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Summary 

Neurospora crassa conidia possess an active transport system for the uptake 
of acetate. This system was characterized as: (a) energy dependent; (b) taking 
place against a concentration gradient; (c) saturating at higher substrate concen- 
trations and (d) competitively inhibited by propionate. 

Activity of the acetate transport system can be further enhanced by pre- 
incubating conidia in 1 mM acetate medium for 180 min (the inducible trans- 
port system). The conidial system and the inducible system have similar proper- 
ties. The development of the inducible transport was dependent on RNA and 
protein synthesis. A genetic control of this system was further confirmed by 
isolating a mutant (acp ~ acetate permease, inducible) that fails to develop the 
inducible transport system. 

Introduction 

Several microorganisms use carboxylic acids as the sole carbon source. These 
compounds are not only oxidized to derive metabolic energy but are also 
required for the synthesis of various cellular components. 

Transport of carboxylic acids represents various interesting features. In 
eukaryotes the transport has to occur at two levels: one at that of cytoplasmic 
membrane for the uptake of the metabolite and the other at the level of mito- 
chondrial membrane for its subsequent metabolism. Another interesting feature 
about carboxylic acid transport is that many bacteria [1,2] do not possess 
transport activity in whole cells, while their cell free extracts exhibit enzyme 
activities for their oxidation. When these organisms are grown on carboxylic 
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acids as the main carbon source, they adapt  to the new carbon source by devel- 
oping a new transport  system (adaptive permeation).  

Existence of  well defined carboxylic acid transport  systems which were 
apparently under genetic control  were reported in Escherichia coli [3],  Bacillus 
subtilis [4],  Azotobacter  vinelandii [5],  Streptococcus faecalis [6],  Aerobacter 
aerogenes [7],  and Pseudomonas [8].  However,  evidence for the existence of  
such systems in eukaryotes  was very scarce. Lanier [9] has reported acetate 
transport  mutants  in Aspergillus that  would not  grow on acetate as the sole car- 
bon source. Wolfinbarger and Kay [ 10] have reported a dicarboxylic acid trans- 
por t  system (dct) in Neurospora crassa. Flavell and Fincham [11,12] have 
reported acetate non-utilizer mutants  in N. crassa suggesting the ability to 
transport  exogenous acetate. We investigated the problem of acetate transport  
and would like to report  here biochemical characterization and genetic control  
of  an inducible acetate transport  system in N. crassa conidia. 

Materials and Methods 

Strains employed.  A wild type  s tock (74 A, OR-23 1A) was obtained from 
the Fungal Genetics Stock Center, Arcata, California. It was grown on Vogel's 
medium N [15] supplemented with 2% sucrose and 2% agar (DIFCO - Bacto 
agar). Seven<lay-old conidia were used in all these experiments.  

Transport studies. Uptake of  [14C]acetate was undertaken essentially as 
described previously [13].  The basic uptake medium contained Vogel's me- 
dium N, conidia (0.1 mg/ml), [14C]acetate (0.01 pCi/0.1 #tool per ml) and 
glass distilled water  to make the desired volume. 5-ml aliquots were removed at 
specified t ime intervals, filtered through millipore membrane filters ( type AA, 
0.8 pm and 25 mm), washed with ice-cold water, glued to an aluminum plan- 
chet t  and counted  in a Beckman low-beta counter.  Short-term transport  assays 
were made for a period of  8 min to determine kinetic constants. Transport 
velocities were determined from the slope values of  a best fit straight line using 
a digital (link-8) computer .  

Identif ication o f  intracellular acetate. Conidia that  were preincubated in 
[14C]acetate (0.02 pCi/0.2 pmol  per  ml) for 60 min were extracted with boiling 
distilled water.  The extract was chromatographed on a Whatman No. 1 chro- 
matography paper using an e thanol /ammonia/water  (5 : 2 : 3 by  vol.) solvent 
system. [~4C]Acetate was run parallel as a standard. 0.5 cm pieces of  paper 
were cut  and counted in a Beckman low-beta counter.  

Isolation o f  the acetate permease mutant.  An acetate transport  mutant  was 
isolated by  selecting for acetate non-utilizer mutants,  using a modified version 
of  the Catcheside's mutan t  enrichment  technique (Catcheside, D.E.A., personal 
communicat ion).  

Wild type  conidia were irradiated with ultraviolet light and incubated in 
Vogel's medium N containing 40 mM acetate as the sole carbon source. Conidia 
that  were able to  grow in acetate medium were filtered using a conidial filter, 
every eight hours. Fresh medium was supplemented after every twenty-four  
hours. After  three days of  incubation, conidia that  failed to grow in acetate 
medium were plated on Vogel's medium N containing 1.5% sorbose, 0.1% glu- 
cose and 2% agar. Colonies that  grew on these plates were transferred to slants 
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containing 2% sucrose medium and tested in a liquid growth test. Acetate per- 
mease activity was analyzed in a regular [ ~4C] acetate uptake experiment. 

Chemicals. [14C]Acetate (sodium salt) was purchased from Amersham/ 
Searle Corporation, Arlington Heights, Illinois. The non-radioactive chemicals 
were purchased either from Sigma Chemical Company,  St. Louis, Missouri or 
Calbiochem, LaJolla, California. 

Results 

Neurospora crassa was reported to use acetate as the sole carbon source, 
suggesting an ability to transport exogenously  supplied acetate. Fig. 1 illus- 
trates the existence o f  such a system in wild type conidia. Uptake of  [~4C]ace- 
tate was found to be highly sensitive to the energy uncoupling agents such as 
sodium azide (NAN3) or 2,4-dinitrophenol (DNP). Addition of  these com- 
pounds to the basic uptake medium after initiation of  [~4C]acetate accumula- 
tion, inhibited further accumulation. However, the label that was already accu- 
mulated was retained by the conidia. 

Examination of  a radiochromatogram of  hot  water extract obtained from 
conidia that were preincubated in [ 14C]acetate (200 nmol/ml ,  external concen- 
tration) for 60 min indicates a single peak corresponding to the peak obtained 
with the [14C]acetate standard (Fig. 2). This suggests that acetate was retained 
by the cells in the same molecular form. Calculation of  the internal concentra- 
tion o f  acetate was based on a conidial wet volume of  5.3 pl /10  mg dry wt. of  
conidia [14] .  Counts attributed to [14C]acetate indicated an internal concen- 
tration of  374 nmol//~l o f  intracellular water, resulting in a 1870-fold concen- 
tration o f  acetate inside the conidia. 

Acetate transport activity saturated at higher substrate concentrations 
(Fig. 3) indicating involvement of  a carrier in this process. The transport system 
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Fig. I .  Acetate  transport  in wi ld type  (74  A)  conidia  and the e f fec t  o f  energy uncoupl ing  agents.  Transport  
o f  [ 14C]acetate  (0.01 /~Ci/0,1 /~mol/ml) was  init iated by  the addi t ion  of  0 . I  m g / m l  conldia  to  the basic 
uptake  m e d i u m .  S o d i u m  azide  (NAN3) or  2 ,4 -d in i trophenol  was  added to  the basic uptake m e d i u m  at a 
concentra t ion  of  10  ug /ml .  

Fig. 2. R a d i o c h r o m a t o g r a m  o f  h o t  water  extract .  Wild type  (74  A)  conidia  were incubated  in [ 14C]acetat e 
(0.02 /~Ci/0.2/~mol/ml) for 60 min and ex trac ted  wi th  h o t  water .  The  extract  was  run paxallel to  a stan- 
dard [14C]acetate  on  a Whatman N o .  1 chromatography  paper using w a t e r / a m m o n i a / e t h a n o l  (3 : 2 : 5 
b y  vo l . )  so lvent  s y s t e m .  0 .5  c m  pieces  o f  paper were  cut  and counted  in a low-beta  counter .  
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Fig. 3. Ace ta te  transport  as a func t ion  o f  external  concentrat ion .  Transport  velocit ies  ( count s lmin  per 
mg) at various  substrate  concentra t ions  were calculated from short-term (8 min) uptake exper iments .  
o o, 74 A. 

saturates at a condentration of 10 -4 M and this concentration was used in most 
of the transport experiments. A K m value of 2.5 • 10 -s M and a V value of 3.5 
nmol/min per mg were determined using Hofstee transformations (V : V/S) on 
a digital computer. 

Various structural analogues such as chloroacetate and acetamide were used 
to compete for the acetate transport system but failed to show any competi- 
tion. Propionate was able to compete with acetate for the acetate transport sys- 
tem (Fig. 4A). Kinetic analysis of propionate competition by adding a constant 
amount of propionate to various concentrations of [14C]acetate (Fig. 4B) 
resulted in a shift in the Km value, while the V value remained unchanged. This 
was a characteristic feature of competitive inhibition indicating that both pro- 
pionate and acetate compete for the same binding site on the carrier molecule. 

The acetate transport system can be amplified several times in its activity 
by prior incubation of conidia in a medium containing 1 mM acetate. Fig. 5 
illustrates that this inducible activity was sensitive to both RNA or protein syn- 
thesis inhibitors (actinomycin-D or acrid•one). Conidia that were pre-incubated 
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Fig. 4.  C o m p e t i t i o n  for acetate transport  sys tem.  A.  S o d i u m  propionate  (1/Jmol/ml) was added to  the 
basic uptake  m e d i u m  containing [14C]aee ta te  (0.01 /~C1/0.1 /~mol/ml). B. Transport  ve loci t ies  ( counts /  
min  per ntg) for  [14C]ace ta te  transport  wi th  and w i t h o u t  the inhibi tor  (10  -3 M propionate )  were  deter- 
mined  f r o m  short-term uptake  exper iments .  D o u b l e  reciprocals  o f  substrate concentrat ion  and transport  
ve loci t ies  were  p lo t ted .  Intercepts  o f  x and y axis  represent  - - I l K  m and V respect ively .  • i control ;  
z~ -% 10 -3 M prop ionate .  
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Fig.  5.  I n d u c t i o n  o f  ace ta t e  transport .  Wild t y p e  ( 7 4  A)  c o n i d i a  we re  i n c u b a t e d  for  the  spec i f i ed  a m o u n t s  
of  t i m e  in  V o g e l ' s  m e d i u m  N c o n t a i n i n g  1 rnM ac e ta te  as the  so le  caxbon source .  I n c u b a t i o n  in  V o g e P s  
m e d i u m  N w i t h  n o  carbon  s o u r c e  w a s  u s e d  as a c o n t r o l .  The  cells  w e r e  f i l tered,  w a s h e d  and re suspended  
in  a f r e sh  u p t a k e  m e d i u m  c o n t a i n i n g  [ 1 4 C ] a c e t a t  e (0 .01  # C i / 0 . 1  # m o l / m l ) .  V e l o c i t y  o f  t ransport  ( c o u n t s /  
m i n  p e r  rag)  w a s  c a l c u l a t e d  f r o m  the  s lope  value  o f  a n  8 r a in  u p t a k e  e x p e r i m e n t .  A c t i d i o n e  or  a c t i n o -  
m y c i n - D  w a s  a d d e d  a t  a c o n c e n t r a t i o n  o f  1 0 / ~ g / m l .  

in Vogel's medium wi thout  any carbon source did not  show a significant 
change in their t ransport  rates. 

Development  of  the inducible transport  system was tested using various car- 
bon sources. Incubation in sugars (1% glucose or 1% sucrose) failed to develop 
this activity indicating that  starvation for a carbon source was not  the reason 
for the development  of  the inducible transport  system. Propionate (1 mM) was 
able to induce the acetate transport  system bu t  no t  as effectively as acetate. 

The inducible t ransport  system has the same properties as the conidial trans- 
por t  system. Fig. 6A illustrates that  the inducible transport  system was also 
sensitive to  the energy uncoupling agents and that  propionate exhibits compe- 
tit ion for transport  (Fig. 6B). 

Kinetic analysis of  the inducible transport  system indicates it to be distinct 
from the conidial system. Km and V values were determined using Hofstee 
transformations (with a link-8, digital computer) .  The inducible system (refer 
Table II) had a Km value of  1.4 • 10 -4 M and a V value of  51 nmol/min per mg, 
which were higher than the conidial system (Kin = 2.5" 10-SM and V = 3.5 
nmol/min per mg). These results indicate that  the inducible system is a low 
affinity system with higher transport  activity. 

Iso la t ion  o f  the  ace ta te  pe r meas e  mu tan t .  Out  of  56 colonies that  were iso- 
lated and tested 8 colonies failed to grow on acetate (40 mM) as the sole car- 
bon source. All the isolates grew normally on 2% sucrose medium. One out  of 
these eight isolates (acp -~, acetate permease, inducible) was noticed to be trans- 
por t  deficient and was subjected to further investigation. 

Table I illustrates the growth pattern of  acp - i  compared to a wild type  (74 A) 
and acu-3 (acetate non-utilizer, isolated by  Flavell and Fincham [11,12] ). Both 
acp - i  and acu-3 failed to grow on acetate as the sole carbon source. Both these 
mutants,  as well as the wild type,  grew normally on a medium containing 0.5% 
sucrose and 20 mM acetate to indicate that  both  acp ~ and acu-3 were not  ace- 
tate-sensitive mutants.  
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Fig.  6 .  C h a r a c t e r i s t i c s  o f  t he  i n d u c i b l e  a c e t a t e  t r a n s p o r t  s y s t e m .  Wild t y p e  ( 7 4  A)  c o n i d i a  we re  u s e d  t o  
c o m p a r e  t h e  t r a n s p o r t  c h a r a c t e r i s t i c s  b e t w e e n  u n i n d u e e d  ( c o n t r o l )  a n d  a c e t a t e - i n d u c e d  ( 1 0  -3  M) t r ans -  
p o r t  s y s t e m s .  A f t e r  1 8 0  ra in  o f  p r e i n c u b a t i o n ,  t h e  cel ls  we re  f i l t e red ,  w a s h e d  a n d  r e s u s p e n d e d  in  f resh  
u p t a k e  m e d i u m  c o n t a i n i n g  [ 1 4 C ] a c e t a t e  ( 0 . 0 1  # C i / 0 . 1  # m o l / m l ) .  A .  S o d i u m  az ide  ( 1 0  # g / m l )  w a s  a d d e d  
t o  t he  u p t a k e  m e d i u m  as a m e t a b o l i c  i n h i b i t o r .  [ 1 4 C ] A c e t a t e  a c c , , m u l a t i o n  in ,  c o n t r o l  (o ) ;  c o n t r o l  w i t h  
s o d i u m  az ide  (A); a c e t a t e - i n d u c e d  (e )  a n d  a c e t a t e - i n d u c e d  wi th  s o d i u m  az ide  (o) .  B.  C o m p e t i t i o n  w i t h  
p r o p i o n a t e  f o r  t h e  i n d u c i b l e  t r a n s p o r t  s y s t e m .  [ 1 4 C ]  A c e t a t e  a c q . u m u l a t i n n  in  a c e t a t e - i n d u c e d  c o n i d i a  ( e ) ;  
c o m p e t i t i o n  o f  [ 1 4 C ] a c e t a t e  t r a n s p o r t  b y  p r o p i n n a t e  ( 1 0  "~ M) in a c e t a t e - i n d u c e d  c o n i d i a  (o) .  

Fig .  7.  A c e t a t e  t r a n s p o r t  in  wi ld  t y p e  ( 7 4  A)  a n d  acp  "-'i c o n i d i a .  (a) T r a n s p o r t  o f  a c e t a t e  in  wi ld  t y p e  
( 7 4  A)  a n d  acp  - ' i  c o n i d i a  we re  c o m p a r e d .  (b)  C o n i d i a  o b t a i n e d  f r o m  wi ld  t y p e  ( 7 4  A )  a n d  acp  -- i  were  pre-  
i n c u b a t e d  in  V o g e l ' s  m e d i u m  N w i t h  1 m M  a c e t a t e  f o r  1 8 0  ra in .  C o n i d i a  we re  f i l t e r ed ,  w a s h e d  a n d  resus -  
p e n d e d  in  a f resh  u p t a k e  m e d i u m .  

T A B L E  I 

F I V E  D A Y  G R O W T H  T E S T  O N  A M E D I U M  S U P P L E M E N T E D  WITH E I T H E R  S U C R O S E  O R  ACE-  
T A T E  

V o g e l ' s  m e d i u m  N c o n t a i n i n g  e i t h e r  a c e t a t e  o r  suc ro se  as  t h e  sole c a r b o n  s o u r c e  w a s  i n o c u l a t e d  us ing  a 
smal l  w e t  i n o e u l u m .  T h e  c u l t u r e s  w e r e  i n c u b a t e d  a t  2 5 ° C  o n  a r e c i p r o c a l  s h a k e r  f o r  five d a y s .  MYceUal 
p a d s  w e r e  r e m o v e d ,  w a s h e d  a n d  d r i e d  o v e r n i g h t  t o  d e t e r m i n e  t h e  d r y  w e i g h t s .  

S t sa ins  u sed  1% S u c r o s e  4 0  m M  A c e t a t e  0 .5% S u c r o s e  
+ 2 0  m M  a c e t a t e  

Wild t y p e  (74  A)  89  m g  22  m g  4 8  m g  
acp  - i  8 ~ m g  0 3 8  m g  
a c u - 3  7 8  m g  0 2 4  m g  
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T A B L E  I I  

K I N E T I C S  O F  A C E T A T I ~ .  T R A N S P O R T  I N  W I L D  T Y P E  ( 7 4  A )  A N D  a c p  - ' i  

K m a n d  V v a l u e s  w e r e  d e t e r m i n e d  us ing  H o f s t e e  t r a n s f o r m a t i o n s  o n  a d i g i t a l  c o m p u t e r .  E a c h  p o i n t  repre-  
s e n t s  an  average  f r o m  f i v e  i n d e p e n d e n t  e x p e r i m e n t s .  

S t r a i n  C o n i d i a i  P r e i n c u b a t e d  for  1 8 0  rain w i t h  1 m M  a c e t a t e  

K m -+ S . D .  V +- S . D .  K r a  -+ S . D .  V + S . D .  
1 0  -5  M n m o l / m i n  p e r  m g  1 0  -4  M n m o l / m i n  p e r  m g  

7 4  A 2 . 5  +- 0 . 2 2  3 . 5  + 0 . 3 4  1 .4  +- 0 . 2 1  5 1 . 1  -+ 4 . 7 7  
acp  - i  7 . 4  + 0 . 8 2  4 .7  + 0 . 5 2  0 . 7 3  + 0 . 0 6  5 . 4  +- 0 . 6 1  

Complementat ion experiments were performed by forcing heterokaryons 
between acp  - i  and the other  a c u - m u t a n t s  and examining their ability to utilize 
acetate as the sole carbon source, acp  -~ Complemented with all acu  mutants  
(acu-3 ,  acu -5 ,  acu -6 ,  a n d  acu-7 )  as all the heterokaryons formed between acp -~ 
and  acu  mutants  were able to grow on 40 mM acetate medium. 

Examination of  the transport  characteristics of  acp  -~ indicate that  the mu- 
tant  has normal conidial t ransport  activity (Fig. 7A) but  completely lacks the 
inducible t ransport  activity (Fig. 7B). 

Table II illustrates the kinetics of  acetate transport  in acp  ~ and was com- 
pared with wild type  (74 A) transport, acp  ~ Possesses a slightly higher Km value 
in conidia (7.4 • 10 -s M) with normal transport  activity (4.7 nmol/min per mg). 
However,  both  the Km and the V values remain unchanged under conditions 
of  induction (preincubation in 1 mM acetate). This was unlike the wild type 
(74 A) conidia that  showed a 10-fold increase in both Km and V values under 
the condit ions of  induction. These observations suggest that  acetate permease 
in acp  ~ was altered, which prevents the development  of  the inducible transport  
system. 

Discussion 

Evidence has been presented here to confirm the conclusion that acetate is 
t ransported by a process of  active transport  in N .  crassa conidia. An active 
transport  process has several identifying features that  serve as experimental 
criteria. They are: (1) the carrier-mediated processes are saturatable at higher 
substrate concent ra t ions ;  (2) some structural analogues and derivatives show an 
affinity to bind with the carrier molecule and competit ively inhibit the trans- 
por t  process; (3) active transport  processes are sensitive to energy uncoupling 
agents and depend on metabolic energy and (4) the transport  involves accumu- 
lation of  the substrate against a concentrat ion gradient. 

The acetate transport  system satisfies the above mentioned criteria of  
active transport  process. When the velocity of  acetate transport  was plot ted 
against the substrate concentrat ion (Fig. 3) a hyperbolic curve was obtained 
indicating that  the transport  process saturates at higher substrate concentra- 
tions. The transport  system for acetate was very specific for its substrate and 
various structural derivatives of  acetate such as chloroacetate or acetamide 
failed to inhibit acetate transport.  However,  propionate was able to compete  with 
acetate and this was shown to be due to the competi t ion for the same binding 
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site on the carrier molecule by  demonstrating inhibition kinetics. Acetate trans- 
port  was energy dependent  and energy uncoupling agents such as sodium azide 
or 2,4-dinitrophenol completely inhibited the acetate transport  system. Most 
of the acetate that  was transported by  conidia was retained in the same molecu- 
lar form during the first 60 min of  incubation. The conidia were able to accu- 
mulate acetate by  abou t  1870-fold concentrat ion inside. All these characteris- 
tics indicate that  acetate was transported in conidia by a process of active 
transport. 

Several microorganisms were reported to possess inducible transport  systems 
for the uptake of  carboxylic acids [10].  Wolfinbarger and Kay have reported 
a dicarboxylic acid transport  system (dc t )  in N e u r o s p o r a  conidia which was 
induced by preincubation in 40 mM acetate medium. 

Unlike the other  carboxylic acid transport  systems, N. crassa conidia possess 
a const i tut ive acetate transport  system for the uptake of  acetate. However,  the 
activity of  this system was low with a maximal velocity of  3.5 nmol/min per 
mg of conidia. When conidia were grown on acetate as the sole carbon source 
(10 -3 M, in pre-incubation medium), they develop a more efficient system for 
the influx of  acetate. This high act ivi ty system (V = 51 nmol/min per rag) was 
kinetically distinct from the constitutive conidial system. Development  of  this 
system was noticed only when either acetate or propionate was used as the sole 
carbon source. The inducible transport  system was sensitive to both  RNA or 
protein synthesis inhibitors (actinomycin-D or actidione) suggesting a possible 
genetic control  of  this system. 

Efforts to isolate acetate permease mutants  resulted in the isolation of  acp -~ 

strain, acp - i  conidia failed to grow on acetate (40 mM) as the sole carbon 
source (similar to the other  acetate nonutilizer mutants  isolated by Flavell and 
Fincham [11,12]) .  Even though acp  -~ possessed normal conidial transport 
activity, they failed to develop the inducible transport  system {Fig. 7), This 
observation further confirms the earlier suggestion that the inducible transport  
system was under genetic control. Examination of  acetate transport  kinetics 
clearly indicates the presence of  the conidial transport  system in a c p  - i  conidia. 
The K m value was slightly higher than the wild type  K m (acp -d Km= 7.4 • 10 -s 
M, and 74 AKm = 2.5 • 10:  s M) value suggesting an alteration in the acetate per- 
mease molecules of  acp  - i .  Under condit ions of  induction (1 mM acetate pre- 
incubation) acp -d conidia failed to develop the higher activity transport  system 
but  possessed only the conidial t ransport  activity (Kin = 7.3 • 10 -s M). It has 
been suggested that  alteration in the carrier molecules of  acp -~ conidia prevents 
the development  of  the high activity transport  system. Failure to develop the 
inducible t ransport  system results in the inability to utilize acetate as the sole 
carbon source by acp ~ conidia. 

Thus, the acetate transport system: serves as a model system in the study and 
understanding of the developmental transport systems and their relation to 
subsequent metabolism. 
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