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ABSTRACT

REGULATION OF AEROBIC/ANAEROBIC METABOLISM 

IN ARTHROBACTER PYRIDINOLIS 

by

Nicholas J .  P e l l ic c io n e  

Advisor:  Dr. Ter ry  Ann Krulwich

I t  had been well  es tab l ished  th a t  A r th robac te r  p y r i d i n o l i s  possessed 

two t ra n s p o r t  systems f o r  both D-f ructose  and L-rhamnose. These were 

shown to be a r e s p i ra t io n -c o u p le d  t ranspor t  system, which is energ ized  

by the o x id a t io n  of  Krebs cycle  in term ed iates ,  and a phosphoenolpyruvate:  

hexose phosphotransferase system (PTS). The PTS was an unusual a c t i v i t y  

fo r  an aerob ic  bacter ium, and was usua l ly  associated w i t h  fe rm e n ta t iv e  

metabolism. The induct ion o f  the PTS in A. p y r i d i n o l i s  was shown to  be 

dependent on r e s p i ra t io n -c o u p le d  t ranspor t  o f  f r e e  D - f ru c to s e .

A study was undertaken to e lu c id a te  the ro les  and the reg u la to ry  

p ro p e r t ies  associated w i th  the c e l l ' s  a b i l i t y  to u t i l i z e  two d i f f e r e n t  

modes o f  t ra n s p o r t  fo r  a s in g le  sub s tra te .  Studies o f  D - f ru c to s e  uptake  

by A. p y r i d i n o l i s , in the presence and absence o f  cyan ide ,  demonstrated  

th a t  r e s p i ra t io n -c o u p le d  t ranspor t  represented about 90% o f  D - f ru c to se  

t ra n sp o r t  during the f i r s t  h a l f  of  logar i thm ic  growth, and t h e r e a f t e r  

about 15-20%. A c t i v i t y  o f  the D - f ructose  PTS, on the o th e r  hand, was 

low dur ing log phase, peaked in la te  log and then s low ly  d e c l in e d .  The 

r e la t io n s h ip  between the re s p i r a to r y  a c t i v i t y  o f  the c e l l  and the two 

t ra n sp o r t  a c t i v i t i e s  was then in v e s t ig a te d .  Experiments were conducted 

w ith  a mutant o f  A. p y r i d i n o l i s  (BJ200) , which requ ired  6 - a m in o le v u l in ic



acid  (ALA) for  growth. The growth r a t e ,  c e l l  cytochrome content  and 

r e s p i r a t io n -c o u p le d  D - f ru c to se  t ra nspor t  o f  the mutant increased w i th  

inc reas ing  ALA up to  50 pg ALA/ml. By c o n t r a s t ,  PTS a c t i v i t y  peaked in 

c e l l s  grown on D - f ru c to se  w i th  a concentra t ion  o f  ALA which was sub- 

optimal  f o r  growth and cytochrome conten t .  L -m ala te ,  which s t im u la tes  

r e s p i r a t io n -c o u p le d  t r a n s p o r t ,  repressed the PTS.

Several  in d ic a to rs  o f  aerob ic  metabolism were studied over  the course 

o f  growth o f  /\. p y r id in o i  is on D - f ru c to s e .  These parameters were examined 

to  a s c e r t a in  whether the t ime o f  appearance o f  PTS a c t i v i t y  (m id - lo ga ­

r i t h m ic  phase) was a t ime a t  which metabolism became g e n e r a l ly  more f e r ­

m en ta t ive .  Spectral  s tud ies  revealed an increase in Jj-type cytochromes 

as c u l t u r e s  got o l d e r ,  and the presence o f  a c y a n id e - r e s is ta n t  ox idase ,  

cytochrome d̂ , only a f t e r  c e l l s  entered the l a t e - l o g  phase o f  growth.  

Measurement of  oxygen consumption and CC^-released from D - f ru c to se  grown 

c e l l s  was c o n s is te n t ly  low throughout the growth c y c le ,  showing no s i g n i ­

f i c a n t  decrease in the l a t e r  stages o f  growth. I s o c i t r a t e  lyase a c t i v i t y  

was then examined as a func t io n  o f  growth on D - f ru c to se .  This  enzyme is 

p a r t  o f  the g ly o x y la te  pathway, which is required f o r  aerob ic  growth on 

D -f ru c to s e  by A. p y r i d i n o i i s . The c e l l s  had higher i s o c i t r a t e  lyase  

a c t i v i t y  dur ing the e a r l y  stages o f  growth, w h i le  a c t i v i t y  dec l ined  to  

undetec tab le  lev e ls  in c e l l s  harvested from the mid-log phase and l a t e r .

I t  appears then,  th a t  the re  is no gross phys io log ica l  change and th a t  

D - f ru c to se  metabolism might be somewhat fe rm enta t ive  throughout.  However, 

during the middle o f  log phase a more anaerobic metabol ic  mode took over .

A m etabol ic  s ignal  which could coord inate  the a e ro b ic /an a ero b ic  

m etabol ic  changes was sought.  Studies u t i l i z i n g  a c i t r a t e  synthase-  

d e f i c i e n t  s t r a i n  o f  A. p y r i d i n o l i s  (JF3) ind ica ted  a p o s i t i v e  reg u la to ry



r o le  o f  ace ty l  CoA in g ly o x y la t e  pathway a c t i v i t y .  This mutant e x h ib i te d  

the fo l lo w in g  p r o p e r t ie s :  (1) c o n s t i t u t i v e  leve ls  o f  g lyo xy la te  pathway 

enzymes on var ious s u b s t r a te s ,  w h i le  such leve ls  were found in the w i ld  

type only  when grown on a c e t a t e ;  and (2) ace ty l  CoA leve ls  almost 20 

t imes h igher  than in the w i ld  type on several  sub s tra tes ,  whereas o ther  

m e ta b o l i t e  lev e ls  were s i m i l a r  in the two s t r a i n s .  C o n s is te n t ly ,  a mutant 

t h a t  was d e f i c i e n t  in a c e ty l  CoA synthetase showed no induct ion o f  the 

g ly o x y la t e  pathway, even in the presence o f  a c e ta te ,  although ace ta te  

t ra n s p o r t  was normal. Moreover,  f u r t h e r  studies w i th  the c i t r a t e  synthase  

mutant suggest a pos s ib le  negat ive  reg u la to ry  ro le  f o r  acety l  CoA in PTS 

a c t i v i t y .  The mutant,  con ta in ing  high c e l l u l a r  ace ty l  CoA l e v e ls ,  under 

cond i t ions  f o r  PTS in d u c t io n ,  produced no more than 50% o f  the w i ld  type 

l eve l  o f  the PTS.

The r e s u l ts  in d ic a t e  th a t  the PTS funct ions under condit ions o f  

r e l a t i v e  anaerobios is  in the o b l i g a t e l y  aerob ic  k .  p y r i d i n o i i s . Some o f  

the r e le v a n t  metabol ic  a c t i v i t i e s  are  e f fe c te d  by acety l  CoA. This meta­

b o l i t e  may, in p a r t ,  c o o rd in a te ly  contro l  ae rob ic /anaerob ic  metabol ic  

modes.

v
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LITERATURE REVIEW

I . The B a c te r ia l  Phosphoenolpyruvate:Hexose Phosphotransferase System

The phosphoenolpyruvate (PEP):hexose phosphotransferase system (PTS) 

c a ta ly z e s  the energy-dependent t ra n sp o r t  o f  sugars g e n e r a l ly  c l a s s i f i e d  

as group t r a n s lo c a t io n  processes.  Group t ra n s lo c a t io n  was a term used 

by M i t c h e l l  to  describe c e r t a i n  classes o f  t ranspor t  mechanisms ( 1 , 2 ) .

In t h i s  e a r l y  work, M i t c h e l l  proposed several  genera l ized  t ra n s p o r t  mecha­

nisms. Group t ra n s lo c a t io n  s p e c i f i c a l l y  involved the t r a n s f e r  o f  a 

chemical group from donor to acceptor ,  concomitant w i th  the v e c t o r i a l  

t r a n s l o c a t io n  o f  acceptor  across a plasma membrane. In 196** Kundig, Ghosh 

and Roseman (3)  f i r s t  descr ibed such a ser ies  o f  react ions in Escher?chia  

col i . The PTS required a se r ies  o f  phosphoryl t ra n s fe rs  from PEP to  a 

hexose s u b s t r a te ,  forming the phosphate e s te r  o f  the hexose. This reac t ion  

sequence involves severa l  pro te ins  a c t in g  together  as a multi -enzyme com­

p le x  to e f f e c t  the t ra n s lo c a t io n  o f  substra te  across the b a c t e r i a l  c e l l  

membrane. Since the f i r s t  d e s c r ip t io n  o f  the PTS by Roseman's group, a 

tremendous body o f  work has been publ ished.  The major f in d in g s  have come 

from studies  using £ .  c o l ?, Salmonella  typhimurium and Staphylococcus  

au reu s , w i th  much o f  the important  work coming from the lab o ra to ry  o f  

Roseman and h is  e a r l y  coworkers, e . g . ,  S a ie r ,  Kundig, Hays and o thers  

( * * -9 ) .  In t h i s  sec t ion  1 wi 11 discuss some o f  the general fea tu res  o f  

the PTS, c i t i n g  some o f  the important  s p e c i f i c  references.  Many e x c e l ­

l e n t  reviews o f  the PTS a lso  e x i s t  (10-1**) .

In F igure 1, a scheme f o r  PTS a c t i v i t y  is presented,  showing the 

involvement o f  both so lub le  and membrane bound p ro te in s .

1



Su gar -P ^ Sugar

Enzyme I I - B

X Enzyme I < — y * P  

E n z ym e- I -P < r^^

fEnzyme I I - A

Sugar-P ^ Factor Enzyme I I - B 1 Sugar
I I I

FIG. I Scheme f o r  the phosphotransferase system.

The sum o f  a l l  the reac t ions  is :
PTS

PEP + Sugar Mg Sugar-P + Pyruvate.

The PTS conta ins two p ro te in s  th a t  funct ion  in the phosphorylat ion  

o f  a l l  the sugar s u b s t r a te s ,  Enzyme I  and HPr ( h is t i d in e - c o n t a in in g  p ro ­

t e i n ) ,  and two s u g a r - s p e c i f i c  p r o t e in s ,  Factor I I I  (or  Enzyme I l a )  and 

Enzyme I I  (or  l i b ) . HPr and Enzyme I  are  r e l a t i v e l y  s o lu b le ,  w h i le  Enzyme 

I I  is an in te g ra l  membrane p r o t e i n .

The f i r s t  step in the PTS is the c a t a l y t i c  conversion o f  HPr to P-HPr

(phospho-HPr) by Enzyme I ,  w i th  PEP the phosphate donor. In the process 

o f  t r a n s f e r r i n g  the phosphate group to HPr, a phosphoryl-Enzyme I  is 

formed, w i th  the phosphate group app aren t ly  bound to  a h i s t i d i n e  res idue.  

This was shown using two h ig h ly  p u r i f i e d ,  but not homogenous, prepara t ions

o f  Enzymes I  from S_. typhimuriurn (15) and S_. aureus (1 6 ) .

The HPr p ro te in  is the second phosphoryl c a r r i e r  in the PTS sequence 

of re a c t io n s .  I t  has been p u r i f i e d  from several sources,  as a smal l ,

s ta b le  s in g le  po lypept ide  chain:  the HPr from typhimuri  urn and IE . col i 

are a p p aren t ly  i n d is t in g u is h a b le  (mol. w t .  9500 ) ,  Ŝ . aureus , mol. wt.  8700

2



and Mycoplasma capr ico lum , mol. w t .  9500 ( 1 7 , 1 8 , 1 9 ) .  A l l  except  14. c a p r i -  

colurn were dhown to form phosphoprotein l inkages a t  an N- l  o f  a h i s t i d i n e  

res idue.

In v i t r o  complementation experiments i n d ic a t e  t h a t  HPrs from E_. col i 

and S. typhimuri um are f r e e l y  in terchangeable;  however,  they are  not  

fu n c t io n a l  w i th  £ .  aureus1 Enzymes I I  and I I I ,  and v ic e  versa ( 1 0 , 1 3 ) .  

Enzyme I  o f  E_. co l i  w i l l  i n e f f i c i e n t l y  phosphorylate  £ .  aureus HPr, and 

the converse is a lso t r u e .  When P-HPr was generated from M_. capr i  col um 

E + HPr + PEP, i t  ca ta lyzed  the phosphorylat ion  o f  a-MG w i th  an E_. col i 

membrane f r a c t i o n  as e f f i c i e n t l y  as an analogous E_. col i system. The use 

o f  £ .  col i P-HPr, however, was only 1/10 as e f f i c i e n t  w i th  14. capri  col um 

as was the ML capri  colum P-HPr (1 9 ) .

The t r a n s f e r  o f  the phosphoryl group from P-HPr to  the sugar sub stra te  

involves two more prote in  components. I t  is w i th  these two componenets, 

the sugar s p e c i f i c  components, th a t  the PTS takes on a d iverse  and complex 

na tu re .  These two components are  r e fe r r e d  to as Enzyme I l a / l l b  i f  they  

are  both in te g ra l  p r o te in s ,  or  Factor  I I I  and Enzyme l i b  i f  on ly  Enzyme 

l i b  is an in te g ra l  p r o te in .  Some examples o f  the spectrum o f  PTS a c t i -  

v i t i e s  which e x i s t  are as fo l lo w s .  S_. aureus conta ins  a lac tose  PTS 

which u t i l i z e s  a soluble Factor  I l l ^ ac and membrane-bound Enzyme I I ^ ac 

( 1 8 ,2 0 ,2 1 )  to accumulate lac tose  phosphate (6 -phosphogalac tosy l - £ , l+A-  

g lucos e ) .  £ .  c o l i  and £ .  typhimuri um both have two PTSs f o r  glucose,  

one designated Ei i i 9 ^c ' / E i i s ' cI  and the o th e r  E l l a / E l l b  ( 1 0 , 1 3 ) .  The f o r ­

mer represents a high a f f i n i t y ,  glucose s p e c i f i c  t ra n s p o r t  system which 

requ ires  both a soluble  E I I I 9 ' 0 and the membrane bound E l l S ^ '  ( 1 1 ) ,  

w h i le  the l a t t e r  system has a broader s u b s tra te  s p e c i f i c i t y  and represents  

the only documented system w ith  two in te g r a l  s u g a r - s p e c i f i c  p ro te ins  ( A , 5 ) .

3



Among the organisms known to re q u i re  three  so lub le  and one membrane bound 

components is /\. p y r i d i n o i i s , which has a PTS f o r  D- f ructose  and L-rhamnose 

( 2 2 , 2 3 ) ;  the D - f ru c to se  PTS o f  t h is  species is the subject  o f  many o f  the 

s tud ies  reported here .  In a d i f f e r e n t  organism, Aerobacter aerogenes, 

Anderson e £  a_l_. (2^ ,25 )  have descr ibed two f ructose  PTSs, a h i g h - a f f i n i t y  

(assayed around 0.1 mM f ru c to s e )  and a l o w - a f f i n i t y  (assayed a t  90 mM 

f ru c to s e )  system. A novel f e a t u r e  associated w i th  the h i g h - a f f i n i t y  PTS 

is t h a t  a s o lu b le ,  in d u c ib le  p ro te in  designated "K,  ̂ f a c t o r "  replaces the  

HPr in t h i s  organism and requ ires  an induced Enzyme I I  f o r  D - f ru c to s e .  HPr 

was not requ ired  f o r  a c t i v i t y  w i th  the induble Enzyme I I ,  but was e s s e n t ia l
i

f o r  the low a f f i n i t y  ^stem which was c o n s t i t u t i v e .  The photosynthet ic  

b a c t e r i a ,  Rhodosp ir i11um rubrum and Rhodopseudomonas sphaero ides , possess 

a novel PEP-dependent PTS f o r  the formation o f  ructose-1-phosphate ( 2 6 ) .  

This  system contains only  two components: a f i r m l y  membrane bound enzyme 

and a s o lu b le  p r o t e i n ,  which is loosely  associated w i th  the membrane, and 

found not to  correspond to  o th e r  known E l ,  HPr or  E I I I  p r o te in s .  The i n ­

d u c ib le  h e x i t o l  PTS in £ .  col i , A. aerogenes, Ŝ . mutans and S_. aureus are  

a ls o  somewhat s p e c ia l i z e d .  They have been studied by Lengeler ( 2 7 , 2 8 ) ,

Lin and coworkers ( 2 9 , 3 0 ) ,  and others  ( 3 1 , 3 2 ) .  I t  was shown t h a t  the 

h e x i t o l  PTS had a somewhat broader substra te  s p e c i f i c i t y  than most PTS. 

Moreover,  n e i t h e r  a sugar s p e c i f i c  component, i . e . ,  an E III ,  nor an e q u i ­

v a le n t  s u g a r - s p e c i f i c  membrane-bound component ( i l a )  was found. Thus f a r ,  

o f  the h e x i t o l  PTSs, only the mannitol PTS in Ŝ . aureus has been shown to  

con ta in  both so lub le  and membrane-bound h e x i t o l - s p e c i f i c  components ( 2 0 ) .

In g e n e r a l ,  Enzyme I  and HPr are  c o n s t i t u t i v e  p ro te in s ;  however, i t  

has been shown th a t  the leve l  o f  these p ro te ins  can very up to  t h r e e - f o l d  

depending on the carbon source used fo r  growth ( 6 ) .  The i n d u c i b i l i t y  o f
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the s p e c i f i c  Enzyme I I  complexes is complicated ( 1 0 ) .  Many o f  these com­

plexes are  c l e a r l y  in d u c ib le ,  e . g . ,  those f o r  f ru c to s e ,  mannitol  and 

s o r b i t o l .  However, the t o t a l l y  membrane-bound I l A / l l B  systems f o r  glucose 

and o ther  PTS substra tes  are  not as c l e a r l y  understood. This system has 

been measured in membrane p repara t ions  regard less o f  the carbon source used 

f o r  growth.

The use o f  mutants g r e a t l y  f a c i l i t a t e d  s tud ies  o f  the ro le  o f  the PTS

in b a c te r ia l  physio logy.  Lin and coworkers, using both E_. col i (33) and

A. aerogenes (30 ,3*0  found t h a t  mutants which lacked e i t h e r  Enzyme I or  

HPr showed p l e i o t r o p i c  c h a r a c t e r i s t i c s ,  i . e . ,  they w ou ldn ' t  grow on several  

PTS sub stra tes .  I f  an HPr o r  Enzyme I mutant was al lowed to r e v e r t  spon­

taneously on a s in g le  carbon source,  a l l  o th e r  p l e i o t r o p i c  d e f ic ie n c ie s  

were co r rec ted .  A d i f f e r e n t  mutant o f  A. aerogenes, th a t  was only unable 

to  use m ann i to l ,  was shown to be a d e fec t  in Enzyme I I .  A mutant o f  £ .  

typhimuri um is o la te d  by Simoni et_ aj_. (35) was p a r t i c u l a r l y  important in 

showing tha t  the PTS was indeed a major system f o r  the t ra n sp o r t  o f  sugars 

in b a c te r ia .  The mutant lacked Enzyme I o f  the PTS, and was unable to  

u t i l i z e  nine carbohydrates t h a t  were used by the w i ld  type.  The i n a b i l i t y  

to  u t i l i z e  the carbohydrates was shown to  be due to  the mutant 's  i n a b i l i t y  

to  t ranspor t  the sugars in to  the c e l l s .  C r i t i c a l  evidence th a t  phospho­

r y l a t i o n  and t ra n s lo c a t io n  by the PTS are  concomitant came from the work o f

Kaback (3 6 ) .  Using i s o la te d  membrane v e s ic l e s ,  Kaback demonstrated tha t  

PEP was required f o r  the accumulat ion o f  c e r t a in  sugars as t h e i r  phosphate 

e s te r s ;  an Enzyme I mutant was unable to take up ap p rec iab le  q u a n t i t i e s  o f  

crmethylg lucoside (cx-MG); and i f  32P - l a b e l l e d  PEP was used there  was a 

s to ic h io m e t r ic  r e l a t i o n  between 32P lo s t  from PEP to  i t s  appearance in 

a-MG-phosphate. A key exper iment  showed t h a t  when 3H-glucose was added 

to  the incubation medium co n ta in in g  I'+C-glucose loaded v e s ic le s ,  the



added 3H-g1ucose was phosohprylated a t  a more rap id  ra te  than the i n t r a -  

v e s ic u la r  11+C-glucose.  This provided r a th e r  convincing evidence th a t  the  

PTS was indeed involved w i th  the t ra n sp o r t  o f  sugars across a membrane.

I I . D i s t r i b u t i o n  o f  the PTS Among B a cte r ia

Although the PTS e x i s t s  in many o f  the b a c te r ia  commonly used f o r

s tudy ,  i t  is not a un iversa l  system. In a recent  review by S a ie r  ( 1 2 ) ,

a complete l i s t i n g  o f  organisms known to  u t i l i z e  the PTS, along w i th  re ­

p r e s e n ta t i v e  organisms known not to use the PTS, was presented.  A ra th e r  

d ive rse  group o f  b a c te r ia  u t i l i z e  the PTS, ranging from e n t e r i c  organisms 

to  marine b a c te r ia  and severa l  species o f  Mycoplasma. No tab ly ,  w i th  the  

except ion  o f  several  organisms, PTS-contain ing b a c te r ia  are g e n e ra l ly  

s t r i c t  or  f a c u l t a t i v e  anaerobes. Romano and coworkers (37»38) had o r i ­

g i n a l l y  reported th a t  the PTS was completely absent from o b l ig a t e  aerobes,  

on the basis o f  a survey in which the g l u c o s e -s p e c i f i c  PTS was measured. 

This g e n e r a l i z a t io n  is no longer t r u e ,  however, as noted by S a ie r  ( 1 2 ) .

A d i f f e r e n t  type o f  g e n e r a l i z a t io n  may be made: Those organisms which are

capable o f  m etabo l iz ing  sugars v ia  anaerobic  g ly c o ly s is  us u a l ly  have the  

a b i l i t y  to t ra n sp o r t  sugars v ia  the PEP-dependent PTS. Organisms which 

u t i l i z e  the Entner-Doudorof f  pathway to  m etabol ize  sugars a e r o b ic a l l y  

u s u a l ly  u t i l i z e  a c t i v e  t ra n s p o r t  f o r  sugar accumula t ion .  The e v o lu t io n  

o f  the PTS has not been w id e ly  s tud ied ,  but some con s id e ra t ion  o f  th is  

issue has been presented by Sa ie r  (12) and by Andrews and Lin (3 9 ) .

The work o f  Krulwich et_ £l_. (2 2 ,2 3 )  f i r s t  demonstrated th a t  the PTS 

e x is te d  in s t r i c t  aerobes.  A r th ro b ac te r  p y r i d i n o l i s  was shown to  have a 

PTS f o r  D - f ru c to se  and L-rhamnose. Since th a t  t ime severa l  d i f f e r e n t  

aerobes have been shown to  conta in a PTS. A PTS f o r  D - f ru c to se  has been 

c h a ra c te r iz e d  in B a c i l lu s  s u b t i l i s .  Gay and Delobbe and coworkers
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repor ted ,  in a se r ie s  o f  papers (A 0 ,A l ,A 2 ) ,  t h a t  s o r b i t o l  and D- f ructose  

metabolism were dependent on a PTS. Exogenous D - f ru c to se  or  D - f ru c to se  

formed from s o r b i t o l  could be phosphorylated by the PTS o r  a d i f f e r e n t  

but unknown mechanism o f  t r a n s p o r t .  The induct ion o f  subsequent meta­

b o l i c  enzymes depended on the presence o f  Enzyme I  o f  the PTS. Another  

group reported the p u r i f i c a t i o n  o f  HPr from B̂. subti  1 ?s Marburg 168 and 

found i t  to be s i m i l a r  to  t h a t  o f  E_. c o l i  and S_. aureus (A3) .  A survey 

o f  several  Pseudomonas spp. was undertaken by Sawyer, Baumann and co­

workers (AA,A5).  They showed th a t  a PEP-dependent D - f ru c to se  PTS was p re ­

sent in these a e ro b ic  c e l l s ,  producing f ru c to se -1 -p hosph a te ,  which was 

shown to  be metabol ized f u r t h e r  l a r g e l y  by the Entner-Doudorof f  pathway, 

i l l .  Hexose Transport  in A- jJYLid lnolis .

The f in d in g  o f  a PTS in A. p y r i d i n o l i s , a s t r i c t  aerobe,  was unique 

a t  the t im e ,  and s t i l l  represents  one o f  a few such documentations in 

aerobes.  A. p y r i d i n o i i s  grows on Krebs cyc le  in term ed iates  such as 

L-mala te  in p re fe rence  to hexoses; the only  hexoses i t  has been shown to  

grow on as so le  carbon sources are  D - f ru c to s e ,  L-rhamnose, and the hexose 

d e r i v a t i v e  D-g luconate .

S obe l , Wolfson and Krulwich showed t h a t  D-glucose would not support 

growth o f  A. p y r i d i n o l i s  when the s u b s tra te  was present  as sole carbon 

source ( A 6 ) . However, i t  was shown t h a t  a d ia u x ic  growth p a t te rn  was 

observed i f  L -m a la te ,  su c c in a te ,  c i t r a t e  o r  fumarate were included in the 

growth medium, such t h a t  the D-glucose was u t i l i z e d  during the second 

phase o f  growth. A c t i v i t y  o f  the D-glucose t ra n s p o r t  system, which was 

repressed by high l e v e ls  o f  Krebs cyc le  in te rm ed ia tes ,  a c t u a l l y  required  

the presence o f  some L-m ala te  o r  L-mala te  p recursor .  Transport  could be 

i n h ib i t e d  by the r e s p i r a t o r y  i n h i b i t o r s  cyanide and 2 ,A -d in i t ro p h e n o l



(DNP), and was shown to  be a c t i v e  t ra n s p o r t ,  not a PEP-dependent:D-glucose  

PTS. The L-malate was the energy source,  and was o x id iz ed  to OAA dur ing  

D-glucose u t i l i z a t i o n .  These f in d in g s  suggested th a t  D - f ru c to se  and 

L-rhamnose, which could serve as so le  carbon source, might be t ransported  

by a d i f f e r e n t  mechanism.

Sobel and Krulwich f i r s t  reported the e x is ten ce  o f  a PEP-dependent:  

D-fru c to se  PTS in /\. p y r id in o i  is in 1973, and showed th a t  f r u c t o s e - 1 -  

phosphate was the product o f  t h is  PTS ( 4 7 ) .  Whi le  studying a P T S -d e f ic ie n t  

mutant o f  A_. p y r id in o l  i s , i t  was found th a t  both a re s p i r a t io n -c o u p le d  

(RC) system and PTS e x is te d  f o r  D - f ru c to se  t ra n s p o r t  (**8). (F igure  2 . )  The 

RC system required the a d d i t io n  o f  exogenous L-mala te  and had several  pro­

p e r t ie s  s i m i l a r  to the D-glucose t ra n s p o r t  system. The need f o r  exogenous 

L-mala te  f o r  the RC t ra n s p o r t  system r e la te s  to the r e l a t i v e  i n a b i l i t y  o f  

A. p y r i d i n o i i s  to generate  i n t r a c e l l u l a r  L -m a la te ,  as discussed l a t e r .  

Further  studies  c a r r i e d  out  on the D - f ru c to se  t ra n s p o r t  system in th is  

organism, u t i l i z i n g  whole c e l l  s tu d ie s ,  membrane v e s ic le s  and var ious mu­

t a n t s ,  revealed t h a t :  (1)  the PTS contained th ree  so lub le  components, one 

o f  which was induc ib le  (Fac to r  I I I )  and an in d u c ib le  D - f r u c t o s e - s p e c i f i c  

membrane bound component (Enzyme I I ) ;  (2) there  was a D - f r u c t o s e - s p e c i f i c  

component f o r  the r e s p i r a t io n -c o u p le d  system which was ind u c ib le ;  (3) in ­

h i b i t o r s  o f  e le c t ro n  t ra n s p o r t  such as DNP markedly i n h ib i t e d  L -m a la te -  

dependent D - f ruc tose  t ra n s p o r t  w h i le  not a f f e c t i n g  PEP-dependent PTS 

a c t i v i t y ;  and (4) th a t  a f l a v i n  adenine d i n u c l e o t id e - l i n k e d  L -m al ic  

dehydrogenase was associa ted  w i th  the membrane f r a c t i o n  o f  these c e l l s  

and appeared to be a c o n s t i t u t i v e  enzyme t h a t  might be involved in the  

malate o x id a t io n  ( * *9 ,50 ) .  Using a se r ie s  o f  mutants d e f i c i e n t  in the 

var ious RC and PTS f ru c to se  t ra n s p o r t  components, Wolfson and Krulwich
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showed t h a t  a fu n c t io n a l  RC-D-fructose t ra n s p o r t  system was required fo r  

induct ion o f  the. D - f ru c to s e  PTS ( 2 2 ) .  These r e s u l ts  suggested th a t  f re e  

D-fru c to se  must be t ra n sp o r ted  by the RC system to s u f f i c i e n t  i n t r a c e l l u ­

l a r  l e v e ls  in o rder  f o r  induct ion  o f  the PTS to  occur.

Although much o f  the work conducted on the a l t e r n a t e  t ra n s p o r t  systems 

in A_. p y r i d i n o l i s  centered on the D - f ru c to se  t ra n s p o r t  systems, some work 

has a lso  been done on L-rhamnose t ra n s p o r t  and metabolism. The f in d in g  

th a t  L-rhamnose was the o n ly  o th e r  hexose which could be used as sole c a r ­

bon source by A. p y r i d i n o i ?s led to the subsequent f in d in g  th a t  L-rhamnose,  

l i k e  D - f ru c to s e ,  could be t ransported  by both a RC and PTS t ra n sp o r t  sys­

tem ( 2 3 ) .  The L-rhamnose t ra n s p o r te d ,  unchanged, by the RC t ra n sp o r t  

system is metabol ized v ia  the fo l lo w in g  pathway: L-rhamnose -* L-rham-

nulose -*■ L-rhamnulose 1-phosphate -»■ dihydroxyacetonephosphate + L - l a c t -  

aldehyde (5 1 ) •  The L-rhamnose 1-phosphate produced v ia  the PTS was 

postu la ted  to  be dephosphorylated by a s p e c i f i c  L-rhamnose 1-phosphate 

phosphatase. Mutants a p p a re n t ly  lack ing  t h is  a c t i v i t y  accumulate a to x ic  

m e ta b o l i te  (probably L-rhamnose 1-phosphate) when grown in the presence o f  

L-rhamnose. In t ro d u c t io n  o f  a mutat ion in Enzyme I o f  the PTS a l l e v i a t e s  

th is  growth i n h i b i t i o n .

IV. C e l l u l a r  Regulat ion Of and By the PTS

Although the pr imary fu n c t io n  o f  the PTS is probably to provide the  

b a c te r ia l  c e l l  w i th  s u f f i c i e n t  growth s u b s t r a te ,  the PTS a lso  funct ions in 

the re g u la t io n  o f  var ious  c e l l u l a r  processes.  Ad ler  and Epstein (52) have 

shown t h a t  the p ro te in s  o f  the PTS func t io n  in chemoreception, a l low ing  

the bacter ium to  swim up a con cen tra t ion  g ra d ie n t  o f  PTS sugars. Another  

suggested t a r g e t  o f  PTS-mediated contro l  is r e g u la t io n  o f  f l a g e l l a r  pro­

t e in  synthesis  and f l a g e l l a r  motion i t s e l f  ( 1 2 ) .  However, the regu la tory



func t ion  which has rece ived more a t t e n t i o n  is the PTS's e f f e c t s  on several  

t ra n s p o r t  systems f o r  non-PTS sugars, and i t s  e f f e c t s  on adeny la te  cyclase  

a c t i v i t y .  Soon a f t e r  the d iscovery o f  the  PTS, i t  was noted t h a t  Enzyme I  

and HPr mutants o f  £ .  c o l i  could not induce g -g a la c to s id a s e  (5 3 ) .  Pastan 

and Perlman (5*0 showed t h a t  such mutants were h y p e rs e n s i t iv e  to  repression  

o f  g -ga lac tos idase  by glucose,  and suggested th a t  they had p a r t i c u l a r l y  

low c e l l u l a r  l e v e ls  o f  c y c l i c  AMP. Since t h a t  t ime much work has been 

done, w i th  Ê . col i and S_. typhimuri  um, to develop some cohesive mechanism 

f o r  e x p la in in g  these phenomena. S a ie r ,  f i r s t  in c o l l a b o r a t io n  w i th  

Roseman and then w i th  o th e r s ,  has s tudied how the PTS might c o o rd in a te ly  

re g u la te  permease func t io n  ( 6 , 8 , 9  »55) and adeny la te  cyc lase a c t i v i t y  (56 ,

5 7 , 5 8 ) .  These studies have c l e a r l y  shown t h a t  the presence o f  a PTS sugar 

(or  non-m etabol izab le  PTS sub stra te  analog) w i l l  r a p id ly  i n h i b i t  adenyla te  

cyclase a c t i v i t y  and thus lower c y c l i c  AMP, w h i l e  a ls o  d i r e c t l y  i n h i b i t i n g  

a number o f  permeases. This in turn  a f f e c t s  those operons, e . g . ,  the lac  

operon, which are  c o n t r o l le d  by inducer exc lus ion  and c y c l i c  AMP (1 2 ) .

S a ie r  (12) has proposed th a t  a cen tra l  re g u la to ry  p r o t e i n ,  RPr,  provides  

an a l l o s t e r i c  reg u la to ry  mechanism over both adeny la te  cyc lase and the  

var ious carbohydrate permeases. A se r ie s  o f  phosphorylat ion/dephospho­

r y l a t i o n  steps is involved in p o s i t i v e  and neg a t ive  contro l  fu n c t io n s ,  

w ith  the phosphorylat ion o f  RPr being dependent upon the phospho-HPr o f  

the PTS. Over the past few years ,  Peterkofsky  et_ aj_. have a lso  developed 

a mechanism f o r  the re g u la t io n  o f  adeny la te  cyc lase  by the PTS ( 5 9 , 6 0 , 6 1 ,  

6 2 , 6 3 ) .  T h e i r  proposals are  s i m i l a r  to  those o f  S a ie r ' s  group, w i th  a 

phosphoprotein i n t e r a c t i o n  w i th  adeny la te  cyclase poss ib ly  invo lv ing  

Enzyme I  ( 1 2 ) .  A recent  p u b l i c a t io n  by t h is  group (6 3 ) a lso  suggests 

th a t  the protonmotive fo rce  regu la tes  the adeny la te  cyc lase complex o f
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JE. col i .

Thus, a large  number o f  s tudies  have been done on the a b i l i t y  o f  

the PTS to  reg u la te  o th e r  c e l l u l a r  fu n c t io n s .  By c o n t r a s t ,  r e l a t i v e l y  

l i t t l e  has been done on the re g u la t io n  o f  the PTS i t s e l f  ( 1 0 , 1 4 ) .  How­

e v e r ,  a growing body o f  evidence ind ica tes  th a t  the protonmotive force  

i n h i b i t s  PTS a c t i v i t y .

In the course o f  s tudying the glucose permease o f  E_. col ? and S_. 

typhimur i um, using a-methyl  g lucoside (a-MG, a non -m etabo l izab le  analog  

o f  g lu c o s e ) ,  Hoffee e t  a l . (64 ,65 )  and others  (6 6 , 6 7 , 6 8 , 69 ) made these  

i n i t i a l  observa t ions :  (1) a d d i t io n  o f  f ru c to se  o r  another  m e tabo l iza b le  

carbon source to c e l l s  which have accumulated a-MG (a PTS s u b s t ra te )  to  

steady s t a t e  caused an immediate and s e v e r a l - f o l d  decrease in t h is  l e v e l ;  

(2) a d d i t io n  o f  az ide  or  DNP to  c e l l s  had no e f f e c t  on a-MG accumulation  

a lo n e ,  but increased i t s  steady s ta te  leve l  o f  accumulat ion s e v e r a l - f o l d  

in the presence o f  exogenous o x id i z a b le  sub s t ra te ;  (3) a change to  anaero-  

b io s is  increases the steady s t a t e  leve l  o f  a-MG in the presence o f  the  

carbon source on which i t  was a e r o b ic a l l y  grown; and (4) showed th a t  az ide  

e f f e c t e d  a~MG uptake by decreasing the 1^ f o r  uptake t h r e e - f o l d ,  w ithou t  

a f f e c t i n g  i t s  Vmax.

More recent  s t u d ie s ,  a l l  conducted w i th  E_. c o l i  using a-MG as a sub­

s t r a t e ,  show th a t  the g l u c o s e -s p e c i f i c  t ra n s p o r t  p r o te in  (Enzyme I I 9 ^C) o f  

the PTS may be s e n s i t i v e  to  the transmembrane e l e c t r i c a l  p o t e n t i a l  ( 1 4 ) .  

Hernandez-Asensio et_ al_. ( 70) f i r s t  showed t h a t  substra tes  which s t im u la te  

r e s p i r a t io n  i n h ib i t e d  a"MG uptake; the h igher  the ra te  o f  r e s p i r a t io n  the 

more sev ere ly  a"MG uptake was i n h i b i t e d .  They a lso  demonstrated th a t  az ide  

and CCCP, an uncoupler ,  r e l i e v e d  the i n h i b i t i o n  o f  a-MG t ra n s p o r t  by the  

added r e s p i r a t o r y  s u b s t r a t e .  In agreement w i th  Gachelin ( 6 8 ) ,  they showed
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th a t  the Kjp f o r  t ra n s p o r t  was a f f e c t e d .  A subsequent paper by th is  group 

(71) u t i l i z e d  E_. c o l i  mutants w i th  a d e f e c t i v e  Ca2+ ,Mg2+-ATP'ase to ru le  

out any i n h i b i t o r y  e f f e c t s  t h a t  ATP per se might have caused. In such 

mutants, o x i d i z a b l e  substra tes  produced an even more severe i n h ib i t io n  o f  

a-MG uptake than in the w i l d - t y p e ,  and CCCP reversed t h is  i n h i b i t i o n .

D i re c t  measurements o f  c e l l u l a r  ATP lev e ls  ru led  out any e f f e c t  o f  ATP on 

the ra te  o f  a-MG uptake .  A d d i t io n a l  support f o r  the idea th a t  the ene r ­

gized membrane s t a t e  i n h i b i t s  the PTS comes from work w i th  c o l i c in s .  As 

e a r l y  as 19&9, F ie lds  and Lur ia  (72) showed t h a t  c o l i c in s  El  and K, as 

well  as a z i d e ,  complete ly  i n h i b i t e d  3- g a la c t o s id e  uptake, w h i le  a-MG up­

take was h ig h ly  r e s i s t a n t  to  i n h i b i t i o n  under the same con d i t io ns .  Sub­

sequent work by Lur ia  ( 7 3 ) .  J e t te n  (7*0 and G i l c h r i s t  and Konisky (75 ,76 )  

f u r t h e r  showed t h a t  var ious c o l i c in s  (col E l , K , l a )  could be used to i n h i b i t  

the formation o f  an energ ized  membrane s t a t e  and thus i n h i b i t  processes 

re q u i r in g  the energ ized membrane s t a t e ,  such as p r o l in e  and TMG t ra n sp o r t .  

At the same t im e ,  i t  was demonstrated th a t  PTS-mediated a “MG uptake was 

not e f f e c t e d ,  or  increased under these c o n d i t io n s .  The conclusion drawn 

by a l l  o f  these groups was t h a t  the energ ized s t a t e  o f  the membrane served 

to i n h i b i t  PTS-mediated a~MG t r a n s p o r t .  The most d i r e c t  treatment o f  th is  

to p ic  comes from a recent  repor t  by Reider et_ aj_. ( 7 7 ) .  Using both whole 

c e l l s  and membrane v e s ic le s  o f  w i ld  type and ATP'ase d e f i c i e n t  s t r a in s  o f  

£ .  c o l i , they showed t h a t  e n e rg iz a t io n  o f  the c e l l  membrane in h ib i t s  PTS- 

mediated t r a n s p o r t .  Only substra tes  which donated e le c t ro n s  d i r e c t l y  to  

the r e s p i r a t o r y  chain could i n h i b i t  a~MG uptake.  In membrane ves ic les  

prepared from a c y to ch ro m e -d e f ic ien t  mutant ,  which could not be energized  

by D - l a c t a t e  o r  asc orba te ,  a _MG t ra n s p o r t  was not in h ib i t e d  by these 

s u b s tra tes .  The work o f  Reider e t  a l . (77) s t ro n g ly  supports the theory
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th a t  the protonmotive fo rce  con tro ls  the a c t i v i t y  o f  the PTS. An even 

more d e f i n i t i v e  conclusion w i l l  be j u s t i f i e d  when measurements o f  the 

protonmotive fo rce  and t ra n s p o r t  are made s im ultaneously .

V. Aerobic  vs. Anaerobic B a c te r ia l  Physiology

For fe rm e n ta t ive  organisms, the PTS makes d i r e c t  use o f  PEP der ived  

from the g l y c o l y t i c  catabolism o f  i t s  sugar s u b s t ra te s .  The pr imary sub­

s t r a t e  f o r  many o f  these organisms is D-glucose;  some o f  the regu la to ry  

ro les  o f  the PTS, noted above, may e s s e n t i a l l y  focus c e l l u l a r  metabolism 

on D-glucose d i s s i m i l a t i o n .  What about those organisms such as A. pyr i  -  

d i n o l i s  and Pseudomonas aeruginosa which are s t r i c t  aerobes? I n t e r e s t i n g l y ,  

in many ae ro b ic  organisms, hexoses and D-glucose in p a r t i c u l a r ,  are  not 

p r e f e r e n t i a l l y  u t i l i z e d .  Ins tead ,  in te rm ed ia tes  o f  the Krebs cyc le  such 

as c i t r a t e  and succinate  are  found to be the p re fe r re d  carbon sources.

Dawes and coworkers (78 ,79»8 0 ,8 1 )  and others (82) studying P_. aeruginosa  

have shown th a t  c e l l s  grown on succinate  conta in  low le v e ls  o f  D-glucose 

c a t a b o l i z in g  enzymes and th a t  c i t r a t e  represses these enzymes. I t  was 

l a t e r  es ta b l is h e d  th a t  t h is  organism conta ined an ind u c ib le  a c t i v e  t r a n s ­

port  system f o r  glucose ( 8 3 , 8 4 , 8 5 , 8 6 )  which was not PTS-mediated and was 

re p re s s ib le  by Krebs cyc le  in te rm ed ia tes .  Krulwich and Ensign (87) a lso  

showed t h a t  the glucose t ra n s p o r t  system o f  A r th ro b a c te r  c r y s t a l l o p o i e t e s , 

a s t r i c t  aerobe,  was a lso  repressed by succ in a te ,  and A. pyr i  di no l i  s , the  

bacter ium s tud ied  in t h is  t h e s is ,  w i l l  u t i l i z e  D-glucose only  a f t e r  p r i o r  

growth on Krebs cyc le  in te rm ed ia tes  ( 4 6 ) .  As pointed out by Mukkada et  ̂

a l . ( 8 4 ) ,  the re g u la t io n  and t ra n s p o r t  o f  var ious n u t r i e n t s  by aerobes 

such as the a r th ro b a c te rs  and pseudomonads suggest a po in t  o f  ev o lu t io n a ry  

divergence o f  these organisms from the fe rm e n ta t iv e  type o f  metabolism 

and t r a n s p o r t .



However, aerob ic  organisms do e x i s t  which u t i l i z e  a PTS f o r  sugar  

t ra n s p o r t  ( i . e . ,  k Z , 4 5 , ^ 7 ) ,  as ind ica ted  in Section I I .  Could there  be 

some cond it ions  under which these aerob ic  organisms u t i l i z e  an e s s e n t i a l l y  

anaerobic  mode o f  metabolism? I t  is possib le  th a t  these b a c t e r i a ,  mostly  

s o i l  organisms, are  subjected to per iods o f  low oxygen a v a i l a b i l i t y .  Per­

haps the PTS a c t i v i t y  in such organisms is p a r t  o f  a s u rv iv a l  mechanism 

to adapt to  such environmental  co n d i t io n s .  C e r t a i n l y ,  a r t h r o b a c t e r  and 

coryneform b a c te r ia  are ab le  to  surv ive  long periods o f  s t a r v a t i o n  and can 

u t i l i z e  many unusual compounds as n u t r ie n ts  ( 8 8 ) .

Although much has been w r i t t e n  on what de f ines  an anaerobe ( e . g . ,  

reviewed in 89) ,  l i t t l e  is known about the t r a n s i t i o n  from an ae ro b ic  to  

an anaerobic c o n d i t io n .  Most o f  the re le v a n t  in form at ion  comes from s t u ­

dies o f  f a c u l t a t i v e  organisms, such as £ .  c o l ?, or  o f  organisms such as 

JP. aerug ino sa , which can grow w ithout  oxygen using n i t r a t e  as a terminal  

e le c t r o n  acceptor .

In 1966, Gray et^ aj_. (90 ,91 )  studied the s t r u c t u r a l  and fu n c t io n a l  

changes in E_. col i th a t  occurred as a r e s u l t  o f  s h i f t i n g  from aerob ic  to  

anaerobic growth. Aerobic E_. col i have high lev e ls  o f  Krebs cyc le  enzymes 

and terminal  r e s p i r a t o r y  enzymes. During anaerobic growth o f  £ .  c o l i , 

some r e s p i r a t o r y  components remain membrane assoc ia ted .  This may a l lo w  

rap id  changes to  take place under condit ions  o f  changing oxygen tension  

( 9 0 ) .  Krebs cyc le  enzymes were shown to  be c o n t r o l le d  by severa l  separate  

mechanisms ( 9 1 ) .  Anaerobios is resu l ted  in the lowest l e v e ls  o f  enzymes, but 

D-glucose produced s i g n i f i c a n t  repress ive  e f f e c t s  under several  n u t r i t i o n a l  

c o n d i t io n s .  Thomas e t  a l . (92) documented the changes o f  severa l  important  

funct ions  in IE. col i dur ing an aerob ic  to  anaerobic s h i f t .  T h e i r  f ind ings  

in d ic a ted  t h a t ,  as d isso lved  oxygen tension approached z e ro ,  several  

r e s p i r a t o r y  enzymes and cytochromes f i r s t  increased and then decreased
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p r e c i p i t o u s l y .  M etabo l ic  adjustments to  fe rm e n ta t iv e  metabolism were 

i n i t i a t e d  w e l l  be fore  the d isso lved  oxygen tension reached zero .  This  

was shown by the increase o f  severa l  g l y c o l y t i c  enzymes. Ruch and Lin 

(93*9*0 demonstrated t h a t  K l e b s i e l l a  aerogenes can d i s s i m i l a t e  g lycero l  

a e r o b i c a l l y  o r  a n a e r o b ic a l ly  by two separate  pathways. Both pathways are  

induced by growth on g l y c e r o l ,  but t h e i r  r e l a t i v e  lev e ls  depend on the 

degree o f  a e r a t io n  o f  the c u l t u r e .

Several in v e s t ig a t io n s  using a v a r i e t y  o f  organisms c h a ra c te r iz ed  

the changes in the cytochrome content'  o f  b a c t e r i a l  c e l l s  as a funct ion  

o f  a v a i l a b l e  oxygen. S i n c l a i r  and White (95) showed t h a t  in Haemophi1 us 

p a r a i n f 1uenzae the c on cen tra t ion  o f  cytochromes was h igher  in ( ^ - l i m i t e d  

c u l tu res  than in f r e e l y  ae ro b ic  c u l t u r e s .  The type o f  e le c t r o n  acceptor  

used in anaerobic  growth, i . e . ,  n i t r a t e  or  fumarate ,  a f fe c te d  the amount 

o f  cytochromes formed under these c o n d i t io n s ,  e . g . ,  the presence o f  n i t r a t e  

repressed the formation o f  cytochrome dk In a study o f  prop ion ic  ac id  

b a c t e r i a ,  de V r ies  e £  al_. (96)  showed t h a t  these a e r o t o le r a n t  anaerobes 

e x h ib i t e d  severa l  cytochromes, inc lud ing  cytochromes o ,  a o r  a ] , and d_ 

under anaerobic  c o n d i t io n s ;  synthesis  o f  these p a r t i c u l a r  cytochromes was 

sev ere ly  repressed by the presence o f  oxygen. As reviewed r e c e n t ly  (97) *

E_. col i has a branched r e s p i r a t o r y  chain a t  the leve l  o f  terminal  r e s p i r a ­

to ry  components; t h is  is a common f in d in g  in b a c t e r i a .  What appears to 

occur in £ .  c o l i  is th a t  cytochrome £  is used e x c lu s iv e ly  dur ing log phase 

o f  growth. Under c on d i t io ns  o f  low oxygen te n s io n ,  as in s t a t io n a r y  phase, 

cytochrome d̂  is induced. Th is  e f f e c t  has been documented by Doel le  and 

Hollywood (98) who a lso  c o r r e l a t e d  t h e i r  f in d in g s  w i th  respect  to  biomass 

and the u t i l i z a t i o n  o f  a e ro b ic  fe rm enta t ion  o f  g lucose.  Sweet and 

Peterson (99) found t h a t  P. p u t i d a , when grown a e r o b i c a l l y ,  demonstrated
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f lu c t u a t i o n s  in i t s  cytochrome content  over the course o f  growth. When 

grown through log phase, £ ,  and o - ty p e  cytochromes were observed. How­

e v e r ,  in l a t e - l o g  to s t a t io n a r y  phase, as the ( ^ - t e n s i o n  in the medium 

dropped, cytochrome d̂  appeared. The l a t t e r  is a cyanide r e s i s t a n t  c y to -  

ch rome.

V I . The G lyo xy la te  Pathway and A n a p le r o t ic  Reactions

A n a p le ro t ic  enzymes are  v i t a l  to a l l  ae rob ic  organisms which r e ly  on 

hexoses or  g l y c o l y t i c  in te rm ed ia tes  f o r  growth (1 0 0 ) .  Although the Krebs 

cyc le  serves as a pr imary cen t ra l  pathway f o r  energy product ion in c e l l s ,  

i t  is a lso  a major source o f  precursors f o r  the b iosyn thes is  o f  c e l l u l a r  

macromolecules, i . e . ,  p ro te ins  and DNA. In o rder  to  prov ide  f o r  b iosyn­

thes is  but a lso  to r e t a in  i t s  c y c l i c  na ture  f o r  energy product ion ,  a means 

o f  rep len ish ing  the OAA and o ther  in te rm ed ia tes  which a re  removed must 

e x i s t .  Such pathways have been named a n a p le r o t i c  reac t ions  by Kornberg 

( 1 0 1 ) .  In microorganisms these pathways a re  represented by the enzymes

pyruvate  carboxylase and PEP carboxylase ,  which form OAA from pyruvate  and 

PEP r e s p e c t iv e ly  ( 1 0 2 ,1 0 6 ) ,  and by the g ly o x y la t e  pathway. The g ly o x y la te  

pathway has been c l e a r l y  im p l ica ted  in serv ing an a n a p le r o t i c  r o le  f o r  

c e l l s  growing on ace ta te  (1 0 0 ) .  This pathway bypasses the two ( ^ - l i b e r a ­

t in g  reac t ions  o f  the Krebs cyc le  so th a t  a p o r t io n  o f  the a c e ta te  may 

provide  net synthesis  o f  d ic a r b o x y l i c  a c id s ,  w h i l e  the res t  o f  the ace ta te  

is d is s i m i l a t e d  to  CO2 during energy product ion .  I s o c i t r a t e  lyase and 

malate  synthase are the two enzymes responsib le  f o r  t h is  bypass, which 

proceeds as fo l lo w s :  I s o c i t r a t e  undergoes an a ldo l  c leavage to  y i e l d

g ly o x y la te  plus succinate  (which can be used d i r e c t l y  in the cyc le )  in 

the i s o c i t r a t e  lyase r e a c t io n .  In the second r e a c t i o n ,  malate  synthase 

c a ta lyz es  the condensation o f  g ly o x y la te  plus ac e ty l  CoA to  produce malate
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(which a lso  enters  the c y c le )  and f re e  coenzyme A. The d e t a i l s  o f  t h is  

pathway have been e lu c id a te d  by Kornberg (100 ,103 )  and McFadden (10A,

105) working w i th  E_. c o l i  and var ious Pseudomonas spp. I t  was recognized  

e a r l y  in t h is  work th a t  the g ly o x y la te  cyc le  was f u l l y  induced only when 

c e l l s  were grown on a c e ta te  (1 0 ^ ,1 0 7 ) .  Kornberg demonstrated t h a t  even 

small  amounts o f  C-3 o r  C_1» compounds in the growth media could repress  

the pathway (1 0 7 ) .  Kornberg and coworkers (1 0 7 ,1 0 8 ,1 0 9 )  continued to  

study the contro l  o f  the g ly o x y la te  pathway using m etabo l ic  mutants.  

Phosphoenolpyruvate was im p l ica ted  as both a repressor  o f  i s o c i t r a t e  lyase  

and as an i n h i b i t o r ,  p rov id ing  a f in e  control  mechanism. Kornberg (100)  

notes th a t  such a ro le  f o r  PEP is consonent w i th  i t s  ce n t ra l  ro le  in g luco-  

neogenesis,  c e l l  w a l l  b io s y n th e s is ,  amino acid  b io s y n th e s is ,  and several  

important  m etabol ic  pathways in the c e l l .  A study o f  p u r i f i e d  i s o c i t r a t e  

lyase from P̂ . in d ig o fe ra  (110) showed th a t  t h is  enzyme was a ls o  in h ib i t e d  

by PEP as wel l  as several  o th e r  m e tabo l i tes .  I s o c i t r a t e  lyase was again  

suggested as the pr imary contro l  po int  o f  the g ly o x y la t e  pathway.

A more general ro le  o f  the g ly o x y la te  pathway in the ae ro b ic  meta­

bolism o f  /\. p y r id in o l  is und er l ies  i t s  use as an in d ic a t o r  o f  such meta­

bol ism in the s tud ies  described here .  The g ly o x y la t e  cyc le  has been shown 

to be the only a n a p le r o t i c  route a v a i l a b l e  to A. p y r id ? n o l is  and another  

sp ec ies ,  A r th ro b a c te r  atrocyaneous ( 1 1 1 ,1 1 2 ) .  I t  was f i r s t  demonstrated  

t h a t  the growth o f  these two s t r a in s  on c e r t a i n  carbon sources,  e . g . ,  

a c e ta te  or  D-glucose,  was sub jec t  to i n h i b i t i o n  by pyruvate  o r  pyruvate  

precursors (1 1 1 ) .  Pyruvate was then shown to i n h i b i t  i s o c i t r a t e  lyase  

in c e l l  f re e  e x t r a c t s ;  PEP had no e f f e c t .  A v a r i e t y  o f  observat ions sug­

gested t h a t  A. p y r id in o l  is and A_. atrocyaneous were d e f i c i e n t  in the  

a b i l i t y  to convert pyruvate  to  C-A ac ids .  I t  was pos tu la ted  t h a t  such a
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d e f ic ie n c y  could u n d e r l i e  the requirement fo r  exogenously supplied L-  

malate  to energ ize  r e s p i r a t io n  coupled t ra n s p o r t  systems in A. p y r?-  

dinol  is (*»7>113). Subsequently ,  Krulwich e t  al_. (112) demonstrated 

t h a t ,  indeed, A py r i d i n o l i s  lacked pyruvate  carboxylase and PEP carboxy l ­

ase ,  and contained the g ly o x y la t e  cyc le  as i t s  only a n a p le ro t ic  route .  

N e ver th e less ,  the g ly o x y la t e  cyc le  was f u l l y  induced only on ace ta te  in 

A. p y r i d i n o l i s . A r e l a t e d  spec ies ,  A. c r y s t a l i o p o i e t e s , contained PEP 

carboxylase as w e l l  as a g ly o x y la te  pathway. This expla ined i t s  in s e n s i ­

t i v i t y  to  pyruvate  and i t s  a b i l i t y  to  grow on D-glucose w ithout  added 

L -m a la te .  C o n s is te n t ly ,  a PEP c a r b o x y la s e - d e f i c ie n t  mutant o f  A. c r y s t a l l o -  

po ie tes  was found to  re q u i re  L-mala te  f o r  growth on D-glucose, and was 

thus e f f e c t i v e l y  mutagenized to an A. p y r i d i n o l i  s - 1ike s t r a i n .  I n t e r ­

e s t i n g l y ,  mutants o f  A. p y r i d i n o l i s  which lack i s o c i t r a t e  lyase lose the  

a b i l i t y  to  grow on D - f ru c to se  and L-rhamnose a lone ,  as w e l l  as on a c e ta te .  

This requirement f o r  the g ly o x y la te  pathway f o r  growth on hexoses is 

co n s is te n t  w i th  i t s  unique r o le  in rep len ish in g  d ic a r b o x y l ic  ac ids.
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INTRODUCTION

Although b a c t e r i a l  phosphoenolpyruvate:hexose phosphotransferase  

systems are  commonly found in s t r i c t  or  f a c u l t a t i v e  anaerobes ( 1 0 , 1 4 ) ,  

they are less commonly found in a e ro b ic  b a c te r ia  (37 ) *  These a c t i v i t i e s  

t ra n s lo c a te  sugar substra tes  concomitant ly  w i th  t h e i r  phosphory la t ion .  

Krulwich and coworkers (2 3 ,4 7 )  were among the f i r s t  to document a D - f ru c -

tose and L-rhamnose PTS in A r th r o b a c te r  p y r i d i n o l i s , a s t r i c t l y  aerob ic

bacter ium. A re s p i r a t io n -c o u p le d  a c t i v e  t ra nspor t  system f o r  these two 

sugars was a lso  described ( 4 8 ) .  Moreover,  t ra n sp o r t  o f  the f r e e  hexose 

by a c t i v e  t ranspor t  provided necessary i n t r a c e l l u l a r  inducer f o r  the PTS 

( 2 2 ) .  Because two m e c h a n is t i c a l ly  d i f f e r e n t  t ra n sp o r t  systems ex is ted  

f o r  the same substra tes  in the same c e l l ,  i t  was o f  i n t e r e s t  to learn how

the a l t e r n a t e  systems were r e g u la te d .

As a s t a r t i n g  po in t  f o r  s tud ies  o f  the roles and re g u la t io n  o f  the 

two D - f ructose  t ra n sp o r t  systems, i t  was notable  th a t  the PTS is g e n e ra l ly  

associated with  fe rm e n ta t ive  metabolism, whereas the a c t i v e  t ra n s p o r t  sys­

tem o f  D - f ructose  requires  r e s p i r a t i o n  in A_. p y r id in o i  ?s . Could the PTS 

func t ion  in sugar t ra n s p o r t  under cond i t ions  o f  r e l a t i v e  anaerobiosis?

I f  so, what regu la tory  s ig n a ls  might be involved? I t  was a l ready  known 

t h a t  A. p y r i d i n o l i s  was not only  unusual in possessing PTS a c t i v i t y ,  but  

also  has an unusual p au c i ty  o f  a n a p le r o t i c  enzymes f o r  rep len ish ing  the  

Krebs cyc le  (1 1 2 ) .  As a r e s u l t ,  the g ly o x y la t e  pathway, which f a c i l i t a t e s  

net synthesis o f  C-4 d i c a r b o x y l i c  a c id s ,  is e s s e n t ia l  f o r  maintenance o f  

Krebs cyc le  a c t i v i t y  dur ing growth on hexoses. Studies o f  the t ranspor t  

systems, in connection w i th  a e ro b ic  and r e l a t i v e l y  anaerobic  metabol ic  

modes, were undertaken w i th  the exp e c ta t io n  t h a t  g ly o x y la t e  pathway a c t i ­

v i t y  as wel l  as r e s p i r a t io n  might be a useful  in d ic a t o r  o f  aerob ic
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metabolism. The re s u l ts  described in t h is  thes is  suggest th a t  the PTS 

indeed funct ions under cond i t ions  o f  r e l a t i v e  a n a e r o b io s is , t h a t  ace ty l  

CoA is the inducer o f  g ly o x y la te  pathway a c t i v i t y ,  and t h a t  i t  may a lso  

have a repress ive  e f f e c t  on the PTS.
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MATERIALS AND METHODS

B a c te r ia  and Growth Condit ions

A r th ro b a c te r  p y r i d i n o l i s  and mutants der ived  from i t  were used in 

a l l  s tu d ie s .  The organism was r o u t in e ly  grown in PYE medium con ta in ing  

(w/v)  0.2% peptone, 0.1% yeast  e x t r a c t  and 0.12% MgSO^‘ 7 H2O. For most 

exper iments ,  c e l l s  were grown in a def ined mineral  s a l t s  medium (MS) con­

t a in in g  (w/v)  0.1% (NH2 ) and 0.01% MgSO^‘ 7 H2O and ( v /v )  1.0% t ra c e  

s a l t s  o f  Hegeman (114) in 0 .025  M potassium phosphate b u f f e r  pH 7 -0 .

Carbon sources were added to  a f i n a l  concentra t ion  o f  0 .0 5  M unless o t h e r ­

wise in d ic a t e d .  Cultures were grown a t  30°C in a New Brunswick S c i e n t i f i c  

G25 incubator  shaker a t  200 rpm. Growth s tud ies  were performed in 300 ml 

sidearm f la s k s  using a t o t a l  o f  25 mis o f  medium, carbon sources and 

inoculum, by measuring c e l l  d e n s i t ie s  using a Klett-Summerson c o lo r im e te r  

wi th a no. 42 f i 1 t e r .

I s o l a t i o n  o f  Mutants

Mutant s e le c t io n  was conducted using the general procedure o f  Wolfson 

and Krulwich (1 1 1 ) .  A washed suspension o f  c e l l s  was t re a te d  w i th  e th y l  

methane s u l fo n a te  (EMS) f o r  2 hrs .  C e l ls  were then washed thoroughly w i th  

MS, inocu la ted  in to  a favo rab le  growth medium f o r  the mutant being sought 

and al lowed to grow f o r  1-2 genera t ions .  An a l i q u o t  o f  these c e l l s  was 

then washed and incubated overn igh t  in medium c o n ta in ing  100 pg/ml o f  

p e n i c i l l i n  G and a carbon source on which the mutant sought would not 

grow. Mutants u t i l i z e d  in t h is  work were BJ200, which required  6-amino-  

l e v u l i n i c  ac id  (ALA) f o r  growth; JF3, which requ ired  c i t r a t e  f o r  growth 

and was d e f i c i e n t  in c i t r a t e  synthase; and AC17» which does not grow on 

a c e ta te .
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P rep ara t ion  o f  Cell  Free Ex trac ts

C e l ls  were grown in 1 l i t e r  batches,  usu a l ly  to  mid- to  l a t e - l o g  

phase. They were harvested a t  10K rpm f o r  10 m in . ,  resuspended in the  

b u f f e r  to  be used, a t  k ° C ,  and washed 2x by c e n t r i fu g in g  a t  1*»K rpm f o r  

10 min. The p e l l e t  o f  washed c e l l s  t y p i c a l l y  contained 2 to  k  gms. wet  

weight  o f  c e l l s  per l i t e r  f o r  a c u l t u r e  harvested a t  300 K l e t t  u n i t s .

This  p e l l e t  was resuspended in a t o t a l  volume o f  8 to 10 ml in b u f f e r .

The suspension was then added to  a s ta in le s s  s tee l  son ica t in g  cup, con­

t a in in g  r o u g h ly '3 ml o f  glass beads (5ym d ia m . ) ,  and placed in an e th a n o l -  

ice bath f o r  s o n ic a t io n .  The glass beads were e s s e n t ia l  f o r  maximum 

breakage o f  c e l l s .  The c e l l s  were then sonicated in a Heat Systems U l t r a ­

son ics ,  Inc .  Model W185D S o n i f i e r ,  a t  a power s e t t in g  o f  7“8, which pro­

vided a power outpout o f  about 120 watts  using 3x1 min b u rs ts ,  w i th  15 sec 

in between. The e x t r a c t  was then c e n tr i fu g ed  f o r  25 min a t  l^K rpm to  

remove la rg e  debris  and the glass beads. The supernatant  f l u i d  was then 

c a r e f u l l y  p ip e t te d  in to  d i a l y s i s  tu b in g ,  and d ia lyzed  aga ins t  k  l i t e r s  

o f  a s u i t a b l e  b u f f e r  f o r  the assay to be conducted, ove rn igh t  a t  4°C.

Assay o f  So lu te  Uptake by Whole C e l ls

An a l i q u o t  o f  c e l l s  was washed twice w i th  and resuspended in MS to  

a f i n a l  concen tra t ion  o f  about 70 K l e t t  u n i t s .  C e l ls  were then incubated,  

f o r  10 min, in f las ks  w i th  a e r a t i o n ,  in MS conta in ing  chloramphenicol a t  

A0 yg/ml o f  c e l l s .  The uptake reac t ion  was s ta r te d  by adding r a d io a c t iv e  

s u b s t ra te  a t  the des ired  c o n cen t ra t io n ;  1 ml a l iq u o ts  o f  the c e l l  suspension 

were f i l t e r e d  through 0 .^ 5  um f i l t e r s  (Mi 11ipore)  a t  i n t e r v a l s ,  and washed 

w ith  10 ml o f  MS. The f i l t e r s  were then dr ied  and r a d i o a c t i v i t y  counted 

by l i q u i d  s c i n t i l l a t i o n  count ing .  When i n h ib i t o r s  were used, they were 

added 10 min p r i o r  to  the s t a r t  o f  the assay.
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PEP:Hexose Phosphotransferase Assay

Assays o f  phosphoenolpyruvate:hexose phosphotransferase (EC2.7 * 3 * 9 )  

a c t i v i t y  f o r  D - f ru c to se  were conducted according to the radiochemical  

assay o f  Tanaka, Lerner and Lin ( 3 4 ) .  The assay was based on the forma­

t io n  o f  the sugar phosphate, which would be n e g a t iv e ly  charged a t  about 

neu tra l  pH. The reac t ion  m ix ture  contained 0 .25  mM 14C-U-D -f ructose  

(100 y C i / m l ) ,  5*0 mM PEP, 0 .05  mM MgC^ and 100 yl  o f  e x t r a c t  p ro te in  

(1 -2  mg p r o t e in )  in a t o t a l  volume o f  0 .4  ml o f  100 mM T r is  pH 7-6  Re­

ac t ions  were c a r r i e d  out a t  30°C f o r  a p p ro p r ia te  t imes,  inc lud in g  a zero  

p o in t  to  determine the degree o f  n o n -s p e c i f ic  binding o f  r a d io a c t iv e  D- 

f ru c to se  to  the f i l t e r ,  and a minus-PEP c o n t r o l ,  to determine endogenous 

a c t i v i t y .  Terminat ion  o f  the reac t ion  was achieved by adding 0 .6  ml o f  

0 .2  M D - f ru c to s e .  T y p i c a l l y ,  0 .025  ml o f  the reac t ion  mix ture  were spotted  

on DE-81 f i l t e r s  ( p o s i t i v e l y  charged) ,  washing under running w ater  f o r  

45 min to 1 hr  and d r i e d .  The r a d i o a c t i v i t y  re ta in ed  on the f i l t e r  was 

then measured by p lac ing  the d r ie d  f i l t e r s  in B e ta f lo u r  (Nat iona l  Diag­

no s t ics )  and counting in a l i q u i d  s c i n t i l l a t i o n  counter .  The assay was 

l i n e a r  w i th  t ime and enzyme concentra t ion  over the range employed.

Spectra l  Studies

To study the cytochromes o f  A. p y r i d i n o l i s , the c e l l s  were grown 

under the s p e c i f i c  con d i t io ns  descr ibed in the t e s t .  Cell  f r e e  e x t r a c ts  

were made as described above, except th a t  the volumes o f  the c e l l  suspen­

sions to  be sonicated were ad justed  to g ive  equal p ro te in  co n cen tra t ions .  

The e x t r a c t s  used f o r  the spectra  were a t  a concentra t ion  o f  5 mg pro­

t e i n / m l .  Using a Cary Model 15 recording spectrophotometer,  reduced vs. 

o x id iz ed  spectra  were recorded. F i r s t  a bas e l in e  was es ta b l is h e d  w ith  

both re ference  and sample cuvettes  being a i r  o x id iz e d .  The sample cuvet te  

was then reduced w i th  excess sodium d i t h i o n i t e  w h i le  the re ference  cuve t te
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was o x id iz e d  f u l l y  w i th  potassium f e r r i c y a n i d e ;  spectra  were recorded 

over  the ind ica ted  ranges. To help c l a r i f y  the cytochromes' p a t te r n s ,  

carbon monoxide (CO):reduced vs.  reduced spectra  were ob ta in ed .  This 

method provides a means o f  d e te c t in g  terminal  oxidases which bind CO 

when in the reduced s t a t e .  To record these spectra  a bas e l ine  was f i r s t  

es tab l ish ed  w i th  both samples f u l l y  reduced. The f l u i d  in the sample 

cuvette  was then t r e a te d  w i t h  CO by g e n t ly  bubbl ing the gas through the  

sample f o r  1-2 min be fore  record ing the spectra .

Oxygen Consumption

A study o f  the r a te  o f  oxygen uptake by A. p y r i d i n o l i s  was conducted 

on L-mala te  and D - f ru c to s e  grown c e l l s .  A l l  measurements were made on 

c e l l s  harvested a t  var ious  stages o f  growth, washed once in cold MS 

medium, and resuspended a t  c e l l  d e n s i t i e s  o f  50-100 K l e t t  u n i t s .  A l iquots  

o f  these suspensions (3 mis) were assayed in a Yellow Springs Instruments  

Oxygen Monitor  (model J3) a t tached  to  a Beckman recorde r .  Substrates  

were added to  a f i n a l  c on cen tra t ion  o f  3 mM, and the suspension was 

s t i r r e d  in the measuring chamber open to the a i r ,  f o r  5 min. Oxygen up­

take was then monitored a t  3 0 ° C . f o r  5” 10 min. When KCN was added ( f i n a l  

concentra t ion  3 mM) the suspension was again a l lowed to  s t i r ,  open to 

the a i r ,  f o r  10 min. Then oxygen uptake was again monitored f o r  5“ 10 

min. This pre incubat ion  per iod  w i th  a e r a t io n  was found to provide con­

s i s t e n t  re s u l ts  both f o r  oxygen uptake th a t  was completely  i n h ib i t e d  by 

KCN and f o r  KCN r e s i s t a n t  oxygen consumption, i . e . ,  cyanide r e s is t a n t  

oxygen uptake was observed c o n s is te n t ly  a t  a constant  ra te  f o r  5"10 min. 

Carbon Dioxide De term inat ion

Experiments were conducted in which the re lease  o f  CO2 from i n t e r ­

na l i z e d  D - f ruc tose  was monitored.  A. p y r i d i n o l i s  was grown to various

2 5



c e l l  d e n s i t ie s  on D - f ru c to s e .  Samples were ha rve s ted ,  washing in MS 

medium, and resuspended to equal c e l l  d e n s i t i e s  o f  about 70 K l e t t  u n i t s .  

Radioac t ive  D - f ruc tose  (D- U - l l*C f ru c to s e ,  10 yM f i n a l  co n cen tra t io n ,

100 yC i /m l )  was added to  the suspension fo r  3 min. A f t e r  3 min 1 ml o f  

c e l l s  was f i l t e r e d  through a 0.^5 ym M i l l i p o r e  f i l t e r  and washed w i th  

10 ml o f  MS. The res t  o f  the suspension was immediate ly  c e n t r i fu g e d  a t  

l^K rpm f o r  5 min; the supernatant  was discarded and the p e l l e t  resus­

pended to  i t s  o r i g in a l  volume in f re sh  MS medium. This suspension was 

then placed in a 25 ml Erlenmeyer f l a s k ,  w i t h  a magnetic s t i r r i n g  bar ,

and t i g h t l y  capped w i th  a rubber septum. The amount o f  CO2 evolved was

determined by the method o f  Cederbaum et  ̂ al_. ( 1 1 5 ) .  A f t e r  20 min o f  i n ­

cubation a t  room temperature ,  the react ions were terminated by the a d d i t io n  

o f  15% TCA. CO2 was trapped with 1 ml o f  hyamine hydroxide.  Results  were 

expressed as percent  CO2 released from i n t e r n a l i z e d  f ru c to s e .

P e rc h lo r ic  Acid E x t ra c t io n  o f  Whole Ce l ls

For the purpose o f  measuring in te rm ed ia ry  m etab o l i tes  w i t h in  the c e l l ,  

p e r c h lo r ic  ac id  e x t r a c t io n  was employed. Several  pro toco ls  were examined, 

and the most cons is ten t  resu l ts  were obta ined using the method o f  Hong e t

a l . ( 1 1 6 ) .  C e l ls  from a 1 l i t e r  c u l t u r e  were harvested ,  washed in ice cold

MS (Note: When L-mala te  grown c e l l s  were to be used f o r  L -mala te  measure­

ments, 3 washes were necessary to remove res idua l  L -mala te)  and resuspended 

to y i e l d  a s u f f i c i e n t l y  t h ic k  suspension to g ive  a t  l e a s t  3 x l 0 10 c e l l s .

A l l  suspensions were kept a t  0°C, usu a l ly  w i t h  a s a l t - i c e  w ater  m ix tu re ,  

throughout the e n t i r e  procedure. This was e s p e c i a l l y  important fo r  AcCoA 

assays,  since AcCoA was r a p id ly  broken down by a c e l l u l a r  deacylase i f  the  

c e l l s  were not kept c o ld .  For the actua l  e x t r a c t i o n ,  1.0 ml o f  the th ic k  

suspension was added to  a tube conta in ing  0 . 2 5  ml o f  10 M HCIO^, mixed
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thoroughly and al lowed to s i t ,  w i th  occasional  m ix ing ,  f o r  30 min a t  

0°C. The e x t r a c ts  were then n e u t r a l i z e d  to  pH 5 - 5 “6 . 5  w i th  5N KOH, w i th  

care taken not to a l lo w  the e x t r a c t  to get h igher  than pH 7 - 0 .  The p re ­

c i p i t a t e  was removed by c e n t r i f u g a t i o n  a t  2°C. The volume o f  the super­

natan t  was recorded. M e ta b o l i te  leve ls  in these e x t r a c t s  were usu a l ly  

measured w i th  1-2 hrs.

Enzyme Assays

I s o c i t r a t e  Lyase (EC 4 . 1 . 3 . 1 )  “ I s o c i t r a t e  lyase was measured by the  

method o f  McFadden (1 1 7 ) ,  in which the amount o f  g ly o x y la t e  formed from 

i s o c i t r a t e  is determined c o l o r i m e t r i c a l l y . The reac t io n  was run a t  30°C,  

in 2 .0  ml f i n a l  volume w i th  a reac t ion  m ix ture  co n ta in in g  75 mM T r i s  

pH 7*7» 2 .25  mM MgC^,  0 .0125 mM reduced g lu t a t h io n e ,  4 .0  mM Na^-DL- iso-  

c i t r a t e  and 0 . 5 - 1 . 0  mg o f  e x t r a c t  p ro te in  (prepared as p rev io u s ly  d es cr ib e d ) .  

The reac t ion  was stopped w i th  1.0 ml 10% TCA. To determine the amount o f  

g ly o x y la te  formed, the p r e c i p i t a t e d  p ro te in  was c e n t r i fu g e d .  A 1.0  ml 

a l i q u o t  o f  the c l a r i f i e d  reac t ion  mix ture  was added to  6 . 0  ml o f  8 .3  mM 

o x a l i c  ac id  plus 0.17% phenylhydrazine-HCl and heated u n t i l  almost b o i l i n g .  

The reac t ion  mixtures were then cooled. To develop the c o lo r  4 .0  ml o f  

c o n c e n t ra te d •(16 M) HC1 were added, fo l lowed by 1.0  ml o f  5% (w/v) potas­

sium f e r r i c y a n i d e .  The o p t ic a l  dens ity  was read a t  520 nm, e x a c t ly  7*0  

min a f t e r  a d d i t io n  o f  the f e r r i c y a n id e .

Mala te  Synthase (EC 4 . 1 . 3 * 2 )  -  This enzyme, which c a r r i e s  out  the 

synthesis  o f  mal ic  ac id  from AcCoA + g l y o x y la t e ,  was assayed by measuring 

the appearance o f  f r e e  coenzyme A. The cond i t ions  f o r  the assay were 

e s s e n t i a l l y  those o f  Dixon and Kornberg (1 1 8 ) ,  except t h a t  the cleavage  

o f  the t h i o e s t e r  bond was not measured a t  232 nm. Rather ,  f r e e  coenzyme 

A was measured using the reagent 5 , 5 ' " d i t h i o b i s - 2 - n i t robenzo ic  ac id
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(DTNB) to d e tec t  f re e  s u l fh y d ry l  groups, according to  the method o f  Ellman 

( 1 1 9 ) .  The reac t ion  was fo l lowed a t  412 nm, a t  30°C and conta ined ( f i n a l  

co n cen tra t io n )  80 mM T r i s  pH 8 . 0 ,  3 .2  mM M gC^,  0 .1 5  mM AcCoA ( t r i -s o d iu m  

s a l t ) ,  0.1 mM DTNB (prepared as a 10 mM s o lu t io n  in 100 mM KHCO^, stored  

f rozen  and protec ted  from l i g h t ) ,  0 . 0 1 - 0 .1  mg o f  e x t r a c t  p r o t e i n ,  and 

0 .5  mM g l y o x y l i c  a c id ,  n e u t r a l i z e d .  For each assay a l l  the components 

except  the g ly o x y la te  were added to the cuve t te  and a bas e l in e  was obtained  

f o r  2 -4  min. G lyo xy la te  was then added to  s t a r t  the r e a c t io n ,  which gave 

l i n e a r  ra tes  f o r  a t  l e a s t  10 min.

C i t r a t e  Synthase (EC 4 . 1 . 3 . 7 )  " C i t r a t e  synthase was assayed accord­

ing to  the method o f  Weitzman (1 2 0 ) ,  a lso  u t i l i z i n g  the a b i l i t y  o f  DTNB 

to  d e te c t  f re e  s u l fh yd ry l  groups formed by the cleavage o f  coenzyme A

from AcCoA. The reac t ion  mix ture  conta ined ,  in a t o t a l  volume o f  1 .0  ml,

100 mM T r i s  pH 8 . 0 ,  0 .16  mM AcCoA ( t r i - s o d iu m  s a l t ) ,  0.1 mM DTNB, 0 . 0 1 -  

0.1 mg e x t r a c t  p ro te in  and 0 .5  mM o x a lo a c e t ic  a c id ,  n e u t r a l i z e d .  The 

assay was conducted a t  30°C, and monitored a t  412 nm; a b a s e l in e  was ob­

ta ined  w i th  a l l  the assay components except  the o x a lo a c e ta te ,  which was 

then added to s t a r t  the r e a c t io n .

Acety l  Coenzyme A Synthetase (EC 6 . 2 . 1 . 1 )  -  The method o f  Webster 

(121) was used to  assay t h is  enzyme. The reac t ion  is f i r s t  a l lowed to 

occur .  The reac t ion  mixtures are  then d e p ro te in iz e d ,  and a l iq u o ts  o f  

the c l a r i f i e d  reac t ion  f l u i d  a re  assayed f o r  disappearance o f  s u l fh yd ry l  

groups. Because o f  the many substra tes  involved in t h is  r e a c t io n ,  several  

c o n tro ls  were conducted to  t e s t  the requirement o f  each s u b s tra te  in the 

re a c t io n  f o r  every set  o f  assays done. The reac t ion  m ix tu re ,  a t  30°C,  

conta ined in 0 .25  ml; 100 mM T r i s  pH 8 . 0 ,  2 .5  mM M gC^,  0 .016  mM NiC1 £»

2 . 0  mM di-K -ATP,  1 .0  mM potassium a c e ta te ,  1.3 mM Li-coenzyme A, 0 . 2 -
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0 . 4  mg e x t r a c t  p r o t e i n ,  and the reac t ion  was stopped w i th  0 .06  ml o f  

15% TCA. The tubes were cen t r i fu g e d  to remove p r e c i p i t a t e d  p r o te in .

Then, 0.1 ml o f  the re a c t io n  m ix ture  was added to  4 .0  ml o f  h^O, 0 . 9  ml 

T r i s  pH 8 . 0 ,  and 0 .0 2  ml DTNB. A f t e r  thorough mix ing ,  and 10 min i n ­

cubat ion ,  o p t i c a l  d en s i ty  was read a t  412 nm.

Aceta te  Kinase (Acetokinase)  (EC 2 . 7 * 2 . 1 )  -  Acetate  kinase was 

assayed by the procedure o f  Rose ( 1 2 2 ) ,  wherein the acyl phosphate formed 

reacts  w i th  hydroxylamine to form hydroxamic ac id s .  These acids are  mea­

sured c o l o r i m e t r i c a l l y  as fe r r ic -h yd ro x am ate  complexes in ac id s o lu t io n .  

The reac t io n  m ix ture  consis ted o f ,  in 1 ml: 0 .7 7  M K -a c e ta te ,  50 mM T r is  

pH 7 * 4 ,  10 mM MgCl£ (added as 0 . 3  ml o f  a stock s o lu t io n  made from 3 .2  M 

K -a c e ta te ,  1.0  M T r i s  pH 8 . 0 ,  1.0 M MgC^ [25:5 :1  v / v / v ] ) ,  0 .35  ml o f  

n e u t r a l i z e d  14% hydroxylamine hyd ro ch lo r id e ,  10 mM Na-ATP pH 7 .0  and 0 .5"

1.0  mg o f  e x t r a c t  p r o te in  d i lu t e d  as necessary w i th  0.1 M KPOj, pH 7 . 4 ,

5 . 0  mM c y s te in e .  Reactions were c a r r i e d  out a t  30°C, and were stopped 

w ith  1 .0  ml 10% TCA. The p r e c i p i t a t e  was removed by c e n t r i f u g a t i o n .  To 

develop the c o l o r ,  the e n t i r e  supernatant  was added to 4 .0  ml o f  1.25% 

FeClg in 1 .0  N HC1 and o p t i c a l  d en s i ty  determined a t  520 nm.

Phosphotransacetylase (EC 2 . 3 - 1 . 8 )  -  To measure th is  enzyme, the 

coupled assay o f  Brown et_ £l_. (123) was employed. Reactions were c a r r i e d  

out a t  room temperature in 2 ml f i n a l  volume. The reac t ion  mix ture  con­

ta ined  ( f i n a l  co n cen tra t io n )  100 mM T r i s  pH 8 . 0 ,  5 mM MgCl2 » 0 .5  mM B-NAD, 

0 .5  mM CoA ( L i - s a l t ) ,  5 . 0  mM L -m a la te ,  10.0  mM L i -K -a c e t y l  phosphate,  

12.5  yg malate  dehydrogenase, 25 yg c i t r a t e  synthase and about 0 .3  mg o f  

e x t r a c t  p r o t e i n .  The o p t i c a l  d en s i ty  was monitored a t  340 nm.

M e ta b o l i t e  Determinat ions

Acety l Coenzyme A -  Using p e r c h lo r ic  ac id  e x t r a c t s  o f  c e l l s  grown 

under the a p p ro p r ia te  c o n d i t io n s ,  AcCoA was measured by the method o f
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Tubbs and Garland (12 *0 .  The assay,  in a f i n a l  volume in 2 .0  ml a t  room 

temperature ,  contained 100 mM T r i s  pH 8 . 0 ,  about 1 mg o f  s o l id  oxa lo ­

a c e t i c  a c id ,  0.1 mM DTNB and 0 .5  ml n e u t r a l i z e d  HCIO^ e x t r a c t .  A base­

l i n e  was recorded a t  412 nm, and then 0 .005  ml o f  c i t r a t e  synthase was 

added. The f u r t h e r  increase in o p t i c a l  d en s i ty  was recorded.

L -Mala te  De term inat ion  -  L -M a la te  was determined,  using the method 

o f  Wil l iamson and Corkey ( 1 2 5 ) ,  by measuring the formation o f  NADH upon 

the a d d i t io n  o f  malate  dehydrogenase to  an a p p ro p r ia te  m ix tu re .  The 

reac t ion  mix ture  con ta ined ,  in 2 ml,  1.5  ml o f  0 .4  M hydraz ine hydra te ,  

plus 0 .5  M g ly c in e  pH 9 .5  (ad justed  w i th  5 N K0H and prepared f resh  d a i l y ) ,  

0 .5  ml HClO/j e x t r a c t  and 0.01 ml B-NAD (80 mg/ml) .  These components were 

mixed and a bas e l ine  recorded a t  340 nm. Then 0.01 ml o f  L-mala te  dehydro­

genase (10 mg/ml, 720 U/mg) was added and the f u r t h e r  increase in o p t ic a l  

dens i ty  recorded. The assay was l i n e a r  w i th  malate  concentra t ion  from 2 .0  

to  75-0 yM.

Adenosine Tr iphosphate  (ATP) Assay -  C e l ls  grown to  the ind ica ted  

stage were washed in MS and suspended in d i s t i l l e d  w a te r ,  and ATP was 

ex t ra c te d  w i th  p e r c h lo r ic  ac id  according to the method o f  Cole et_ al_. (126 ) .  

ATP was measured by the f i r e f l y  assay in a Beckman LS-230 spectrometer ,  w ith  

the coincidence o f f ,  as described by Stanley  and W i l l iam s (1 2 7 ) .  On each 

day, a new ATP standard was determined w i th  the sodium s a l t  o f  ATP and a 

f resh f i r e f l y  l a n te rn  e x t r a c t  was prepared. The assay was l i n e a r  over the 

range o f  10~^ to  10 ^ M ATP.

Pro te in  Determinat ion -  P ro te in  was determined by the method o f  Lowry 

et_ £l_. (128) using lysozyme as the standard .

L a c t ic  Acid Separat ion and Determ inat ion  -  To separate  l a c t i c  acid  

from o ther  m e tabo l i tes  in p e r c h lo r i c  ac id  e x t r a c t s  o f  A. p y r i d i n o l i s ,
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the method o f  Von K o r f f  (129)  was used. Dowex-lX8 (C l” ) r e s i n ,  200-**00 

mesh, was washed and ad justed  to  pH 6 . 8 .  A column packed w i th  1 cm x 

12-13 cm o f  res in  was used. Samples to  be added to  the column were ad­

ju s te d  to pH 7 *0 .  E lu t io n  o f  the samples was c a r r i e d  out  w i th  an HC1 

g r a d ie n t ,  using HC1 re s e rv o i r s  o f  0 .0 5  N, 0.1 N and 0 .5  N HC1. A f low  

ra te  o f  0 .5  ml/min was used, and approxim ate ly  3 ml f r a c t i o n s  were 

c o l l e c t e d .

The p o s i t io n  a t  which a u th e n t ic  l a c t i c  ac id  was e lu te d  from the 

column was determined by the method o f  Dawes et_ al_. ( 1 3 0 ) .  In a 3 -0  ml 

reac t ion  m ix tu re ,  2 . k  ml o f  1.5% g ly c in e  plus 2.2% s e m ic a r b iz id e -H C l , 

pH 1 0 .0 ,  0.1 ml 3~NAD (20 mg/ml) and 0 .5  ml o f  sample were mixed, and 

the i n i t i a l  o p t i c a l  d en s i ty  determined a t  3 *̂0 nm. L a c t ic  dehydrogenase,  

10 y l , was added to each sample a t  30°C, f o r  1 hr  and the f i n a l  o p t ic a l  

dens i ty  then determined.
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RESULTS

Patterns  o f  A c t i v i t y  o f  the Two D-Fructose T ranspor t  Systems

I f  the two t ra n sp o r t  systems f o r  D - f ru c to s e  were serv ing markedly  

d i f f e r e n t  p hy s io log ica l  r o l e s ,  they might e x h i b i t  d i f f e r e n t  p a t te rn s  o f  

a c t i v i t y  v is  a v is  the growth cyc le .  T h e re fo re ,  the pa t te rns  o f  a c t i v i t y  

o f  the phosphotransferase system and D - f ru c to se  uptake were f i r s t  examined 

in the w i l d  type s t r a i n  during growth on D - f ru c to s e  as so le  carbon source.  

D-Fructose uptake by whole c e l l s  s e n s i t i v e  to  10 mM cyanide was used to 

assay re s p i r a t io n -c o u p le d  t ra n s p o r t .  That such c y a n id e -s e n s i t i v e  uptake  

r e f l e c t s  the a c t i v i t y  o f  the re s p i r a t io n -c o u p le d  t ra n s p o r t  system was 

v e r i f i e d  in a contro l  experiment using s t r a i n  AP2A3. This enzyme I - d e f i -  

c i e n t  s t r a i n  only shows resp i ra t ion -dependent  uptake o f  D - f ru c to se  ( 5 0 ) .

In the absence o f  cyanide,  c e l l s  o f  AP2**3 took up 80 nmoles o f  D - f ru c to se  

x min"^ x mg p r o te in " ^ ;  in the presence o f  10 mM cyan ide ,  only 2 nmoles 

o f  D - f ru c to se  x min ' x mg p ro te in   ̂ were taken up. As shown in F ig .  3,  

c e l l s  o f  the w i ld  type s t r a i n  growing on 50 mM D - f ru c to se  use r e s p i r a t i o n -  

coupled t r a n s p o r t ,  almost e x c lu s iv e ly ,  during the f i r s t  h a l f  o f  lo g a r i th m ic  

growth (doubl ing t im e ,  2 h r ) .  Approximately  midway through the log phase,  

r e s p i r a t io n -c o u p le d  t ra n sp o r t  dec l ines  d r a m a t i c a l l y ,  and PTS a c t i v i t y  ap­

pears ,  as shown both by c y a n id e - in s e n s i t i v e  uptake by whole c e l l s  and by 

assays o f  c e l l  e x t r a c t s .  There is l i t t l e  change in the growth ra te  dur ing  

the t r a n s i t i o n  from one type o f  t ra n s p o r t  to an o th e r .  I t  should be noted  

th a t  the s p e c i f i c  a c t i v i t i e s  measured by the enzymatic  assay o f  the PTS 

in e x t r a c t s  a re  much lower than those f o r  whole c e l l  uptake ascr ibed to  

the PTS; t h is  is not unreasonable in view o f  the multicomponent,  membrane- 

involved nature  o f  the PTS.

The f in d in g  t h a t  PTS a c t i v i t y  appears l a t e r  in the course o f  growth
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than re s p i ra t io n -c o u p le d  D - f ruc tose  t ra n sp o r t  might r e l a t e  to a need fo r  

s u f f i c i e n t  PTS inducer to  e n te r  v ia  the re s p i r a t io n -c o u p ie d  system before  

induct ion o f  the PTS can occur .  However, the presence o f  L -g lutamate and 

e s p e c i a l l y  o f  L -mala te  in the medium, in a d d i t io n  to  D - f ru c to s e ,  causes a 

repression o f  the PTS (Table I ) .  The leve l  o f  re s p i r a t io n -c o u p le d  t ra n s ­

po r t  a c t i v i t y  in washed whole c e l l s  o f  AP243 was not s i m i l a r l y  a f fe c te d  by 

L-m ala te ;  moreover,  a d d i t io n  o f  50 mM L-mala te  to  the assay medium increased 

D - f ru c to se  uptake (Table 2 ) .  Thus, a d d i t ion s  to the growth medium which 

should increase t ra n sp o r t  o f  the  PTS inducer,  by s t im u la t in g  r e s p i r a t i o n -  

coupled t r a n s p o r t ,  caused repression o f  the PTS. I t  t h e r e f o r e  seemed 

l i k e l y  t h a t  the p a t te rn  o f  t ra n s p o r t  a c t i v i t i e s  observed during growth o f  

the w i l d  type s t r a i n  on D - f ru c to se  was r e la te d  to  co n tro ls  o th e r  than in ­

ducer l e v e ls  and th a t  there  con tro ls  might c o r r e l a t e  w i th  r e s p i r a t o r y  

c a p a c i ty .  To examine t h is  p o s s i b i l i t y ! '  s tud ies  o f  BJ200, the ALA auxo-  

t ro p h ,  were undertaken.

C h a r a c te r iz a t io n  o f  BJ200, an ALA Auxotroph

Growth experiments w i th  BJ200 showed th a t  i t  would not grow on var ious  

carbon sources w i th  less than 2 yg ALA/ml added; t h a t  i t  grew a t  an equal 

ra te  w i th  the w i ld  type in the presence o f  50 yg ALA/ml; and t h a t  i t  showed 

a growth ra te  t h a t  var ied  l i n e a r l y  w i th  ALA concen tra t ion  between 2 and 

20 yg ALA/ml, and then increased more s lowly  and leve led  o f f  a t  50 yg ALA/ 

ml. As shown in F ig .  A, the cytochrome content  o f  BJ200 increased w i th  

increas ing  concentra t ions o f  ALA in the medium up to about 50 yg ALA/ml.

At t h is  concentra t ion  o f  ALA, the cytochrome spectrum as w e l l  as the growth 

r a te  o f  the ALA auxotroph was s i m i l a r  to  th a t  o f  the w i l d  type s t r a i n .  By 

c o n t r a s t ,  as shown in F ig .  5 f o r  c e l l s  grown f o r  18 h rs ,  PTS a c t i v i t y  was 

highes t  in c e l l s  grown on 20-40  yg ALA/ml,  concentra t ions  o f  ALA th a t  were 

sub-optimal  f o r  both growth and t o t a l  D - f ru c to se  uptake.  PTS lev e ls  were
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Table 1. Effect of Krebs cycle intermediates on the 
level of phosphoenolpvruvate tD-fructose 
phosphotransferase activity.

Cells of wild type A.pyridinolis were grown for 2k  

hours on media containing the indicated carbon sources. 
Extracts were then prepared, dialyzed, and assayed for 
PTS activity.

Cells grown on: nmoles D-fructose 1-phosphate
formed/min per mg protein

50 mM D-fructose
50 mM L-glutamate
50 mM L-glutamate + 50 mM D-fructose
5 mM L-malate + 50 mM D-fructose

8.44
0.19
3.81
3.02

15 mM L-malate + 50 mM D-fructose 
50 mM L-malate + 50 mM D-fructose

1.88
1.51



Table 2. Effect of L-malate on D-fructose uptake 
in strain AP2*n.

Cells of AP2^3 were grown for 2k hours on media 
containing the indicated carbon sources. The cells were 
then washed with and resuspended in mineral salts, and 
were assayed for D-fructose uptake in the presence and 
absence of 50 mM L-malate.

Cells grown on 50 mM 
D-fructose plus:

nmoles D-fructose accumulated 
per min per mg protein in the 
presence of:

No add 50 mM L-malate

50 mM L-glutamate 76.0 95.0
15 mM L-malate 7^.0 85 .0

50 mM L-malate 78.0 91.0
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c o n s i s t e n t l y ,  but only s l i g h t l y  lower in c e l l s  grown on 50 yg ALA/ml. 

However, al though the PTS in BJ200 on 50 yg ALA/ml was not as high as 

observed a t  lower ALA co n cen tra t io n s ,  i t  was, in f a c t ,  much h igher  than 

the leve l  o f  PTS observed in the w i ld  type a t  18 hrs (F ig .  3 ) .  BJ200

grown on D - f ru c to se  plus 50 yg ALA/ml was examined over the course o f  a 

growth curve ,  as had been done w i th  the w i ld  type.  As shown in F ig .  6 ,  

BJ200 u t i l i z e s  much less RC-fructose t ranspor t  than the w i l d  type (note  

the change in magnitude o f  f ru c to se  uptake axis  compared to  F ig .  3 ) ,  as 

shown by the degree o f  c y a n id e - in s e n s i t i v e  uptake. This is e s p e c i a l l y  

noteworthy in the e a r l y  stages o f  growth. Complementing t h i s ,  and in 

c o n t r a s t  to  the w i ld  ty p e ,  PTS a c t i v i t y  is highest  during the e a r l y  to  

m id- log  phase o f  growth. The i n a b i l i t y  o f  BJ200 to e f f e c t i v e l y  t ra n s p o r t  

ALA, and thus synthesize  s u f f i c i e n t  lev e ls  o f  cytochromes, dur ing the 

e a r l y  stages o f  growth could possib ly  exp la in  the data presented in F ig .  6.  

However, due to  high l e v e ls  o f  n o n -s p e c i f ic  binding o f  ALA to  whole c e l l s ,  

t ra n s p o r t  s tud ies  provided no useful in fo rm at ion .  Measurement o f  cy to ­

chrome le v e ls  a t  the e a r l y  stages o f  growth was a lso  at tempted .  The very  

low d en s i ty  o f  the c u l tu r e s  dur ing e a r l y  log phase, and the techn ica l  

l i m i t a t i o n s  o f  the spectrophotometer used, however, provided no meaningful  

s p e c t ra l  da ta .

R e s p i r a t io n ,  Cytochromes and Fermentat ion in A. p y r i d i n o l i s

The experiments w i th  BJ200 suggested th a t  induct ion  o f  the PTS was 

maximal under condit ions  in which r e s p i r a t io n  was l i m i t e d .  This in turn  

ra ised  the p o s s i b i l i t y  t h a t  the switch e x h ib i te d  by the w i l d  type organism,  

dur ing  mid-exponent ia l  growth on D - f ru c to s e ,  from u t i l i z a t i o n  o f  r e s p i r a ­

t io n -c o u p le d  t ra n s p o r t  to  the PTS represented a switch to  a more fermenta­

t i v e  mode o f  metabolism. As a f i r s t  approach to t h is  p o s s i b i l i t y ,  the
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r e s p i r a to r y  a c t i v i t y  o f  c e l l s  growing on L-mala te  o r  D - f ru c to se  was exa­

mined during the course o f  growth. In these exper iments ,  no e lec t ro n  

donors were added to  the c e l l  suspensions th a t  were removed from the 

cu l tu res  f o r  assay. As shown in F ig .  7,  c e l l s  growing on L-mala te  e x h i ­

b i te d  increas ing ra tes  o f  oxygen uptake u n t i l  the end o f  exponent ia l  

growth. The rates o f  oxygen uptake by D-f ructose-grown c e l l s  were much 

lower,  and dec l ined  s l i g h t l y  a f t e r  the mid-exponent ia l  phase. That some 

r e s p i r a t io n  occurred throughout growth on D - f ru c to se  was con s is ten t  w i th  

our i n a b i l i t y  to demonstrate s t r i c t l y  anaerobic  growth o f  A. p y r i d i n o l i s  

even when la t e  exponent ia l  phase c e l l s  and var ious  n u t r i t i o n a l  supplements 

were used. In both L-mala te  and D - f ructose  grown c e l l s  there  was an 

appearance, towards the end o f  the exponent ia l  growth phase, o f  oxygen 

uptake a c t i v i t y  t h a t  was r e s i s t a n t  to  3 mM (but not 10 mM) cyanide (F ig .

7 ) .  Spectra l  s tud ies  were conducted on c e l l s  grown f o r  var ious times on 

D-fructose  and L-mala te  in o rder  to determine what changes in cytochrome 

content  were responsible  f o r  the appearance o f  the c y a n id e - r e s is ta n t  

r e s p i r a t io n .  Reduced vs.  o x id iz e d  spectra o f  D- f ructose-grown c e l l s  are  

shown in F ig .  8.  The most ev id en t  cytochromes are  b_ and c_ type cytochromes 

w ith  a bands in the peak around 550-565 nm and & bands a t  about 525 nm 

(1 3 1 ) .  The increase in the s i z e  o f  the former peak as a func t io n  o f  the 

age o f  the c u l t u r e  may in d ic a t e  an increase in a cytochrome o (99)5 th is  

is a cytochrome which func t io ns  as a terminal  oxidase.  The broad over­

lapping peaks centered a t  600 nm are  cons is ten t  w i th  the presence o f  cy to ­

chrome ( 1 3 1 ,1 3 2 ) .  F i n a l l y ,  the peak a t  625 nm, which appears in l a t e  

exponent ia l  phase, could be the a band o f  cytochrome c[, a c y a n id e - r e s is ­

ta n t  cytochrome (131)*  The presence o f  cytochrome d̂  is a lso  suggested by 

the trough a t  445 nm in carbon monoxide spectra  (F ig .  9 ) (132 ,133 )*
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Fig. 8 . Reduced vs. oxidized difference spectra of 
extracts from wild type A.pyridinolis grown 
on D-fructose. Cells were grown on 50 mM D- 
fructose and monitored turbidometrically. At 
intervals, extracts were prepared and spectra 
were determined as described under Materials 
and Methods after adjustment of each sample 
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Moreover, in the carbon monoxide s p e c t ra ,  cytochrome £  is i d e n t i f i e d  by 

the peak in the Soret region a t  419 nm and the peaks a t  about 540 and 

570 nm (1 3 1 ,1 3 2 ) .  Spectra  from L-malate-grown c e l l s  were q u a l i t a t i v e l y  

s i m i l a r .

The very low r e s p i r a t o r y  a c t i v i t y  o f  D-fructose-grown c e l l s  w i th  a 

s l i g h t  de c l in e  in o l d e r  c u l t u r e s  and the appearance o f  a c y a n id e - r e s is ta n t  

terminal  oxidase suggested t h a t ,  indeed, the l a t t e r  h a l f  o f  the growth 

cycle  might represent  c o n d i t io n s  o f  r e l a t i v e  anaerob ios is  dur ing which an 

even more fe rm e n ta t iv e  metabol ism occurs than in e a r l y  exponent ia l  c e l l s .  

However, the r e s p i r a t o r y  a c t i v i t y  was so low throughout the growth cyc le  

on D - f ru c to se  t h a t  a m id - lo g a r i th m ic  switch in physio logy was impossible  

to  s u b s ta n t ia te  on the basis  o f  th a t  c r i t e r i o n .  Experiments in which the 

re lease o f  CO2 from i n t e r n a l i z e d  D - f ru c to se  and f ru c to s e - l -p h o s p h a te  was 

monitored y ie ld e d  s i m i l a r  r e s u l t s .  C e l ls  grown on D - f ru c to se  to  d i f f e r e n t  

d e n s i t ie s  were washed and resuspended a t  equal c e l l  con cen tra t ions .  The 

c e l l  suspensions were a l lowed to  accumulate r a d io a c t iv e  D - f ru c to se  

( U - [ l l tC ] -D - f r u c to s e ,  10 yM f i n a l  c o n c e n t ra t io n ,  100 y c u r ie s /m l )  f o r  3 min. 

The c e l l s  were then separated from the r a d io a c t iv e  medium and were resus­

pended so th a t  CO2 e v o lu t io n  could be measured as described in M a te r ia ls  

and Methods. The amount o f  r a d i o a c t i v i t y  i n t e r n a l i z e d  by a l l  o f  the c e l l  

suspensions was e s s e n t i a l l y  the same. Evo lu t ion  o f  r a d io a c t iv e  CO2 was 

monitored f o r  30 min and reached a p la teau  a t  20 min. At t h a t  p o in t ,  sus­

pensions o f  c e l l s  from m id -exponent ia l  phase and e a r l i e r  re leased 9 - 10% 

of  the i n t e r n a l i z e d  r a d i o a c t i v i t y  as CÔ  w h i le  suspensions from la te  

exponent ia l  phase c e l l s  re leased  8%. Thus, as w i th  oxygen consumption,  

the CO2 released from D - f ru c to s e  metabolism is low throughout the growth 

cycle  and a marked d e c l in e  in the l a t t e r  p a r t  o f  growth cannot be discerned.



In s p i t e  o f  these in d ic a t io n s  t h a t  D - f ru c to se  metabolism was not 

h ig h ly  aerob ic  o v e r a l l ,  the production o f  l a c t i c  ac id  from D - f ruc tose  was 

not high r e l a t i v e  to  aerob ic  organisms. A protocol  s i m i l a r  to th a t  used 

in the C02- e v o lu t io n  experiments was employed f o r  these de te rm ina t ions .

At i n t e r v a l s ,  c e l l  suspensions were e x t r a c te d  w i th  p e r c h lo r ic  a c id .  Neu- 

t - a l i z e d  e x t r a c t s  were ap p l ied  to  a Dowex-I anion exchange column, and 

e lu te d  w i th  an HC1 g r a d ie n t .  Results  from t h is  exper iment showed th a t  

the amount o f  l a c t i c  ac id  produced from c e l l s  in e a r l y  to  mid- log  phase 

was 8 -9  mmols l a c t a t e  per 100 mmols D - f ru c to s e ,  and was s l i g h t l y  less than 

the amount produced by c e l l s  in the l a t e - l o g  s tage ,  which was 10.7  mmols 

l a c t a t e  per 100 mmols D - f ru c to s e .

The a c t i v i t y  o f  the g ly o x y la te  pathway enzyme i s o c i t r a t e  lyase was 

examined dur ing the course o f  growth and w i l d  type A. p y r i d i n o l i s  on D- 

f r u c to s e .  This enzyme was chosen because i t s  a c t i v i t y  is required f o r  

aerob ic  growth o f  A. p y r i d i n o l i s  on D - f ru c to s e  (111 ) ;  thus a m id - loga ­

r i th m ic  dec l in e  in i t s  a c t i v i t y  would suggest a less aerob ic  metabol ic  

mode. I t  was poss ib le  th a t  t h is  might represent  a more s e n s i t i v e  in d ic a t o r  

o f  such a s h i f t  than those examined above. C e l ls  harvested e a r l i e r  than 

the mid exponent ia l  phase o f  growth ( t u r b i d i t i e s  o f  less than 150 K l e t t  

u n i ts )  were found to conta in . i s o c i t r a t e  lyase a t  an average s p e c i f i c  

a c t i v i t y  o f  6 . A nmoles g ly o x y la te  produced x min  ̂ x mg p r o te in  By 

c o n t r a s t ,  c e l l s  harvested a t  l a t e r  t imes e x h ib i t e d  much less a c t i v i t y ,  in 

a range from 0 (n on -de tec tab le )  to 1.1 nmoles x min  ̂ x mg p ro te in  

The G lyoxy la te  Pathway and M e ta b o l i t e  Levels in A. p y r i d i n o l i s  and a 

C i t r a t e  S y n th ase -D e f ic ie n t  Mutant,  JF3 •

In view o f  the above f in d in g s ,  i t  was o f  i n t e r e s t  to  in v e s t ig a te  

m etabo l ic  s igna ls  which might coord ina te  changes in the m etabol ic  modes

h i



in A. p y r i d i n o l i s . From suggestions in the l i t e r a t u r e  (101) as w e l l  as 

i t s  cen t ra l  ro le  in aerob ic  metabolism, ac e ty l  CoA appeared reasonable  

to  adopt as the focus o f  these i n v e s t i g a t io n s .  To f a c i l i t a t e  studies  on 

the r o le  o f  ace ty l  CoA, a mutant th a t  was d e f i c i e n t  in c i t r a t e  synthase  

was sought (see F ig .  2 ) .  The mutant,  JF3, was i s o la te d  as a c i t r a t e  auxo-  

troph a f t e r  mutagenesis o f  the w i ld  type as descr ibed in M a te r ia ls  and 

Methods. S t ra in  JF3 requ ired  c i t r a t e  in the medium f o r  growth on various  

carbon sources,  inc luding L-mala te  and D - f ru c to s e .  C e l ls  o f  JF3 grown on 

10 mM c i t r a t e  were found to conta in  c i t r a t e  synthase a t  a s p e c i f i c  a c t i v i t y  

o f  0 .05  pmoles c i t r a t e  formed x min  ̂ x mg p ro te in  \  as compared to a 

s p e c i f i c  a c t i v i t y  o f  1.89  ymoles c i t r a t e  x min  ̂ x mg p ro te in   ̂ in the  

parent  s t r a i n  grown under the same c o n d i t io n s .  Because o f  the p o s i t io n  

o f  the metabol ic  block in the mutant i t  was expected th a t  ace ty l  CoA would 

accumulate endogenously,  and, in f a c t ,  t h is  was found (Table  3 ) -  Table  3 

provides a summary o f  the data obta ined in a comparative study o f  w i ld  type  

A. pyr i  d in o l i  s and JF3, grown to  the l a t e - l o g  phase. For the w i ld  type  

organism, only  during growth on 50 mM a c e ta te  (plus the r e q u i s i t e  2 .5  mM 

c i t r a t e )  did the w i ld  type e x h i b i t  high l e v e l s ,  in f a c t  amy measurable  

l e v e l s ,  o f  g ly o x y la te  pathway enzymes. Growth on the requ ired  c i t r a t e  plus  

e i t h e r  L-mala te  or  D - f ru c to se  f a i l e d  to induce the g ly o x y la te  pathway en­

zymes. On the o th e r  hand, the expression o f  these enzymes in JF3 was found 

to  be c o n s t i t u t i v e .  Levels o f  these enzymes in JF3 were c o n s is te n t ly  found 

to  be a t  l e a s t  as high as the l e v e ls  in acetate-grown w i ld  type c e l l s ,  

regardless o f  the carbon source.

To examine the p l a u s i b i l i t y  to ace ty l  CoA as the coo rd ina t ing  meta­

b o l i t e ,  i t  was necessary to  measure the i n t r a c e l l u l a r  l e v e ls  o f  th is  meta­

b o l i t e .  At the same t im e,  the endogenous l e v e ls  o f  malate and ATP were



Table 3 . Levels of glyoxylate pathway enzymes and certain metabolites in the wild 
type A.pyridinolis and a citrate synthase-deficient mutant, JF3.

A.pyridinolis and JF3 were grown to late log phase on media containing 2.5 
mM citrate plus the indicated carbon sources. Sonic extracts were prepared for 
enzyme assays and perchloric acid extracts for metabolite level assays.

CARBON GLYOXYLATE PATHWAY ENZYMES  METABOLITES___________
STRAIN SOURCE ISOCITRATE MALATE

(50 mM) LYASE . SYNTHAS| ACETYL CoA MALATE ATP
nmols x min x mg prot nmols x mg protein

Wild type Acetate 351-0 113-5
Wild type L-Malate 1.0 1.0 0.7^ 3-28+.81 5-05±-95
Wild type D-Fructose 1.0 1.0 0 .6^+.0^ —  A.2A+ .67

JF3 Acetate 382.0
JF3 L-Malate 688.0 55-9 13-^±1-5 0.89±.22 5-89±l-9
JF3 D-Fructose A02.1 171.9 11.5+1.^ 0.65+.23 3 .22+.87



measured to  see i f  there  was a c o r r e l a t i o n  between these o th e r  metabo­

l i t e s  and the induct ion o r  c o n s t i t u t i v e  expression o f  the g ly o x y la te  

pathway. C e l ls  were grown e x a c t ly  in p a r a l l e l  f o r  measurement o f  enzyme 

a c t i v i t i e s ,  except t h a t  p e r c h lo r i c  ac id  e x t r a c t s  instead o f  sonic e x t r a c t s  

were prepared,  f o r  measurement o f  the m e ta b o l i te s .  As shown in Table  3,  

the leve l  o f  a c e ty l  CoA in JF3 was almost 20 t imes h igher  than the leve l  

found in the w i l d  type .  The high lev e ls  o f  endogenous ace ty l  CoA in JF3 

c o r r e l a t e  w e l l  w i t h  the c o n s t i t u t i v e  expression o f  the g ly o x y la te  cyc le  

enzymes. At the same t im e ,  the lev e ls  o f  L -mala te  and ATP measured in 

these c e l l s  did not  show any c o r r e l a t i o n  w i th  the induct ion o f  i s o c i t r a t e  

lyase and malate  synthase. These data s t ro n g ly  suggest th a t  ace ty l  CoA 

i s ,  in f a c t ,  responsib le  f o r  induct ion o f  the g ly o x y la te  cyc le  in A. 

p y r i d i n o l i  s .

The E f f e c t  o f  an Acety l  CoA Synthetase D e f ic ien cy  on G lyoxy la te  Pathway 

Induct ion

To o b ta in  f u r t h e r  evidence th a t  ace ty l  CoA might induce the g ly o x y la te  

pathway, an ace ty l  CoA s y n t h e t a s e - d e f i c i e n t  mutant was i s o l a te d .  This  

enzyme c a ta ly z e s  the a c t i v a t i o n  o f  f re e  a c e ta te  to  ace ty l  CoA f o r  en t ry  

in to  the c e n t ra l  m etabol ic  pathways. Mutant s t r a in  AC17 was i s o la te d  

through mutagenesis o f  the w i ld  type as descr ibed in M a te r ia ls  and Methods,  

and subsequent s e le c t io n  f o r  i t s  i n a b i l i t y  to  grow on ace ta te  w h i le  re ­

t a in in g  the a b i l i t y  to  grow on o th e r  carbon sources. When both AC17 and 

the w i ld  type were grown on 15 mM malate  (Table A ) ,  the w i ld  type showed 

a s i g n i f i c a n t  leve l  o f  ace ty l  CoA synthetase a c t i v i t y ,  w h i le  AC17 showed 

none; n e i t h e r  s t r a i n  e x h ib i t e d  i s o c i t r a t e  lyase under these c o n d i t io ns .

Upon Induct ion  w i th  a high concentra t ion  o f  a c e t a t e ,  ace ta te  t ra n s p o r t  in 

whole c e l l s  was shown to be normal in both s t r a i n s .  However, w h i le  the

4 9



w i l d  type showed pronounced induct ion o f  both ace ty l  CoA synthetase and 

i s o c i t r a t e  lyase ,  AC17 showed no induct ion o f  these enzymes a t  a l l .

The work o f  Hong e t  a l . (116) ind ica tes  another poss ib le  route f o r  

the synthesis  o f  ace ty l  CoA in the presence o f  a c e ta te .  In £ .  col_i_ ace­

t a t e  can be converted to  ac e ty l  phosphate by the enzyme a c e ta te  kinase ( in  

the presence o f  ATP).  Acety l  phosphate can in turn  be converted to  acety l  

CoA by the enzyme phosphotransacety lase ,  which exchanges the phosphate fo r  

coenzyme A. These enzymes, however,  were not d e te c ta b le  in c e l l  f r e e ,  

d ia ly z e d  e x t r a c t s  o f  A. p y r i d i n o l i s  when grown on 50 mM a c e ta te ,  as wel l  

as o th e r  carbon sources.

PTS Induct ion and M e ta b o l i t e  Levels in A. p y r i d i n o l i s  and JF3

Because ace ty l  CoA appeared to  p lay  a ro le  in the induct ion o f  the  

g ly o x y la t e  pathway, and hence aerob ic  metabolism o f  A. p y r i d i n o l i s , i t  

was poss ib le  t h a t  a converse ro le  e x is te d  f o r  ace ty l  CoA in re g u la t io n  

o f  the PTS. To exp lo re  t h is  p o s s i b i l i t y ,  the fo l lo w in g  experiment was 

conducted: Both the w i ld  type and JF3 were grown to m id - log  phase on 

2 .5  mM c i t r a t e  plus 50 mM glutamate  (a r e l a t i v e l y  non-repressing carbon 

source) .  The c e l l s  were then harvested ,  and induced f o r  PTS a c t i v i t y  by 

incubation in the presence o f  D - f ru c to s e .  As shown in Table  5 ,  w h i le  the  

w i ld  type PTS was induced to  the same leve l  o f  a c t i v i t y  as found in e a r l i e r  

s t u d ie s ,  JF3 had no more than 50% o f  the w i ld  type a c t i v i t y .  When the  

lev e ls  o f  endogenous m etab o l i tes  were measured, malate  and ATP were found 

to  have no c o r r e l a t i o n  w i th  PTS a c t i v i t y  in e i t h e r  s t r a i n .  However, the 

ace ty l  CoA lev e ls  in JF3 were again more than 15 t imes g r e a te r  than those 

found in the w i ld  type.
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Table Failure of an acetyl CoA synthetase-deficient
mutant to produce isocitrate lyase upon induction.

Wild type A.pvridinolis and an acetyl CoA synthetase- 
deficient mutant, AC1 7, were grown to late log phase on media 
containing 15 mM L-malate, and to the indicated flask 50 mM 
acetate was added for 2 hrs. Acetate transport was measured 
in whole cells, while enzyme assays were performed on 
dialyzed, sonic extracts.

STRAIN
INDUCED
W/ACETATE

ACETATE
TRANSPORT

ACETYL CoA 
SYNTHETASE

ISOCITRATE
LYASE

Wild type 
Wild type

NO
YES

nmols/min 
mg prot.

70 .0

sCfmols AcCoA 
min/mg prot.

nmols/min 
mg protein

33*2
102.3

1.0
235.0

AC17
AC17

NO
YES 66.2

1.0
1.0

1.0
1.0



Table 5- Levels of phosphoenolpyruvate tD-fructose
phosphotransferase activity and certain 
metabolites in wild type A.pyridinolis 
and JF3 during PTS induction.

A.pyridinolis and JF3 were grown on 2.5 mM citrate 
plus 50 mM L-glutamate overnight, harvested aseptically 
and re-inoculated into media containing 50 mM D-fructose 
for 4 hrs. Sonic extracts were then prepared for enzyme
assays and perchloric acid extracts for metabolite levels.

METABOLITES
STRAIN PTS ACETYL CoA MALATE ATP

nmols x min""1 
x mg prot.-1 nmols x mg protein

Wild type 10.14 0.48+.11 1.10+.66 3-57+1.3

JF3 4.78 7 .85+.84 1.05±*59 3-15±l-8
«■ .......

52



DISCUSSION

The a l t e r n a t e  t ra n s p o r t  systems f o r  D - f ru c to se  in A,. p y r i d i n o l i s  

appear to  fu n c t io n  under d i f f e r e n t  p hys io log ica l  cond i t ions .  In w i ld  

type c e l l s ,  r e s p i r a t io n -c o u p le d  t ra n s p o r t  occurs dur ing the e a r l y  log 

phase w i th  PTS a c t i v i t y  appear ing only a f t e r  r e s p i ra t io n -c o u p le d  t r a n s ­

port  has d e c l in e d .  Compounds which s t im u la te  r e s p i ra t io n -c o u p le d  t r a n s ­

p o r t ,  e . g . ,  L -m a la te ,  repress the PTS. In the ALA-auxotroph, a c t i v i t i e s  

of the two t r a n s p o r t  systems show a s i m i l a r l y  inverse r e l a t io n s h ip  to  one 

another.  PTS induct ion  is opt imal  under condit ions  in which the concen­

t r a t i o n  o f  ALA f o r  growth and re s p i r a t io n -c o u p le d  t ra n sp o r t  is l i m i t i n g .  

Morever,  even In the presence o f  5 0 X fg  ALA/ml, a t  which growth o f  BJ200 

is comparable to  the w i ld  type ,  re s p i ra t io n -c o u p le d  t ranspor t  is g r e a t l y  

reduced during e a r l y  log phase w i th  a concomitant increase in PTS a c t i v i t y  

at  t h a t  t im e .  Presumably exogenous ALA is not incorporated as e f f i c i e n t l y  

as endogenously produced ALA; t h is  may w e l l  r e f l e c t  poor ALA t ra n s p o r t  by 

D-fructose-grown c e l l s  t h a t  are  l im i te d  in r e s p i r a t i o n .  However, as 

stated  p r e v io u s ly ,  a t tempts  to measure ALA t ra n s p o r t  and cytochrome con­

tent  in BJ200 dur ing the e a r l y  log phase were unproduct ive ,  l a r g e ly  due 

to techn ica l  l i m i t a t i o n s .

Apparent ly  the two t ra n s p o r t  systems f o r  D - f ru c to se  are c o n t r o l le d  

such t h a t  f a c to r s  fa v o r in g  r e s p i r a t io n -c o u p le d  t ra n s p o r t  cause repress ion ,  

and perhaps a ls o  i n h i b i t i o n ,  o f  the PTS. I t  is notable  th a t  the mid-  

log ar i th m ic  change from use o f  re s p i r a t io n -c o u p le d  t ranspor t  to use o f  the  

PTS in w i ld  type c e l l s  occurs w i th  no apparent change in growth r a t e ,  and

only the s l i g h t e s t  i n d ic a t io n  o f  a decrease in oxygen consumption and in

CO2 re lease  from i n t e r n a l i z e d  D - f ru c to se  and f r u c to s e - l -p h o s p h a te ,  accom­

panied by a small increase in l a c t i c  ac id  product ion .  However, there  are
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several  in d ic a t io n s  th a t  the l a t e r  stages o f  growth on D - f ru c to s e ,  when 

the phosphotransferase system is the p r i n c i p a l  form o f  t r a n s p o r t ,  rep re ­

sent a more fe rm e n ta t iv e  p h y s io lo g ic a l  mode, perhaps an adapta t ion  to  

cond i t ions  o f  g r e a te r  a n a e r o b io s is . These include a d e c l in e  in oxygen 

consumption, a l b e i t  a small  d e c l in e ;  the appearance o f  a c y a n id e - r e s is ta n t  

cytochrome, probably cytochrome d̂ ; the increase in cytochromes, e s p e c i a l l y  

b^type cytochromes, as c u l tu re s  get more dense; the marked decrease in 

i s o c i t r a t e  lyase a c t i v i t y  which is requ ired  f o r  replenishment o f  Krebs 

cyc le  in termediates  dur ing aerob ic  growth o f  A. p y r i d i n o l i s ; and the small  

increase in l a c t i c  ac id  product ion .  The increase in cytochrome leve ls  

observed as the oxygen tension o f  a c u l t u r e  decreases has been w e l l  docu­

mented in o th e r  b a c t e r i a .  Thomas et^ aj_. ( 9 2 ) ,  working w i th  glucose grown 

£ .  c o l i , found t h a t  both cytochromes bj and d̂  increase s u b s t a n t i a l l y  as 

the oxygen tension o f  the c u l t u r e  decreases;  they then dec l ined  r a p i d l y ,  

but not to  ze ro ,  when the c u l t u r e s  are  completely  anaerob ic .  S i n c l a i r  

and White (95) observed t h a t  the concentra t ion  o f  cytochromes in H_. para -  

in f iuenza e  was much g r e a t e r  a t  an oxygen concentra t ion  o f  20 pM as com­

pared to  an oxygen con cen tra t ion  o f  150-200 pM. As measured in P_. put ida  

from log-  to s ta t io n a ry -p h a s e  c e l l s  (when almost no d issolved oxygen was 

measured),  cytochrome £  increased t h r e e - f o l d ,  and w h i le  no cytochrome c[ 

was ev iden t  in log phase c e l l s ,  a s i g n i f i c a n t  amount was present  in 

s t a t io n a r y  phase c e l l s  ( 9 9 ) -  Increases in the amounts o f  cytochrome £  

and the appearance o f  cytochrome d_ in l a t e - l o g  phase c u l tu re s  o f  A. p y r i ­

dinol  is is in agreement w i th  the f in d in g s  o f  these o th e r  workers.  Although  

cytochrome o is probably the pr imary ox idase ,  under cond i t ions  o f  l im i te d  

oxygen cytochrome d̂  may fu n c t io n  to  insure more e f f i c i e n t  u t i l i z a t i o n  o f  

a v a i l a b l e  oxygen. Whi le  l a c t i c  ac id  formation did  increase s l i g h t l y  in 

the l a t e r  stages o f  growth, the l e v e ls  produced were not very high.  When
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al lowed to  u t l i z e  D-glucose f e r m e n t a t i v e l y ,  E_. c o l i  produced 80 mmol 

l a c t a t e  per  100 mmol D-glucose ( 1 3 * 0 ,  Leuconostoc mesenteroides produced 

89 mmol l a c t a t e  per 100 mmol D-glucose (1 3 0 ) ,  and when u t i l i z e d  by the  

aerob ic  bacter ium B a c i l lu s  s u b t i l i s , 10 mmol l a c t a t e  per 100 mmol D- 

glucose were produced.

Are there  p o s i t i v e  e f f e c t o r s  o f  ae rob ic  metabolism t h a t  may co o rd i -  

n a te ly  repress or  i n h i b i t  the PTS? The r e s u l ts  w i th  the c i t r a t e  synthase-  

d e f i c i e n t  s t r a i n ,  in which the c o n s t i t u t i v e  synthesis  and high l e v e ls  o f  

a c t i v i t y  o f  the g ly o x y la te  pathway enzymes are  shown to  e x i s t  concomi­

t a n t l y  w i th  i n t r a c e l l u l a r  l e v e ls  o f  ace ty l  CoA twenty t imes h igher  than 

those found in the w i ld  type ,  s t ro n g ly  im p l ic a te  ace ty l  CoA as the inducer  

o f  the g ly o x y la te  pathway. Furthermore,  the i n a b i l i t y  o f  an ace ty l  CoA 

s y n th e ta s e - d e f ic ie n t  s t r a i n  to  induce t h is  pathway provides a d d i t io n a l  

support to  t h is  conclusion.

While  ace ty l  CoA may appear to be the inducer o f  the g ly o x y la t e  pa th ­

way in A. p y r i d i n o l i s , t h is  has been shown not to  be the case in £ .  c o l i . 

Kornberg (107) noted t h a t  i s o c i t r a t e  lyase ,  the key enzyme o f  the g l y ­

o x y la te  pathway, was f u l l y  induced only  in the presence o f  a c e ta te .  He 

then proposed th a t  the i n d u c t i o n - l i k e  e f f e c t  o f  a c e ta te  might be due to  

one o f  th ree  causes: (1) Aceta te  (or  ace ty l  CoA) might be the inducer;

(2) ace ta te  (or  ace ty l  CoA) might combine w i th  some o ther  m e ta b o l i te  and 

form an inducer;  or  ( 3 ) ,  a c e ta te  (or  ace ty l  CoA) might combine w i th  

another m e ta b o l i te  to  r e l i e v e  repression o f  i s o c i t r a t e  lyase syn thes is .  

Using a c i t r a t e  synthase mutant o f  E_. col i , Kornberg demonstrated th a t  

i s o c i t r a t e  lyase was not induced by a c e ta te  in the mutant,  under con­

d i t i o n s  in which t h is  enzyme was induced in the w i l d  type.  When the  

mutant 's  a b i l i t y  to a c t i v a t e  a c e ta te  to  ace ty l  CoA was demonstrated,
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Kornberg ru led out  ace ty l  CoA as the d i r e c t  inducer.  Po s tu la te  (3)  was 

demonstrated to  be c o r r e c t ,  and malate o r  some m etab o l i te  c lo s e ly  r e la te d  

to  i t  was proposed as the repressor .  Thus the combination o f  a c e ta te  

(ac e ty l  CoA) w i th  OAA to  form c i t r a t e  would r e l i e v e  the repression o f  

i s o c i t r a t e  lyase .  As discussed e a r l i e r ,  the repressor and a l l o s t e r i c  

reg u la to ry  o f  i s o c i t r a t e  lyase in £ .  c o l i  was i d e n t i f i e d  as PEP (1 1 5 ) .  

C l e a r ly  though, as noted by Mukkada et_ a k  ( 8 A ) , the reg u la to ry  s igna ls  

need not be the same in a l l  organisms.

The data presented suggest th a t  in a d d i t io n  to  i t s  ro le  in induct ion  

o f  the g ly o x y la t e  pathway, ace ty l  CoA may mediate a repress ive  e f f e c t  on 

the PTS. I t  is not known whether t h is  e f f e c t  is d i r e c t  or  i n d i r e c t .  

Although ace ty l  CoA le v e ls  appear to have a c o r r e l a t io n  w i th  PTS a c t i v i t y ,  

the data are  not as c l e a r - c u t  as they are  f o r  the g ly o x y la t e  pathway.

Whi le JF3 does e x h i b i t  ace ty l  CoA lev e ls  15 t imes h igher  than the w i ld  

type under PTS induct ion c o n d i t io n s ,  the e f f e c t  is to repress the PTS 

only  5 0 % .  The e f f e c t  o f  such high l e v e ls  o f  ace ty l  CoA on the g ly o x y la t e  

pathway were f a r  more d ram at ic .  Morgan and Kornberg (135) have im p l ica ted  

a c e ty l  CoA as an i n h i b i t o r  o f  sugar t ra n s p o r t  in £ .  c o l ?. They found 

t h a t  PEP s y n t h a s e - d e f ic i e n t  mutants (pyr + ATP -*■ PEP + AMP + P j )  grown on 

c e r t a i n  sugars were i n h i b i t e d  by added pyruvate ,  w h i le  pyruvate  had no 

e f f e c t  when they were grown on o th e r  sugars. They then showed t h a t  10 mM 

pyruvate  in the w i ld  type and 1 mM pyruvate  in a c i t r a t e  s y n th a s e - d e f ic ie n t  

mutant could sev ere ly  i n h i b i t  2-deoxyglucose uptake, w h i le  a pyruvate  

dehydrogenase mutant was not a f fe c te d  by 1 mM pyruvate .  I t  was concluded 

t h a t  ace ty l  CoA was the i n h i b i t o r y  agent.

The i s o l a t i o n  o f  a pyruvate  dehydrogenase mutant o f  A. p y r i d i n o l i s  

has been at tempted;  however,  the i s o l a t i o n  o f  a s ta b le  mutant has not been
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poss ib le  up to  t h is  p o in t .  I t  was b e l ie v e d ,  as ind ica ted  by Morgan and 

Kornberg's d a ta ,  t h a t  such a mutant would provide a complement to JF3,  

the c i t r a t e  s y n t h a s e - d e f ic i e n t  mutant.  In our organism, a pyruvate  

dehydrogenase mutant would req u i re  ace ta te  f o r  growth, and ob ta in  i t s  

ace ty l  CoA v ia  a c e ty l  CoA synthetase;  the i n a b i l i t y  to produce ace ty l  

CoA w ith o u t  added a c e ta te  (due to the metabol ic  block) should d r a s t i c a l l y  

reduce o r  ab o l ish  the i n t r a c e l l u l a r  lev e ls  o f  ace ty l  CoA. I f  grown under 

PTS induct ion c o n d i t io n s ,  as in Table  5* s u b s t i t u t i n g  ace ta te  f o r  c i t r a t e ,  

I would expect  a pyruvate  dehydrogenase mutant to  have h ig h er ,  perhaps 

c o n s t i t u t i v e ,  l e v e ls  o f  PTS a c t i v i t y  compared to  the w i ld  type ,  i f  in 

f a c t  ace ty l  CoA serves as a repressor  o f  the PTS. I t  would a lso  be 

i n t e r e s t i n g  to  u t i l i z e  such a mutant in an at tempt to  grow A. p y r id ? n o l is  

a n a e r o b ic a l ly  on D - f r u c to s e ,  e s p e c i a l l y  i f  the PTS could be c o n s t i t u t i v e l y  

expressed.

I t  appears r e l e v a n t ,  then,  th a t  high l e v e ls  o f  L-malate as w e l l  as 

ace ty l  CoA have neg a t ive  e f f e c t s  on the PTS, and could r e l a t e  to  the r e ­

cent f in d in g s  t h a t  the protonmotive force  regu la tes  the PTS a c t i v i t y .

This t o p ic  has been discussed in the L i t e r a t u r e  Review sect ion  a t  length ,  

but several  observat ions  are  noteworthy in th is  regard: (1) a d d i t io n  o f  

L -m a la te ,  a s u b s t ra te  o f  the r e s p i r a t o r y  cha in ,  represses the PTS; (2) a 

a - a m in o le v u l in i c  ac id  auxotroph e x h ib i t s  high le v e ls  o f  PTS a c t i v i t y  when 

i t s  r e s p i r a t io n  is l i m i t e d ;  and (3)  when high le v e ls  o f  ace ty l  CoA, pro­

v id in g  a c o n s t i t u t i v e ,  a e r o b ic ,  g ly o x y la te  pathway are p resen t ,  the  PTS 

is a lso  repressed.  These observat ions could a l l  be l inked to the magni­

tude o f  the protonmotive f o r c e ;  whether a t ru e  c o r r e l a t io n  e x is t s  in 

these c e l l s  awaits  f u r t h e r  i n v e s t i g a t io n .

Even though A. p y r i d i n o l i s  is an o b l ig a t e  aerobe and cannot be grown
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s t r i c t l y  a n a e r o b i c a l l y ,  under some growth cond i t ions  i t  manifests a set  

o f  biochemical changes, w i t h  reg u la to ry  s ig n a ls ,  which r e s u l t  in a r e l a ­

t i v e l y  f e rm e n ta t ive  phys io logy .  These changes may represent  an adapta t ion  

which provides the organism w i th  enhanced eco lo g ica l  v e r s a t i l i t y  and 

res is tance  to  environmental v a r i a t i o n s .  I t  w i 11 be o f  in t e r e s t  to d e t e r ­

mine whether o th e r  e s t e n s ib l y  o b l i g a t e  aerobes e x h i b i t  these p r o p e r t i e s ,  

and whether they c o r r e l a t e  w i th  the observed range o f  growth ha b i ta ts  

and /or  s u rv iva l  c a p a c i t i e s .
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ABBREVIATIONS

ALA 6 - a m in o le v u l in ic  acid

ATP adenosine 5 1“ t r iphosphate

CoA coenzyme A

c y c l i c  AMP adenosine 3 1, 5 1-monophosphate

diam. d iameter

DNP 2 ,^ -d in i t r o p h e n o l

DTNB 5 , 5 1“d i t h i o b i s - 2 - n i t robenzo ic  ac id

EMS ethy l  methane su l fo n a te

HPr h i s t i d i n e - c o n t a i n i n g  p ro te in  o f  PTS

hr hour(s)

K x 1000

a-MG a~methyl g lucos ide

min m inutes(s )

MS mineral s a l t s

mol. wt.  molecular  weight

3-NAD 3 -n ic o t in a m id e  adenine d in u c le o t id e
(oxi d i zed)

OAA o x a lo a c e t ic  ac id

PEP phosphoenolpyruvate

P-HPr phospho-HPr

PTS phosphotransferase system

PYE peptone-yeast  e x t r a c t

RC r e s p i r a t io n -c o u p le d

rpm r e v o lu t io n s  per  minute

sec second(s)
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