hou rs  of 

developm ent, we failed to d e tec t  a  re lease  of free  labeled  sp e c ie s  

corresponding to the  major leucine derived b ranched-chain  fatty acids 

such  a s  iso-13:0, iso-15:0 or iso-17:0 (Fig.7, p .83). We did, however, 

obse rve  that the FFA fraction from the wild-type cells did contain other 

strongly labeled sp e c ie s  that were missing or found at low levels in the 

FFA fractions from the  esg m utant cells (Fig.9 p .87). T h e se  results 

s u g g e s t  that the  sy n th e s is  of the  unidentified labe led  sp e c ie s  is 

dep en d en t on the esg  BCKAD and raises the possibility that th e se  lipid 

sp e c ie s  may in fact function a s  the  E-signal m olecules. If this were the 

c a se ,  it would follow from predictions in our m odel and  from results 

ob tained  in chap ter  2  tha t concentra tions of o n e  or all of the  signal
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m olecules will be ob served  to in c rease  during the first 3 hours of 

developm ent.

The results obtained show  tha t these  labeled lipid sp e c ie s  a re  

sy n th e s ize d  during vege ta tive  growth with sc a n t  e v id en ce  of any 

de tec tab le  increase in their concentration during the first 1 0  hours of 

developm ent (Fig.7, p.83). T herefore  the pattern of sy n th es is  of the 

labeled lipid species  d oes  not conform to the criteria for an E-signal 

molecule. Nevertheless, the obse rved  d ecreased  syn thesis  in the  esg  

m utant can  be taken a s  ev idence  that the synthesis of th e se  labeled 

lipid spec ie s  is dependent on the esg BCKAD. To determine whether the 

lipid sp e c ie s  could function a s  probable E-signal m olecules, we tes ted  

their ability to rescue the express ion  of esg -dependent developmental 

gene  expression using the tps g en e  whose expression h a s  been  shown 

to be dependent on the esg BCKAD.

We have shown that the  FFA fraction obtained from developing

wild-type cells is able to induce tps expression in an esg  m utant while

similar FFA fractions obtained from developing esg  m utant cells have

low activity (Fig.10, p.91). T h e s e  results support our hypothesis  that

the E-signal molecules are lipid species . We have also shown that som e

of th e se  labeled lipid spec ie s  a re  complex base-labile lipids and at least
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o n e  of th e se  sp ec ie s  a p p e a rs  to contain the  iso-15:0 fatty acid a s  a  

com ponen t (Fig.8 , p.85). Iso-15:0 by itself is biologically active, having 

the  capabilities of inducing tps expression in an  esg m utant and rescuing 

its ability to develop (Fig.11, p.93 and Fig.12, p.95). However, free iso- 

1 5:0 w as not d e tec ted  in our investigation. B ase  hydrolysis of the FFA 

fraction obtained from developing wild-type cells w as  found to re lease  

free  iso-15:0 from one  or more of the com plex labeled  lipid spec ies  

(Fig. 8 , p.85); a t  the  s a m e  time, the  hydrolyzed FFA fraction w as 

o b se rv ed  to lose so m e  of its ability to induce tps expression in an esg 

m utan t (Fig. 13 p .98). This d a ta  is co ns is ten t  with the  interpretation 

th a t  the  labeled lipid com plexes a re  biologically active and  changes  in 

their s truc ture  reduced  this biological activity. We a lso  propose  that 

while iso-15:0 could function a s  the E-signal, other lipid(s) with iso 15:0 

a s  a  co m p o n en t  part m ust be co n s id e re d  a s  poss ib le  E-signaling 

m olecules. At this point it is c lear that none  of the lipid sp ec ie s  tes ted  

sa tis fy  all the predictions which would help  us identify an E-signal 

candidate . However, none  a re  completely eliminated from consideration 

e ither.

W e a lso  provide e v id e n ce  to s u g g e s t  th a t  the  esg BCKAD

p a th w ay  is not the  only pa thw ay  responsib le  for the  syn thesis  of
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branched-chain fatty acids in M. xanthus. T he esg BCKAD is defective in 

the  esg m utant and  w e would expec t th is  m utant to be completely 

unable to incorporate the  labeled branched-chain  amino acids into lipids. 

Contrary to this expectation, it w as o b se rv ed  that the  esg mutant w as 

ab le  to incorporate  a  low level of H^-labeled leucine into the lipid 

com ponents , and  a t  leas t  som e of the labeled  lipid w as in the form of 

iso 15:0 (Table 4, p .79 and Fig.6 , p.81). O ur results are  in ag reem ent 

with earlier observations that the esg  m utant is capable  of synthesizing 

branched-chain  fatty acids, albeit at a  m uch lower level as  compared to 

the wild-type cells (108). These results strongly su g g es t  that there may 

be a  second  minor BCKAD present in M. xanthus which may be utilized 

by the cell in the ev en t that the major e s g  BCKAD is inactivated. The 

possibility of containing two se p a ra te  BCKAD is not unique to M . 

xanthus. Two g e n e  clusters situated 12 kb apart and coding for two 

s e p a r a te  BCKAD e n z y m e s  have  b e e n  identified in Streptomyces 

averm itilis  (16). O n e  of the m ultienzyme com plex is thought to be  

dom inan t being re spo nsib le  for the  m ajo r BCKAD activity of the  

bacterium. Our resu lts  provide direct ev idence  that the esg mutant is 

ab le  to  sy n th e s iz e  labeled  iso -15:0, indicating thereby  tha t th e
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predicted second BCKAD also utilizes the  exogenous leucine a s  the  

substra te  to synthesize  the iso-15:0.

Fatty acid analysis  of the  unlabeled  fatty acids show ed that the  

relative levels of iso -15:0 in the  esg m utant w ere  approximately 1/3 

those  of wild-type levels (55% to abou t 16%) (17) (108). Our result (see  

Fig. 6 , p .81), show s that the  ratio of iso-15:0 synthesized from the  

labeled leucine in the  wild-type and esg  m utant cells differs from that 

of the unlabeled iso-15:0. Labeled iso-15:0 w as synthesized in the esg  

mutant to a much sm aller extent than  its unlabeled counterpart. The 

detection of a larger am ount of un labeled  iso-15:0 a s  com pared  to 

labeled iso-15:0 ra ise s  the  possibility that the re  may be a  leucine 

independent pathw ay in M. xanthus tha t is being utilized for the  

synthesis of iso-15:0. If this were indeed the ca se ,  it would lead to the 

conclusion that three  sep a ra te  pathw ays are  p resen t in M. xanthus for 

the synthesis of branched-chain fatty acids. Two of these  pathways are  

leucine dependent pathw ays requiring either the esg BCKAD or a  minor 

BCKAD while the third is a  leucine independent pathway. This proposal is 

highly speculative a t the  p resen t time and  calls for further experimental 

confirmation.
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CHAPTER 4

Growth Medium Dependent Regulation of the 

Myxococcus xanthus Fatty Acid Content is 

Controlled by the esg Locus

4.1 Introduction

The fruiting m yxobacteria a re  unusual am ong  gram  negative 

bacteria  in that branched-chain fatty acids constitute  the majority of 

the  cellular fatty acids ( 1 1 2 ). Most Gram  negative bacteria h av e  been 

found to contain straight chain sa tu ra ted  and  m o nou nsa tu ra ted  fatty 

acids (93). In M. xanthus, the m ost extensively studied myxobacterium, 

the branched-chain  fatty acids have  been  reported to m ake up about 

65% of the total fatty acid content, with iso-15:0 being the single most 

abundan t spec ies  (45% to 55%) (108) ( 1 1 2 ). Branched-chain fatty acids 

a re  a lso often found to be the predom inant fatty acid com p o n en ts  in 

m ost  s p e c ie s  am ong the gram  positive  g e n e ra  such a s  Bacillus, 

Micrococcus, and Sarcina  (28) (93). O ur current understanding  of the 

biosynthesis of branched-chain fatty ac ids  (BCFA) is based  primarily on
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work carried out on the  Bacillus sp e c ie s  (28) (49) (50). The pa thw ay for 

b ranched-chain  fatty acid  sy n th es is  begins with the  th ree  b ran ch ed -  

chain amino ac ids  (BCAA) leucine, Isoleuclne, and valine (F lg .1 , p.25). 

These  am ino ac ids  are  deam lnated  and decarboxylated to p roduce  short 

branched-chain  fatty acid derivatives which serve a s  primers In the  fatty 

acid e longa tion  reaction . Elongation occurs by the  addition of two 

carbon a to m s  In s te p s  ana logous to tho se  used In straight chain  fatty 

acid synthesis.

An evolutionary co nserved  multienzyme complex, the  b ranched- 

chain  k e to  a c id  d e h y d r o g e n a s e  (BCKAD), Is r e s p o n s ib le  for 

decarboxylation of the  th ree  branched-chain  keto acids producing CoA 

derivatives of th e  th ree  short branched-chain  fatty acids. T he  BCKAD 

m ultlenzym e c o m p le x e s  a re  c o m p o se d  of four po lypeptide  cha in s  

referred to a s  E l a, E lp ,  E2 and E3. In M. xanthus the esg locus enco des  

the  El a  and  E ip  BCKAD proteins (108). This conclusion Is b a s e d  on the 

following ob se rva tions:  (a) the  predicted  amino acid s e q u e n c e  of the 

esg p ro teins a re  very similar to the  amino acid se q u e n c e s  of proteins 

belonging to th e s e  co n se rv ed  protein families and (b) e s g  t ran sp o so n  

Insertion m utan ts  have  reduced  levels of the branched-chain fatty acids

and re d u c e d  BCKAD enzym e activity. It Is significant th a t  th e  e s g
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m utant re ta in s  a reduced  cap ac ity  for b ranched -cha in  fatty acid 

sy n th e s is  and  a  low level of en zy m e  activity. This points to the  

existence of an esg-independent pathway(s) for the production of th ese  

com pounds.

As part of a project des igned  to confirm that lipid sp ec ie s  are  

produced from BCAA via the esg -d ep e n d en t  pathway [chapter 3], the 

total fatty acid content w as determ ined  for wild-type and esg mutant 

cells of M. xanthus  grown in a  complex medium (CTT) ( 1 1 2 ) and the 

chemically defined A1 medium (6 ). W e found that cells grown in CTT had 

significantly higher proportions of the  m ost abundan t b ranched-chain  

fatty acid iso-15:0, together with several other less abundant branched- 

chain species. Esg gene expression  w as also observed to be  regulated 

by the  nutritional con ten t of th e  growth m edium . This regulation 

determ ined the fatty acid profile of the  vegetatively growing cells of M. 

xanthus. T hese  results a re  seen  to be consistent with a  model in which 

the  composition of the growth medium is involved in the transcriptional 

regulation of the level of BCKAD activity which in turn is responsible, at 

least in part, for controlling the relative levels of the branched-chain  

fatty ac ids  found in the M. xanthus. Regulation of esg transcription
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a p p e a rs  to play an Important pa rt  in controlling the cellular levels of 

BCKAD.

4 .2  Materials and Methods

4.2.1 Bacterial Strains

The wild-type strain used in this study was DZF1  (26) (27). The two 

esg m utant strains used  w ere JD 256  and  JD306. JD 256 is a  DZF1 

derivative containing a  Tn5 insertion in the  esg locus and  JD 306  is a  

DZF1 merodiploid containing both a  wild-type copy and a  m utant copy 

of the esg  locus. The mutation w as  c rea ted  by a  Tn5/ac insertion (18). 

This merodiploid strain has a wild-type phenotype.

4.2 .2 Vegetative Growth Conditions

To determ ine the  effect of th e  growth m edia  on fatty  acid 

synthesis in M. xanthus, DZF1 an d  JD 256 were grown in the nutritionally 

rich CTT medium (1% casitone, lOmM Tris-hydrochloride (pH7.6), 1mM 

KHPO4 , 8 mM MgSO^) (85), or CYE medium ( 1 % casitone, 0 .5%  y e as t  

extract, 0 . 1 % IVIgSO^.THgO; pH 7.0) ( 1 0 ), and the chemically defined A 1 

medium (6 ) (also s e e  Table 3 , p . 6 6 ). The primary carbon  a n d  energy
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so u rc e s  in Al medium a re  pyruvate  and  asparta te , a n d  M. xanthus 

grows much more slowly in AI than in CTT (6 ). The generation  tim es in 

A1 and  C T T  a re  24 hours and  4 to 5 hours respectively ( 6 ). The cells 

w ere  grown to 70 to 100 Klett units and  harvested by centrifugation at

8 .000  rpm for 10 minutes. The cell pellets were frozen in dry ice until 

requ ired  for fatty acid ana lysis . W hole-cell fatty acid an a ly s is  w as 

performed by Microcheck. Inc, Burlington, Vermont on 45 mg sam p le s  of 

M. xanthus cell (wet cell weight).

To determine the effect of growth m edia on the express ion  of the 

esg locus, JD 306 cells were grown in the chemically defined A1 medium 

(6 ) for approximately 6  generations. T h ese  cells were then  centrifuged 

and  the pellet resuspended  in CTT medium at a  starting cell density of 

approxim ate ly  5 Klett units. The cells were incubated a t  32°C with 

shak ing  a t 200 rpm. To determ ine  the  effect of amino ac id s  on esg 

express ion , JD 306 cells were grown in CTT medium to a  cell density 

be tw een  70 to 100 Klett units and  w ere harvested by centrifugation at

8 .00 0  rpm for 10 m inutes and  p re p a re d  for growth in A1 medium 

described  earlier. The w ash ed  cells w ere  subcultured in an  A1 medium 

containing various combinations of amino acids (Table 6 ).
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TABLE 6. Modified version of Al growth medium 
containing varying concentrations of amino acids

’A1
A1 + 1% ^casitone 
A1+ 0.1%  casitone
A1  without the branched-chain amino acids + 1 % casitone
A1 without the branched-chain amino acids + 0.1 % casitone
A 1+125ng/m L  leucine
A 1+250ng/m L  leucine
A1+250(ig/m L isoleucine
A1+500jig /m L isoleucine
A 1+250ng/m L  valine
A 1+500 |ig /m L  valine
A1 +75jig/mL leucine, 150 p.g/mL each  of isoleucine and 
valine
A1 +125ng/mL leucine, 250 |ig/mL each  of isoleucine and 
valine
A 1  +250|ig/mL leucine, 500 p.g/mL each  of isoleucine and 
valine

’ basic  A1 medium contains 5 Op.g/mL leucine, 100 |ig/mL each  
of isoleucine and  valine (see  Table 3 p .72)
 ̂ s e e  appendix  for amino acid content of casitone
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4.2 .3 Developmental Conditions

The DZF1 wild-type cells of M. xanthus were grown vegetatively In 

CTT or In A1 medium to 80 to i  GO Klett units. T h e s e  cells were 

ha rves ted  by centrifugation at 8000 rpm for a  period of 1 0  minutes. 

T he pellets obtained were w ash ed  In TM buffer (10 mM TrIs-HCI 

(pH7.6), lOmM IVIgSO^) and re su sp e n d ed  In fresh TM buffer to a  final 

cell density  of approximately 1000 Klett units. The concen tra ted  cell 

su sp en s io n  (5 p.L) was spotted  on p la tes  of clone fruiting (OF) agar 

(0.015% casitone, 0 .1 % sodium pyruvate, 0 .2 % sodium citrate, 0 .0 2 % 

(N H J 2 S O 4 , 8 mM MgS0 4 , ImM KH^PO^-K^HPO^, lOmM TrIs-HCL (pH 7.6), 

1 .5% agar) (85), and the plates were incubated at 30°C for 4 days. The 

fruiting bod ies  were photographed using a  Nikon c a m e ra  at regular 

intervals over a  60 hour period of development.

4 .2 .4  2-Keto Acid Dehydrogenase Assay

This a s s a y  has been  already  d escribed  (109). Crude cell-free

ex trac ts  w ere used  to a s sa y  for 2-Keto acid d e h y d ro g en ase  activity.

Vegetative cells were grown In 400 mL of CTT and A1 medium to a  cell

density  of approximately 100 Klett units. The cells w ere  harvested  by

centrifugation a t  1000 rpm for 15 m inutes. The resulting cell pellets
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w ere  re su sp e n d ed  in a  50mM potassium  phospha te  buffer (pH 7.6) 

{KH2 PO 4  [8 6 %] and KgHPO^ [14%]} and centrifuged a t  8000 rpm for 1 0  

minutes. T hese  pellets w ere  then w ashed  and re suspen ded  in 5 mL of 

the  a s s a y  buffer [50mM po tass ium  phospha te  buffer (pH 7.6), ImM 

EDTA, 0.5mM thiamine pyrophosphate  (TPP)]. The cells w ere  disrupted 

with a Branson Bonifier (two 60s  bursts at a  power setting of 2.5), and 

the  cell debris was rem oved by centrifuging the disrupted cells a t 8000 

rpm for 10 minutes. The su p e rn a ta n t  obtained was introduced into an 

ultracentrifugation tube and  spun  at 90,000 rpm for 1  hour. The pellets 

obtained after ultracentrifugation were resuspended  in 400  pL of a s sa y  

buffer (pH 7.6). T he p ro te in  concen tra tion  of the  s a m p le  w as  

determ ined at this point by th e  BSA Protein Assay R eagen t Kit supplied 

by Pierce. Approximately 0.5 mg of the blue dye 2,6,-dichlorophenol- 

indophenol was re su sp e n d e d  in 1mL of water and added  in microliter 

am oun ts  to the reaction mix (100 mM potassium  p h o sp h a te  buffer, 1 

mM MgClg and 1 0 0  fiM TPP) until the  ODgoo of the reaction mix w as 

approximately 0.700. The reaction w as  initiated by the addition of the 

appropria te  subs tra te  into the reaction mix an d  the  d e h y d ro g e n a s e  

activ ity  w a s  d e te rm in e d  by following the  red u c t io n  of 2 ,6 -

dichlorophenol-indophenol in a  spec tropho tom eter  at 600nm . Alpha-
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ke tog lu ta ra te  (4 mM) w as  ad d ed  a s  a  su b s tra te  to a s s a y  for a- 

ketogluterate  d e h y d ro g en ase  activity, pyruvate (4 mM) w as a d d e d  to 

a s s a y  for pyruvate d ehyd rog enase  activity and finally 4  mM of o ne  of 

the  following b ranched-cha in  keto acids, 2 -ke to isova le ra te  [KIV], 2- 

keto-3-methylvalerate[KMV], and 2-ketoisocaproate [KIC] w as ad d ed  to 

a s s a y  for branched-chain keto acid dehydrogenase activity .

O ne unit of dehydrogenase  activity was defined a s  the am ount of 

enzym e required to reduce  1 mole of dichlorophenol indophenol (NAD 

analogu e)  per minute using 6250 M ’c m ’ extinction coefficien t of 

dichlorophenol indophenol. Initial reaction rates w ere found to be  linear 

for the  first minutes un der  the prevailing conditions. All the n ecessa ry  

blank determinations w ere implemented and these  w ere  subtracted  from 

the values obtained in the  tes t  sam ple  in order to obtain an  accura te  

a s s e s s m e n t  of the enzym e activity.

4.2 .5 P-Galactosidase Activity Assay

At each  time point, a  1  mL sam ple of the culture w as  rem oved in order 

to  d e te rm in e  th e  p -g a la c to s id a se  specific activity by p ro c e d u re s  

described  earlier ( see  chap ter  2, p.48). The protein concentra tion was
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determined using the BCA Protein A ssay Kit by Pierce. The protocol w as  

provided by the  manufacturer.

4.3 Results

4.3.1 Growth Media Dependent Regulation of the Esg 

Locus

4.3.1.1 Influence of the Growth Media on the Fatty Acid Profile 

of M. xanthus

The relationship between nutritional control of esg expression and 

M. xanthus  fatty acid content w as  investigated. Wild-type cells growing 

in the chemically defined media were found to synthesize lower am ounts 

of the  branched-chain  fatty ac ids  iso-15:0 and  iso-13:0 than w as the 

c a s e  with wild-type cells growing in the nutritionally rich CTT medium 

(Table 7). On the other hand, the levels of the straight chain fatty acids 

16:0 and 16:1 w5c were found to be  higher am ong the wild-type cells 

grown in the chemically defined medium. Ju s t  one of the branched-chain 

fatty acids, iso-14:0 30H , w as found in g rea ter  quantities in A1 grown 

cells. In the M. xanthus wild-type cells, the fatty acid content varied 

widely depending on the growth media.
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TABLE 7. Fatty acid profiles of wild-type and 

esg mutant cells grown in CTT and A1 medium

Fatty Acid® Wild-type

(%)'

esg

(%)

CTT A 1 CTT A1

iso-13:0 0 . 8 nd" nd nd

iso-15:0 45.3 26.7 16.2 2 0 . 8

iso-14:0 30H 5.5 8.4 1 . 1 3.5

16:1 w5c 16.4 2 0 . 6 39.8 40.5

16:0 3.9 22.3 8 . 2 1 1 . 6

iso-17:0 7.2 5.7 4.2 8.5

iso-17:0 30H 2 . 2 0 . 6 nd 1.4

® The relative con ten ts  of the most abundant fatty acid sp ec ies  
found in M. xanthus DFZ1 (wild-type) and an esg  mutant JD 257 
(18) is shown In Table 5. The pattern of growth of the cells and 
the determinations of their fatty acid profiles is described in 
materials and m ethods
" (%) - a rea  of individual fatty acid peak a s  a  percen tage  of the 
total a rea  of the  identified fatty acid peaks, 

nd, not de tec ted
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Clearly, fatty acid  sy n th e s is  in the  wild-type ce lls  of M. xanthus  is 

greatly influenced by the  nutritional content of the  growth medium.

In contrast, the  fatty acid content of the  esg  m utant cells grown 

in the two m edia w ere  observed  to change  very little. In fact, the levels 

of their b ranched -cha in  fatty acid com ponen ts  iso -15:0 and  iso-13:0 

an d  the s tra igh t cha in  fatty acid c o m p o n e n ts  16:0 an d  16:1 w5c 

increase marginally w hen mutant cells were grown in A1 medium (Table 

7). These results indicate that the mutation of the  esg locus diminished 

the  m edium -dependen t alteration in the M. xanthus  fatty acid content 

found in wild-type cells.

4 .3 .1 .2  Regulation of the esg Locus by the Growth Medium

One explanation for the observed esg d ep en d en t  variation of fatty 

acid content in the  M. xanthus cells is that the  express ion  of the esg  

locus is regu la ted  by th e  growth medium. In th is  c a s e ,  it is to be 

expected that the  level of esg expression will be  found to be low in A1 

medium and high in CTT medium. Such a  pattern  of g e n e  expression 

would be anticipated to result in a  low level of BCKAD activity with a 

correspondingly low production of the b ranched-chain  fatty acids in A1
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grown cells c o m p a re d  to high levels of BCKAD activity with high 

production of branched-chain fatty acids in CTT grown cells.

To investigate esg  expression, u se  w as m ade  of a  esg  ::Tn5 lacZ  

fusion in which the  production of p-galactosidase  w as placed under esg 

transcriptional control. The cells used  to monitor esg expression were 

first grown for se v e ra l  g e n e ra t io n s  in A1 m edium  before  being 

transferred to fresh  CTT medium. S am ples  of the CTT grown cells at 

room tem pera tu re  w ere removed for a s s a y  of p-galactosidase (Fig. 14). 

Expression of the  esg locus w as found to be low in the A1 grown cells, 

w h e re a s  a f te r  a  la p s e  of ab o u t  5 h ou rs  e x p re s s io n  in c reased  

dramatically in CTT. Peak  esg driven p- ga lac to sid ase  activity recorded 

in CTT w as 550  units while the activity in A1 medium stood at around 

30 units. The level of p-galactosidase activity p la teaued  in the mid-log 

p h a se  of growth after about th ree  g en era tion s  of growth in the rich 

m edia (Fig.14) an d  were found not to increase  when cells entered their 

s ta tionary  p h a s e  (d a ta  not shown). A very  similar pattern of esg 

expression  w a s  observed  when the sa m e  experim ent w as performed 

using another com plex growth medium (casitone-yeast extract medium 

{CYE}) instead of CTT (data not shown).
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Figure 14. Cell density [ 1^] and expression of the esg 
locus[ * ]  following transfer of M.yxococcus xanthus cells 
from a  chemically defined to a  complex growth media.
Expression of the esg locus w as  monitored using M. xanthus 
JD306 a s  described in materials and methods. At each time point 
a  1mL sam ple of the culture w as removed in order to determ ine 
the p-galactosidase specific activity a s  described by Miller (77). 
The protein concentration w as  determined using the BCA Protein 
Assay Kit by Pierce.
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4 .3 .1 .3  Growth Media D ependent Regulation of BCKAD Activity

To ascerta in  w hether an increase  in esg  express ion  in the CTT 

medium w as accom panied by an increase  in the  level of BCKAD activity, 

cell ex tracts  w ere  a s s a y e d  for enzym e activity. C rude  ex trac ts  from 

wild-type cells w ere  a s sa y e d  using the th ree  branched-chain  keto acid 

s u b s t r a t e s  ( a -k e to is o v a le r ic  ac id  (KIV), -keto-p-methyl-n-valeric 

acid(KMV), and a-ketoisocaproic acid (KIC) produced  by deamination of 

the  b ran ch ed -ch a in  am ino ac ids . A ssay s  with all th ree  su b s tra te s  

confirmed that higher levels of BCKAD activity were p resen t  in CTT 

grown cells than in A1 grown cells (Figure 15). The difference in activity 

w as g rea te s t  when KIV w as u sed  a s  the subs tra te .  This result ag reed  

with an earlie r  resu lt  of e n zy m e  activity in which the  in c re a sed  

expression of esg  obsen /ed  in CTT grown cells w as accom panied  by a 

corresponding increase  in BCKAD activity (109).

4 .3 .1 .4  Correlation Between the  Levels of esg  Expression and 

Branched-Chain Fatty Acid Synthesis

Wild-type cells, grown for severa l g en era tions  in the  chemically

defined A1 medium , w ere  t ran sfe rred  to th e  nutritionally rich CTT

medium. Sam ples were removed at various tim es for a ssa y  of esg
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Figure 15. Branched-chain keto acid dehydrogenase 
activity in Myxococcus xanthus cells grown in A1 or CTT 
media.
The branched-chain  keto acid dehyd rog en ase  specific activity was 
determ ined  in extracts of the  wild-type M. xanthus strain DZF1 
grown v eg e ta tiv e ly  in the  com plex  m edium  CTT or in the  
chem ically  defined  medium A1. The th ree  branched-chain  keto 
a c i d s  ( a - k e to i s o v a l e r i c  ac id  (KIV), -keto-p-methyl-n-valeric 
acid(KMV), a n d  a -k e to iso cap ro ic  acid(KIC) were u s e d  a s  
subs tra tes . Cell extracts were prepared by sonication using cells 
grown to a  cell density of be tw een  70 and  80 klett units. The 
specific enzym e activities were determined a s  has  been described 
(109).
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driven p-galactosidase activity and for fatty acid analysis. The ch an g e s  

in the  relative am ounts  of the th ree  m ost abun dan t fatty acids in M . 

xanthus, viz., iso-15:0, 16:0 and 16:1 w5c, were determined (Fig.16B). 

W hen cells grown in the  A1 m edium  w ere  transferred  to the  CTT 

m edium  m ost of the ch anges  in fatty acid composition w as found to 

occur during the first 10 hours of growth. There w as a  strong increase  

in esg express ion  during this interval but peak  express ion  w as  not 

observed  until about 20 hours. Esg expression was also strongly induced 

during the first 10 hours of growth in CTT (Fig.16A). An increase  from 

32% to 50% w as recorded in the am ount of iso-15:0 accom panied by a  

correspond ing  d e c re a s e  in the level of 16:0 from 18% to 6%. The 

am oun t of the unsa turated  fatty acid 16:0 w5c d e c rea se d  only slightly. 

T h e s e  cells exhibited a  lag in growth to s tart with, followed by a  

logarithmic growth with a  generation  tim e of 4 to 5 hours (Fig. 14, 

p. 118). During the 10 to 30 hour interval, the observed increase  in the 

iso-15:0 level w as small and so  also w as the  observed d e c rea se  in the 

16:0 level (Fig.16B). The amount of esg-driven (3-galactosidase activity 

in c re a sed  le s s  than 2 fold be tw een  10 and  20 hours and  declined 

slightly be tw een  20 and  30 hours while the cells continuing to grow 

logarithmically.
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4 .3 .2 . Development by A I or CTT Grown Myxococcus 

xanthus Cells

4 .3 . 2.1 Effect of Minimal A1 Growth Media on the Development

of Myxococcus xanthus.

Wild-type cells of M. xanthus growing in A1 medium resem ble 

developmentally defective esg  mutant cells in that both have relatively 

low levels of b ranched-chain  fatty acids. The wild-type A1 grown cells 

w ere  te s te d  to de term ine  w he ther  they  re ta ined  the  ability to form 

fruiting bod ies . C o n c en tra ted  su s p e n s io n s  of wild-type cells of M . 

xanthus  grown in CTT or A1 m edia were u sed  to initiate development. 

Our results  show that d esp ite  a  reduction in their relative am ounts  of 

the branched-chain amino acids, wild-type cells grown vegetatively in A1 

medium were able to undergo normal developm ent (Fig.17). Cells grown 

in A1 m edium  a p p ea red  to initiate developm ent at a  som ew hat faster 

rate but this effect h a s  not been  investigated further.

4.3 .3 . Nutritional Regulation of esg Expression

Studies in Pseudomonas putida have show n that when BCAA are

a d d ed  to the  growth m ed ia  they induce the  express ion  of the  se t  of

g e n e s  encoding the Pseudomonas putida BCKAD (71) (72). To ascertain
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w hether or not the concentration of branched-chain amino acids in the 

grow th m edia  influence esg locus express ion  we m ea su re d  esg  

express ion  in the JD 306 strain of M. xanthus grown vegetatively in A1 

m edium  su p p le m e n te d  with b ran ch ed -ch a in  am ino  a c id s  w hose  

concentrations were varied first individually and then collectively (Table 

6, p. 110). In the first ca tegory  of tes ts ,  the concentration of leucine 

w as  varied from 50 pg/mL to 250  pg/mL, and those  of isoleucine and 

valine were varied from 100 pg/mL to 500 pg/mL In the  second test 

all 3 b ran ched -ch a in  am ino  a c id s  in the m edium  w ere  raised 

sim ultaneously from 1.5 to 5 tim es their normal concentra tions in A1 

m edia . No observable regulation of esg expression w as  detected  in 

re sp o n se  to changes  in the branched-chain  amino acid concentration 

(data  not shown).

To determine w hether a  com ponent of the A1 medium acted as  

an  inhibitor of esg exp ress ion , the growth of JD 306 in A1 medium 

supp lem ented  with 1% casitone  w as examined. Casitone, derived from 

the hydrolysis of the milk protein casein , contains m any amino acids at 

relatively high concentrations ( see  appendix 1). Casitone w as added into 

A1 medium at a  concentration of 1% because  CTT medium which
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minimally defined A1 medium (A), and the nutritionally rich CTT medium 
(B)
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stim ulates esg  exp ress io n  (Fig.14 p .118),contains c a s i to n e  a t a  1% 

concentration. The results obtained show that a  cas i to n e  concentration 

of 1% in A1 medium stimulated e s g  expression of JD 306  (Fig.18 A and 

B). This sug ges ts  that the  low nutrient content of A1 m edium  and not 

an inhibitory factor is primarily responsible  for th e  reduction in esg 

expression. Finally, we com pared  the esg expression of JD 306 growing 

in the  following A1 m ed ia , (a) Basic A1 m edium , (b) A1 medium 

supplem ented with 1% casitone, (c) A1 media supp lem en ted  with 0.1 % 

casitone, (d) modified A1 m edium (without the b ranched-chain  amino 

acids) supp lem ented  with 1% casitone  and (e) modified A1 medium 

supp lem en ted  with 0 .1%  c as i to n e  (Fig.18 A and  B). T he  es tim ated  

concentra tions of th e  b ranched-cha in  amino ac id s  in e a c h  of th e s e  

in stances is given in T ab le  8. The media (a) to (e) a re  all modified 

versions of A1. It w as found that a  reduction in the concentra tion of the 

amino acids contained in case in  (including branched-chain  amino acids) 

w as accom panied  by a  reduction in esg express ion . However, a t the 

sa m e  time, there w as a  reduction in growth. At the  p re sen t  time, there  

is no conclusive ev idence  that esg expression re sp o n d s  directly to the 

branched-chain amino ac ids  and it is unclear why com plex m edia
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Figure 18. O bserved effect of branched-chain 
amino acids on cell growth [A], and  esg  expression [B], 
of Myxococcus xanthus JD 306 grown In A1 medium.
FB306 w as grown in CTT medium and then subcultured into 
the following 20 mL preparations of A1 medium, (a) B asic  
A1 m edium  (A1), (b) B asic  A1 medium conta in ing  1% 
casitone  (1% 0), (c) Basic  A1 medium containing 0.1% 
casitone  (0.1% C), (d) A1 medium without the addition of 
the branched-chain am ino acids but supplem ented  with 1% 
casitone  (1% 0  - BCAA), and (e) A1 medium without the 
addition of the branched-chain  amino acids containing 0.1% 
casitone (0.1% 0  - BCAA). The cells were incubated at 30°C 
shaking at 200 rpm. At each  time point a  Im L sa m p le  of 
the  culture w as rem oved  in o rder to de te rm ine  the  p- 
ga lac to s idase  specific activity a s  described  by Miller (68). 
The protein concentra tion  w as determ ined using the  BCA 
Protein A ssay  Kit by Pierce. The growth rate of FB306 and 
expression of esg in A1 medium was the control.
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contain ing  partially hydrolyzed p ro te in s  induce high levels of esg 

expression.

4.4 Discussion

In our study, we have  show n that fatty acid syn thesis  in the 

wild-type strain of M. xanthus w as d ependen t on the nutritional content 

of the  growth media. Wild-type cells grown in a nutritionally rich medium 

containing hydrolyzed proteins syn thesized  high levels of the  branched- 

chain fatty acids. When these  cells were grown in the chemically defined 

A1 m edium they syn thesized  low levels of the b ranched-chain  fatty 

acids but high levels of the 16 carbon straight-chain fatty acid, palmitic 

acid. T he growth medium d e p en d e n t  ch an g e s  in fatty acid con ten t in 

the esg mutant w as much less  p ronounced  than that obse rv ed  in the 

wild-type cells (Table 7 , p .115). T h e se  results su g g es t  th a t  the  esg 

BCKAD plays a role in the growth m edia  dependent fatty acid respon se  

in M. xanthus. O ur s tu d ie s  s u g g e s t  tha t the  regu la tion  of esg 

expression  is part of the m echanism  utilized by M. xanthus to increase 

the BCFA content of cells grown in rich media. We observed that the
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TABLE 8. Predicted concentrations of the 
branched-chain amino acids in the A1 growth

AMINO
ACID

'A1 AI
I% C  0.1% C

-A1-BCAA
1%C 0 . 1 % c

Leucine ^50 924 137 874 87

Isoleucine ICO 517 142 417 42

Valine 100 506 141 406 41

’ A1 medium (6)
 ̂ A1 medium with the BCAA not included 
 ̂ concentrations of the amino ac ids  in the media in p.g/mL
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growth of M. xanthus cells In a  complex medium resulted in a  relatively 

high level ofesg expression. Esg  expression was induced in M. xanthus 

cells grown in a nutritionally rich medium but not in cells grown in a 

chemically defined A1 m edium . This increased express ion  of the esg 

locus in wild-type cells grow n in a  nutritionally rich m edium  w as 

accom panied  by an in c reased  activity of the BCKAD enzym e. T hese  

results led to the conclusion tha t the  increased activity of the  BCKAD 

enzym e in M. xanthus cells grown in nutritionally rich m edia is a  result of 

an increased  synthesis of th e  enzym e brought about by a  rise in the 

express ion  of the esg locus. T he  increased activity of th e  BCKAD 

enzym e resulted in a  relative increase  in the pe rcen tage  of branched- 

chain fatty acids in the bacterial membrane. The ob se rv ed  correlation 

betw een  esg expression levels, BCKAD enzyme activity, a n d  branched- 

chain fatty acid content s u g g e s ts  that the mechanism of growth media 

d e p en d e n t  fatty acid re s p o n s e  in M. xanthus involves transcriptional 

regulation of the esg gene.

Most bacteria  re s p o n d  to a t  least so m e  c h a n g e s  in their

environm ent by changing  th e  fatty acid com position of their cell

m em b ran es  (84). Som e of the  well docum ented environm ental factors

tha t affect the sy n th es is  of m em b ran e  fatty ac id s  a re  nutritional

131



content of the growth media, growth tem pera tu re  and  ethanol. S tudies 

on the  effect of the growth media on the fatty acid content of E. coli 

show ed that the  percentage  of palmitic acid increased  in cells grown in 

g lucose  minimal media, w h ereas  the p e rc en ta g e  of the u nsa tu ra ted  

fatty a c id s  in c re a sed  in cells grown in g lu c o s e  minimal m ed ia  

su pp lem en ted  with casam ino  acids or y e a s t  ex tract (75). Inc reased  

growth tem peratures result in an increased level of sa turated  fatty acids 

in the cell m em brane while reduced growth tem pera tu res  result in an  

increased  p resence  of unsaturated fatty acids in the cell m em brane (29) 

(75). This inverse  re la tionship  be tw een  grow th tem p e ra tu re  and  

u n sa tu ra te d  fatty acid composition s e rv e s  to maintain m em b ran e  

fluidity (29). Short chain alcohol’s such a s  ethanol c au se  a  d e c rea se  in 

the  am o un t of sa tu ra ted  fatty acids an a lo g o u s  to a  drop in growth 

tem p era tu re  (4) (8) (9). On the other hand, long chain alcohols induce 

c h an g e s  analogous to a  rise in growth tem pera tu re  (4) (8) (9). Ethanol- 

induced c h an g e s  in fatty acid composition in vivo arise  primarily from 

th e  inhibition of s a tu ra te d  fatty acid s y n th e s is  (9). Among the  

environmental factors influencing the fatty acid content of bacterial cell 

m em branes, the bacterial fatty acid response  to tem perature c h an g es  is 

the b es t  understood.
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Most of the  s tud ies  on the m echanism  of tem pera tu re  regulation 

of fatty acid content were conducted with E. coli. T h ese  studies led to 

a  proposal that the growth of E.coli a t reduced  tem p era tu re s  activa tes 

the  enzym e  3-ketoacyl-ACP syn thase  (14) (30). This enzym e cata lyzes 

the  conversion  of palmitoleic acid to c is-vaccen ic  acid which in turn 

reg u la te s  the  fatty acid composition by producing m ore cis-vaccenoyl 

ACP for incorporation into phospholip ids (14) (30). This te m p era tu re  

a d a p ta t io n  in E .c o l i  is d e te c te d  within 30  s e c o n d s  following a  

tem p era tu re  shift from 4 2 °C to  24°C (31). This re sp o n se  is not affected 

by the  addition of e ither chloramphenicol or rifampin into the growth 

m edium  (31). S ince  th e se  antibiotics inhibit protein and  RNA syn thesis  

(31), it h a s  been  concluded that the thermal re sp o n se  in E. coli does not 

involve the  induction of the  syn thase  enzym e or any  o ther changes  in 

g e n e  exp ress ion . This en zym e has  b e en  show n to be  p resen t a t  all 

growth tem p era tu re s ,  but is active only when cells a re  grown at low 

tem p era tu re s  (14).

Our results on the growth medium d e p en d e n t  fatty acid resp o n se

in M. xanthus provide compelling evidence of a  se c o n d  m echanism  th a t

is utilized by bac teria  to a lter  the proportion of their m em brane  fatty

ac id s  in r e s p o n s e  to changing  environm ental conditions. Unlike th e
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s y n th a s e  enzym e activity of E.coli, which most probably involves 

tem perature  dependent ch an g e s  in enzym e activity, the esg d epend en t 

BCKAD enzym e activity of M. xanthus  s te m s  from its in c re a sed  

syn thes is  brought about by th e  transcriptional regulation of the  esg 

locus.

Branched-chain  amino a c id s  p re sen t  in the growth m edia  are

thought to be  inducers of BCKAD expression  in Pseudomonas putida

(71) (72). In a  search for evidence of a  similar role for the branched-chain

amino acids in the regulation of esg express ion , we o b se rv ed  that

casitone  added  to the A1 m edium  a t a  concentrations of 1% induced

esg expression to similar levels irrespective of whether the A1 medium

contained the branched-chain amino acids or not (Fig. 18 B, p. 127). On

the other hand, esg expression w as reduced in a 0.1% casitone media

m ade  up in A1 lacking the branched-chain  amino acids. B ased  on the

concentrations of the b ranched-chain  amino acids in the m edia it could

be proposed  that b ranched-chain  amino acids greater than 137 p.g/mL

may have the ability to induce the  expression of the esg locus (Fig. 1 SB ,

p .127 and  Table 8 , p .130 ). Although th e se  results strongly su g g es t

th a t  the  esg gene could be  regu la ted  by the branched-chain  amino

acids, we hesitate to claim any direct role of the branched-chain amino
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acids in esg regulation since all a ttem pts to observe regulation of esg  

express ion  by altering the concentrations of the branched-chain  amino 

acids in A1 medium were unsuccessful. Casitone is a  complex medium 

(see  appendix  1) and we conclude that it is not simply the  c h an g e s  in 

the concentration of the branched-chain amino acids a lone  that may be 

responsib le  for the c h an g e s  of e s g  ex p re ss io n  b u t p e rh a p s  the  

cumulative change  in concentration of the b ranched-chain  amino acids 

and / or any one of the other com pounds contained in casitone.

In general, esg expression w as  found to be high in m edia which 

allowed a  rapid rate of growth (4 to 6 hour generation times) and  low in 

defined m edia  which prom oted slow er growth (>20 hour genera tion  

tim es). This relationship su g g e s t  that express ion  of the  esg locus 

responds more directly to the growth rate of cells than  to the levels of 

the BCAA in the growth medium. However, we have not been  able to 

regulate  growth rate by controlling the nutrient con ten t of the medium 

without a lso altering the branched-chain amino acid content.

The esg dependent BCKAD se e m s  to function a s  one  com ponent 

in the  nutrition dependen t fatty acid re sp o n se  that is responsib le  for 

c h an g e s  in the branched-chain fatty acid content of the  m em brane. We

o b se rv ed  that straight chain fatty ac ids  w ere  in c reased  in the  e s g
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mutant. T h ese  results indicate the existence of a  com pensa ting  system 

for the production of straight chain fatty acids a s  the  rate of branched- 

chain fatty acid production declines. The branched-chain  fatty acids and 

the  u n sa tu ra ted  fatty ac id s  are alike in their e ffec ts  on m em brane  

fluidity (26). It is therefore highly likely that the inverse  relationship that 

h a s  b e en  obse rv ed  be tw een  branched-chain fatty ac id s  and  straight- 

chain  fatty ac ids  in their re sp o n se s  to nutrition an d  the  observed  

inverse respon se  be tw een  saturated and unsa tu ra ted  fatty acids in their 

reac tions  to tem p era tu re  ch an g e s  may se rv e  to supp ly  the  optimal 

mixture of fatty a c id s  for cell m em bran e  s y n th e s i s  to p re se rv e  

m em brane  integrity an d  function in the face of changing  environmental 

conditions.

It d o e s  a p p e a r  from our results, that the  express ion  of the esg 

locus is d e p e n d e n t  on the  growth rate of M . xanthus. There is a  

correlation betw een  growth rate and esg express ion . W e observed that 

a  d e c rea se d  esg  express ion  always accom panied  a  d e c re a se  in growth 

rate and  vice ve rsa . This observation raises the  possibility that growth 

rate may have a  direct bearing on the regulation of the  esg locus.
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CHAPTERS

Summary and Future Studies

A model for the production and transm ission of the M. xanthus E- 

signal has been  proposed  based on stud ies conducted  over a number 

of y e a rs  in this and  severa l o ther labora to ries . S tud ies  of an esg 

mutant, a  m utant unable to form fruiting bod ies  and  apparently unable 

to produce the E-signal, w as central to the construction of this model. 

According to the  model, a  BCKAD encoded  in part by the esg locus is 

involved in the  production of the b ran ched -ch a in  fatty acids that are  

incorporated  into m em b rane  phospholipids during vegetative growth. 

Following the  initiation of developm ent, t h e s e  branched-chain  fatty 

a c id s  a re  re le a s e d  by the action of a  deve lo pm en ta lly  regulated  

phospho lipase . The free fatty acids can  th en  be  transmitted betw een 

cells a s  the E-signal. The E-signal acts, at leas t  in part, by activating the 

express ion  of developm ental genes . In the  s tu d ie s  described in this 

d is se r ta t io n ,  th e  ro les  of the e s g  lo cu s  in th e  regulation of 

deve lopm en ta l g e n e  express ion  and  in fatty acid  production w ere  

investigated. T h ese  investigations have  led to new  information that will
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help to clarify our understanding of E-signaling and its effects on 

developmental gene expression in M. xanthus.

The pattern of developmental g en e  expression in the esg  m utan t

is displayed in Table 2 (se e  p .54) and  com pared with the  known

patterns of expression of the s a m e  se t  of g e n e s  in the other 4 signal

m utants. This table exhibits points of difference in respec t of pa tterns

of developmental gene regulation and  signal initiation (see  Fig.4 p .51).

In the comparison of the esg mutant to the asg, bsg and esg m utants,

t h e s e  d iffe rences  a re  s e e n  to b e  sub s tan tia l .  The p a t te rn s  of

developm ental gene expression of esg and dsg mutants, on the o ther

hand, turn out to be closely similar. A som ew hat puzzling reduction in

the expression of 0 4 4 5 7  at 0 hours w as  observed  in the c a s e  of the

esg mutant; the corresponding express ion  in the dsg mutant w as  not

available. This similarity betw een the  patterns of developmental g e n e

expression  of esg and dsg  m utants  ra ises  the possibility that the  two

m utan ts  a re  defective in the  production of the  sam e  developm ental

signal. However, there a re  distinct differences between the pheno types

of the  two mutants that a rgue  ag a in s t  this possibility. P e rh a p s  m ost

importantly, the dsg  m utan t extracellu larly  com plem en ts  th e  esg

m utant suggesting  that the dsg  m utant can  produce the E-signal and
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transm it the  signal to the esg mutant (18). T he dsg and esg m utants 

a lso  have  different developm ental pheno types  (eg. the  fruiting bodies 

differ In a p p e a ra n c e )  which indicates that they  a re  blocked at slightly 

different s ta g e s  In development. Finally, while the primary defect In the 

esg m utan t a p p e a rs  to be  related to the production of the  b ranched- 

chain fatty acids or related llpid species, there  Is ev idence that the dsg  

m u tan t p ro d u c e s  the  b ranched-chain  fatty ac id s  normally. Despite  

th e s e  observations. It Is clear that the dsg and  esg m utants are  blocked 

a t  similar s t a g e s  In developm ent and we a re  just beginning to learn 

ab o u t the  defects  In th e se  two mutants. As more Is learned  about the 

D- a n d  E-slgnalIng sy s te m s  it will be Im portant to c o n s id e r  the  

relationship be tw een  the  two system s.

Labeling s tud ies  were employed to Investigate the role of the esg

locus In llpid biosynthesis. The branched-chain amino acids were used

to label lipids during the  vegeta tive  growth of M. xan thus. T h ese

s tu d ie s  d e m o n s tra te d  the  u se  of b ran ch ed -ch a in  am ino  ac id s  for

b ran ch ed -ch a in  fatty acids syn thesis , with leucine being the  m ost

effective In this regard. This result Is consisten t with the observation

that abou t 60%  of the  fatty acids of M. xanthus  a re  branched-chain

fatty ac id s  of which abou t 80%  are  ex p ec te d  to be  derived from
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leucine. The sam e  experim ent conducted  with esg mutant cells grown 

sho w ed  the sa m e  trend in th e  relative levels of incorporation of 

branched-chain  amino ac id s  into the  lipid fraction. Significantly less  

label w as incorporated  into lipids of the esg m utant. This result 

dem onstra ted  that the of th e  esg  BCKAD is part of the major pathway 

for the  synthesis of b ran ch ed -ch a in  fatty ac ids  from branched-chain  

amino acids in M. xanthus.

Among the b ran c h ed -c h a in  fatty acids sy n thes ized  during the 

vegetative growth of wild-type cells of M. xanthus, the  branched-chain  

fatty acid iso-15:0 h as  b e e n  found to be the m ost abundant. Chapter 

3 of this d isse r ta t ion  p r e s e n t s  o u r  initial a t te m p ts  to te s t  the 

importance of iso:15:0, in E-signaling. In the first s tag e  of these  studies, 

w e  so u g h t  to d e te rm in e  if f ree  iso -15:0 (no t a s s o c ia te d  with 

phospholipid), could be  d e te c te d  in vegetative  and  developm ental 

M.xanthus cells. Fluorography of the  leucine-labeled FFA of wild-type 

cells revealed the p re sen c e  of strongly labeled lipid species  but very 

little labeled iso-15:0. H ow ever,G C  analysis  of the  sa m e  fraction, 

sub jec ted  to b a se  hydrolysis prior to the analysis, did de tec t iso-15:0. 

B a se  hydrolysis of the  leu c in e - labe led  FFA fraction resu lted  in the

app ea ran ce  of a  prominent labeled band that co-migrated with iso-15:0.
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T hese  results taken to g e th e r  argue that most of the  iso-15:0, that is 

found in the free fatty acid fraction and produced by the  esg  pathway, 

has been incorporated into a  b ase  labile lipid compound(s).

We also  d e v e lo p ed  a  b io assay  to te s t  fatty  a c id s  and  lipid 

fractions for their ability to rescue  developm ent in an  esg mutant (E- 

signaling activity). T he  outcom e of the  developm ental rescu e  a s s a y  

dem onstrated a  capability of pure iso-15:0 to re scu e  developm ent of 

the esg  mutant to an  extent com parable to the  FFA fraction purified 

from developing wild-type cells. However, the question a s  to whether 

or not iso-15:0 participates in this process directly or a s  part of another 

lipid species has not b een  resolved. To begin to a d d re s s  this question, 

ba se  hydrolyzed wild-type FFA fractions containing free iso-15:0 were 

tes ted  for deve lop m en ta l  re scu e  activity a g a in s t  com parab le  non­

hydrolyzed material a lready  known to contain relatively little free 

iso-15:0. The so m ew h a t  surprising outcome of this experim ent was 

tha t the  nonhydro lyzed  sa m p le  d isp layed g re a te r  activity in the 

developmental re sc u e  a s s a y .  T h ese  results a re  c o n s is ten t  with the 

possibility that a  b a s e  labile lipid sp ec ie s  containing iso-15:0 or 

another of the b ranched-chain  fatty acids is important in E-

signaling. It should be  possible to u se  our developm ental rescue a s sa y
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in the purification and chemical characterization of cellular lipids with 

E-signal activity.

In chap ter  4 we dem onstra ted  that the fatty acid content of M . 

xanthus varies depending on the growth medium and that this alteration 

in fatty acid content is dependen t on the esg  locus. This study began  

with the examination of the fatty acid profiles of wild-type and  e s g  

m utant cells, each  grown in A1 medium (low in nutritional content) 

and  CTT m edium  (rich in nutritional content). Different fatty acid 

profiles were observed with the wild-type grown cells in the 2 m edia 

while the media had little effect on the fatty acid content in esg  cells. 

Transcriptional regulation of the e s g  locus was found to be involved in 

th e  e s g - d e p e n d e n t  a l te ra t io n  of th e  fatty  ac id  c o n te n t .  T h e  

transcription of the esg locus increased in CTT medium where cells have 

high branched-chain fatty acid content and was reduced in A1 medium 

where the branched-chain fatty acid content is low. The level of BCKAD 

activity and  branched-chain  fatty acid syn thesis  w ere  correlated  with 

the  expression of the esg  locus. Since the esg locus en co d es  only 2 of 

the  4 BCKAD protein com ponents  th ese  results su g g e s t  that the o ther 

g e n e s  involved, encoding the  E2 and  E3 subunits ,m ay be  regulated

similarly. T hese  genes  have not yet been  identified in M. xanthus.
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The nutritional factor controlling the  levels of esg  expression have 

not b e e n  identified. The obvious nutritional factor which would be 

ex p ec ted  to control the  level of esg  exp ress ion  is the concentration of 

the  b ranched-chain  amino acid co m p o u n d s  u sed  to produce the keto 

ac id  s u b s t r a t e s  for the  BCKAD. H ow ever, we w ere  unable  to 

d e m o n s t r a te  c h a n g e s  in esg e x p re s s io n  in r e s p o n s e  to changing 

concentra tions of the branched-chain am ino acids.

T h ese  stud ies  have tes ted  so m e  of the  predictions m ade  in our

earlier model for E-signaling (17) (108) an d  led us to p ropose  som e

altera tions in the  model. B ased  on th e s e  new  experim ents a  revised

m odel is p resen ted  in figure 19. T he  ev idence  gathered  in this study

further supports  the importance of th e  es g  pathw ay in branched-chain

fatty acid synthesis in M. xanthus. W e have shown that in addition to

its role in E-signaling this pathway p lays an  important role in the growth

m edium  d e p en d e n t  fatty acid re sp o n se .  In the c a s e  of the  latter, we

h a v e  show n that nutritional c h a n g e s  of the  growth medium have an

effect on esg express ion  and levels of BCKAD enzym e activity. This

c h a n g e  in BCKAD activity may be regu la ted  by the nutrient composition

of th e  growth medium or in re sp o n se  to the  growth rate of cells. The

regulation of the BCKAD enzym e activity, in turn, has  a  direct effect on
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the  branched-chain  fatty ac ids  p re se n t  in the m e m b ra n e s  of cells 

growing under the stipulated growth condition.

Regarding the  role of the  e sg  locus in developm ent, it w as 

proposed from earlier s tud ies  that the branched-chain fatty acids could 

be  released from phospholipids to act a s  E-signal m olecules (17)(108). It 

w a s  concluded from th e s e  s tu d ies  tha t  the dev elopm en ta l defect 

observed in the esg m utant w as  a  result of a reduced  concentration of 

branched-chain fatty acids (signal molecules). In this study however, 

we observed the cells grown in A1 medium, with reduced  branched- 

chain  fatty acid con ten t rem ain cap ab le  of undergoing developm ent 

indicating that reduced branched-chain  fatty acid content of the cells 

is not sufficient to p reven t developm ent. It is very  likely therefore, 

th a t  the esg pa thw ay  m ay be  required for th e  production or 

com partm enta lization  of lipids tha t  required for th e  regulation of 

development in M. xanthus. Our studies have su g g e s te d  that not all of 

th e  b ranched-cha in  fatty ac id s  sy n th es ized  during the  vegetative  

growth are incorporated into phospholipids. W e dem onstra ted  that 

so m e  of the b ranched-cha in  fatty acids are found incorporated into 

complex lipid molecules.

144



Nutrition A vailab ility

Branched-chain 
amino acids

/
/

/

BCKAD

t
Branched-chain 
fatty acids

VEGETATIVE

Regulation of Development

Complex Lipids

t
Phospholipase

Branched-chain fatty acids

DEVELO PMENT

Figure 19. Updated model of the E-signaling system
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A lipid fraction from wild-type cells  (FFA) w as  ab le  to res to re  

deve lopm en t to an  esg  m uta ted  cell {esg  activity). This fraction 

con ta ined  no d e te c ta b le  free  fatty ac id  derived from leucine but 

substantial levels of the b a se  labile lipids tha t can partially restore the 

capability to a g g re g a te  in the esg m utant (E-signaling activity). In 

fact, the major portion of the labeled fatty acid sp ec ie s  detected  in the 

free fatty acid fraction (but not ceils in general) were tho se  found to be 

Incorporated into th e s e  lipid molecules. Although we failed to de tec t 

free  fatty a c id s  p ro d u ced  by the esg pa thw ay  from exogenously 

supplied amino acids, it is still possible th a t  low levels of endogenously 

produced fatty ac ids  have sufficient activity to serve  a s  signals.

In c h a p te r  2, it w as  d e m o n s tra te d  tha t developm enta l g e n e

express ion  is b locked  a t  the 3 to 5 h o u rs  s ta g e  of developm ent

suggesting tha t the  E-signal is produced or reach es  a  sufficiently high

concentration beginning  at that time. W e have  failed to identify any

esgf-derived lipids (potential E-signal com pounds) that were produced in

developing cells a t  that time. While the explanation for this result may

be that the m e th o d s  employed were not sufficiently sensitive to detect

the p resence  of the  E-signal. There is an o th e r  explanation that should

be considered. A possible  explanation of this phenom enon  is that the
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lipids a re  sy n th e s iz e d  in the  inner m em b ran e  of the cell during 

vegetative growth and need  to be transported  ac ro ss  the periplamic 

sp ace  to the  outer m em brane in order to function a s  the E-signal during 

developm ent. To investigate this possibility the  procedure developed by 

Orndorff a n d  Dworkin (80a) could be u se d  to se p a ra te  the inner and 

outer m em b ran e  of M.xanthus to determ ine the  distribution of leucine 

derived lipids during vegetative  growth an d  early  developm ent. This 

type of s tudy  would indicate if there  are  lipids which change  location 

during the time that the E-signal is transmitted.

A detailed  understanding of how the lipid molecules of the E- 

signaling sy s tem  regulate gene  expression is ano ther  promising research 

objective. T h e  ou tcom e of such  a  study m ay  well provide valuable 

evidence relating to the role of lipids in transcriptional regulation. This 

research  confirms the previous view that lipids are not m ere structural 

com ponen ts  of the  cell. In fact they have b e e n  shown to play a  more 

prominent part  in the  biological activity of the cell than w as previously 

surmised.
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APPENDIX 1

Bacto CASITONE

ANALYTE
Physical Characteristics

Ash (%)
Clarity, 1% Soln(NTU) 
Filterabliity (g/cm^)
Loss of Drying (%) 
pH, 1% Soin

Carbohydrate (%)
Total

Nitrogen Content (%)
Total Nitrogen 
Amino Nitrogen 
AT/TN (%)

Amino Acids
Alanine
Arginine
Aspartic Acid
Cystine
Glutamic Acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

(%)

RESULTS

7 .0
0.6
1.7
3 .7  
7 .2

0.2

13.3  
4 .7
35 .3

3.01  
0 .70  
6.61  
0.02  
2 0 .0 3  
1.97  
2 .17  
4 .16
8 .74  
13.62  
1.71
4 .0 2  
8 .57  
4 .82
3 .74  
0 .14  
2 .09  
4 .06

ANALYTE
lnorganics(%)

Calcium
Chloride
Cobalt
Copper
Iron
Lead
Magnesium
Manganese
Phosphate
Sodium
Sulfate
Sulfur
Tin
Zinc

Vitamins(pg/g)
Biotin
Choline
Cyanocobalamin 
Folic Acid 
Inositol 
Nicotinic Acid 
PABA
Pantothenic Acid
Pyridoxine
Riboflavin
Thiamine
Thymidine

RESULTS

0.010
0 . 1 1 0
< 0.001
< 0.001
0 .003
< 0.001
0 .019
< 0.001
2 .604
3 .073
0 .339
0 .676
< 0.001
0 .004

0.2
550 .0  
< 0.1 
0.8
980 .0
20.3
15.9  
7.7
1.3  
0.4  
< 0.1
342 .9

Biological Testing (CFU/g)
Coliform negative
Salmonella negative
Spore Count 3 00
Standard Plate Count 1850
Thermophile Count 100

The above values a re  b a sed  on 100 grams of Casitone.
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