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~qUM.5~ARY 

Kinetic studies have revealed the existence of two transport systems for amino 
acids in Neurospora crassa. Transport system I corresponds to a system previously 
studied by WILEY axt) MATCHETT. Its activity is specifically missing in mtr mutant 
cultures previously described by LEsa-E1~ AND ST:~I)LER. It is capable of transporting 
most neutral L-amino acids. Amino acid transport system II  has not been described 
t)reviously. It has an affinity for a wide variety of amino acids. It transports amino 
acids with hydrophobic and hydrophilic side chains, both basic and neutral amino 
acids, and l)- as well as L-amino acids. Transport system II has an affinity for both 
fi- and ~-amino acids. 

Transport system I has high activity in young, rapidly growing cultures. 
Transport system II  has little or no activity in young cultures. In older, carbcm- 
starved cultures, however, it is lnore active than transport system I. This, together 
with the high affinities it shows for many amino acids, suggests that amino acid 
transp~wt svstenl II serves a scavenger function, removing from the medium traces 
(H exogenous amino acids. 

INTRODUCTION 

The movement of substances through membranes is one of ttle most important 
phenomena of life. Much of this movement has been found to occur through the 
mechanism of active transport. Amino acids constitute the largest group of compounds 
commonly found to be concentrated by active transport. Considerable interest has 
been generated in determining the stratagem used by various organisms to concentrate 
this important group of compounds. This report is concerned with delimiting and 
characterizing two of the active transport systems involved in amino acid transport in 
Neurospora crassa. Two techniques have been coininonly used to delimit the range 
of activities of particular transport systems and to distinguish them from other 
transport systems which inay also be active in the same organisin. 

Genetic studies have centered on the isolation and characterization of mutants 
deficient in the transport of one or more compounds. In bacteria, these mutants, often 
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termed permeaseless, are generally deficient in the uptake of a small group of structur- 
ally related substrates 1-4. The mutants  often do appear to be deficient in a specific 
protein or permease that  binds the substrate and catalyzes its transport.  The determi- 
nation of the transport  deficiencies of such mutants  is of considerable value in 
delimiting the range of substrate specificity of the missing transport  system. 

The study of permeaseless mutants  is complicated, however, by the existence 
of other types of mutants  which have their active transport  affected in more general 
ways. Several nmtants  of Neurospora, for example, may have their amino acid 
transport  activity altered through nonspecific changes in menlbrane structure 5,6 or 
possibly through otherwise altered activity of several transport  systemsL Only in the 
case of the mtr  mutant ,  whose properties are described below, does it appear likely 
that  a nmtant  strain of Neurospora, deficient in amino acid transport,  is defective due 
to a permeaseless type of deficiency H,ta. The use of mutants  to deliinit t ransport  
systems is restricted, then, by the ability to distinguish permeaseless mutants  front 
mutants  unable to t ransport  particular substances due to other types of lesions. This 
problem can be solved, in part,  by  kinetic studies on transport. 

One of the original observations that  led to the concept of active transport  was 
that  transport  of substances across membranes often showed saturation at high 
substrate concentrations. Furthermore, coinpounds of similar structure to a transport  
substrate, often competitively inhibited transport  of that  substrate. The saturation 
and competition, moreover, often followed Michaelis-Menten kinetics. By studying 
the competitive inhibition of the transport  of one substrate by other potential 
substrates, the range of substrate specificities of a particular transport  systeln can be 
determined. 

The applicability of the kinetic approach is limited by the existence of more than 
one t ransport  system of overlapping specificities in a given organism. In addition, the 
applicability is further limited by the possible existence of noncompetitive inhibition 
of t ransport  by various compounds 9. 

The kinetic and genetic approaches both have their linlitations. The limitations, 
however, lie in different areas. The two approaches, then, can complement each other 
in delimiting the activities of various transport  systems. Although this report is 
involved primarily with kinetic information, the role of the mt r  locus is also considered. 

A number of studies of amino acid transport  in Neurospora have been made 
where the uptake of one amino acid has been inhibited by other amino acids ~°-1'~. In most 
of these cases, kinetic analysis of the inhibition has not been done to determine 
whether or not the inhibition is comt)etitive. The uptake of phenylalanine ~9 and 
arginine ~t into Neurospora conidia is inhibitable by a large number of amino acids, 
basic and neutral. Furthermore, the uptake of the aromatic D-amino acids into 
Neurospora mycelia is also inhibitable by a wide variety of L-amino acids ~°-. If these 
inhibitions are competitive, they imply the existence of an amino acid transport  
system with a very broad range of substrate specificity. Experiments discussed below 
show that  such a transport  system does exist. 

WILEY AXD MATCHET'r ~3 have studied t ryptophan uptake in germinated conidia. 
They have shown that  L-tryptophan uptake is competit ively inhibited by  L-phenyl- 
alanine and L-leucine but that  it is not inhibited by  basic or acidic amino acids. Their 
results imply the existence of a t ransport  system with limited specificity responsible 
for the uptake of large, neutral amino acids. 
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Finally, the mt r  mutant ,  briefly mentioned above, was isolated by  LESTER la 
because of its resistance to 4-methyltryptophan.  I t  was subsequently determined to 
be deficient in the uptake of 4-methyltryptophan,  L-tryptophan, L-phenylalanine, 
and L-leucine, but has normal uptake of the basic amino acids~4,15. I t  may  be deficient, 
then, in the uptake of those amino acids with an affinity for the uptake system of 
WILEY AND MATCHETT. Thus, although the studies performed are not definitive at 
this point, the mt r  mutant  may  correspond to the permeaseless mutants  in bacteria. 
The permease controlled by  the nItr locus may be responsible for the transport  studied 
by WILEY AND MATCHETT. 

There appear to be two groups of information in conflict. One group implies the 
existence of a transport  system with broad specificity which is responsible for most of 
the uptake in conidia~°, t~ and older mycelia 12. Another group implies that  in germinated 
conidia most of the uptake of neutral amino acids is catalyzed by  a system of more 
limited specificity. This apparent conflict is resolved below. 

MATERIALS AND METHODS 

Strain 
Wild-type strain ST74A (ref. 16) was used in most  t ransport  experiments. The 

D-amino acid oxidaseless strain, oxD-8, was used in transport  studies of the aromatic 
D-amino acids ~7. 

The nltr mutant  strain has been found to be deficient in the transport  of 
t ryptophan and several other neutral amino acids ~4,~5. Transport  was studied in an 
mtr  strain carrying the ylo-I marker  which was obtained from the Fungal Genetics 
Stock Culture Center (FGSC No. 1117). 

Chemicals 
All chemicals used were of reagent grade quality except as noted below. Table 

sugar was used as sucrose in the culture medium. Commercial grade Triton X-Ioo was 
obtained from Rohm and Haas. 

L-Alanine, /5-alanine, 7-aminobutyric acid, 2-aminoethanol, L-arginine, L- 
asparagine, L-aspartic acid, L-histidine, L-leucine, 5-1ysine, L-phenylalanine, pyruvic 
acid, and L-tryptophan were obtained from Sigma Chemical. Glycine, N-acetyl-L- 
leucine, and L-leucinamide were obtained from Nutritional Biochemicals. L-c~-Amino- 
butyric acid, D-phenylalanine, and L-ornithine, were obtained from Calbiochem. 

[14C~Glycine (5 ° mC/mmole), L-[aH~phenylalanine (2.5 C/mmole), L-[4,5-3H,,~ - 
leucine (2 C/mmole), and L-I14C~aspartic acid (II 3 mC/mmole) were obtained from 
Schwarz BioResearch. D-EI-14C~Phenylalanine (25 me/mmole)  and L-[3-14C!tryptophan 
(22 mC/mmole) were obtained from New England Nuclear. Uniformly 14C-labeled 
L-asparagine (102 mC/mmole) was obtained from Nuclear Chicago. 

Maintenance and growth of Neurospora c~dtures 
All Neurospora strains were maintained on agar slants of HOROWITZ is complete 

medium. The liquid medium used was one-half strength VOGEL'S TM medium N salts 
containing 0.5 % sucrose. 125-1Ill erlenmeyer flasks containing 20 ml of liquid medium 
were inoculated with about lO 4 conidia in aqueous suspension. The cultures were grown 
without shaking for 48 h at 25 °. Having formed mycelial pads, the cultures were 
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gen t ly  shaken at  25 ° on a reciprocal  shaker  for about  24 h. The 3-day-old  cul tures  were 
then used to  s t u d y  amino acid uptake .  

The d ry  weight of the lnycelial  pads  formed af ter  3 days  growth,  as descr ibed 
above,  was abou t  5o rag. The medium had a pH of about  5.8 to 6. I wi th  the  s t ra ins  used. 

Uptake of amino acids 
Stock solut ions were p repared  of i so topica l ly  labeled amino acids d i lu ted  in 

specific ac t iv i ty  wi th  unlabeled  amino acids. Aqueous  s tock solut ions  of o ther  com- 
pounds  which were to  be t e s ted  as possible inhibit()rs of t r anspor t  were prepared .  

In  up take  lne thod I, pads  p repared  as descr ibed above  had  labeled amino acid 
from a s tock  solut ion added  t() the medium.  The pads  were shaken mode ra t e ly  on a 
reciprocal  shaker  at  25 ° for 2 rain, ha rves ted  on a Buchner  funnel and  washed thorough-  
ly with ice-cold dis t i l led  water.  The pads  were then  d ropped  into cold 5°0 t r ichloro-  
acetic acid. When  var ious  compounds  were to be tes ted  as inhibi tors  of up take ,  one of 
tw,~ techniques  was used. F()r some exper iments ,  the  inh ib i tor  or inhibi tors  were added  
to the medium of the  shaken cul tures  about  3o sec before the  add i t i on  of the  labeled 
amino  acid. Igor o ther  exper iments ,  a l iquots  of inhibit(~r and  labeled amino acid were 
mixed and added  together .  

Up take  me thod  i i  was used when a large f ract ion (approx.  2o%) of e i ther  the  
labeled amino acid or inh ib i tor  was t aken  up when using up take  me thod  I. In  up take  
method  I I ,  the  inhibi tor ,  if any,  and  6o ml of dis t i l led water ,  previous ly  equi l ib ra ted  
at  25 :', were added  to the  cultures.  An ali(tu(~t of labeled amino acid was then added  t,) 
the cul ture  medium,  and the cul tures  shaken vigorously  for I rain at 25 on a r o t a r y  
shaker.  The pads  were harves ted  on a Buchner  funnel and  washed thorough ly  with  
ice-cold dis t i l led water.  These pads  were then d r - p p e d  into 'cold 5 o; t r ichloroacet ic  
acid. 

Extraction and measurement of counts taken up 
Each  mycel ial  pad  was ex t r ac t ed  with 5 ml of cold t r ichloroacet ic  acid for at  

1cast 2 h. In  most  cases, two ident ica l ly  t r ea ted  pads  were pooled for the  ext rac t ion .  
The pads  were spun down. o .5 - I  ml of t r ich loroace t ic -ac id  ex t rac t  was neu t ra l ized  
with an equal  volume ()f o.6 M Tris. This mix ture  was coun ted  in a to luene base  
sc int i l la t ion fluid using Tr i ton  X-IOO as a s<~lubilizer ca. 

R F . S U L T S  

Trvptopkan z@take 
Act ive  t r anspo r t  of amino acids can proceed very  rap id ly  in 3-day-o ld  pads  (~f 

wi ld- type  s t ra in  74 A. A nunlber  of a lnino acids can be r ap id ly  accumula ted  into the 
mvcel ium t~) a concen t ra t ion  of several  ing per g of cell wa te r  over  thei r  concent ra t ion  
in t lw medium.  The t r anspor t  of L-arginine and i ) -phenylalanine was shown, in 
~:xploratory exper inlents ,  to be inh ib i ted  over  95 °o by  o.oz M azide or I nlM dini t ro-  
phenol.  Thus,  the  acculnula t ion  depends  on metabol ic  energy, t :ur thermore ,  high 
concent ra t ion  grad ien ts  of o -phenyla lan ine  can be p roduced  th rough  t r anspor t  into 
the m u t a n t  s t ra in  oxD-8 which cannot  metabol ize  D-amino acids iv. These results  
confirm the existence of ac t ive  t r anspor t  of amino acids under  the  condi t ions  s tudied.  

The up take  of zo tzM L- t ryp tophan  was shown, in p re l imina ry  exper iments ,  to 

leiochim. Biophys. ~4cta, 173 (1969)  l r 3 I 2 7  



AMINO ACID TRANSPORT IN N. crassa 117 

be largely inhibitable by  L-arginine. In  typical  3-day-old pads of 74 A, inhibition values 
of 7o-85% were obtained with o.i  mM L-arginine from different experiments. As 
shown in Fig. i,  higher amounts  of arginine than this give no greater inhibition of 
t ryp tophan  uptake. Similarly, o.I  mM of the basic amino acids L-lysine, L-canavanine, 
and L-ornithine inhibited t ryp tophan  uptake  by  7o-85 %, and higher concentrat ions 
gave no increase in inhibition. These results are in contrast  to the normal  response to 
competi t ive inhibitors where increasing the inhibitor concentrat ion gives increasing 
inhibition, asymptot ical ly  approaching complete inhibition. Two possible explanations 
for the above results suggest themselves:  (I) T ryp tophan  may  be taken up by two 
t ransport  systems, one competi t ively inhibited by  arginine and the other not inhibited. 

100~- 

~ 8 0  
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a) o 
o_~ 6C 

~o 4c 
x: x ..~.,. c ~  ~ ~,_,.,,_-------~ 
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Fig. I. L-Tryptophan uptake in the presence of various concentrations of L-arginme. 3-day-old 
mycelial pads of 74 A had various amounts of L-arginine added to the medium. They were shaken 
with I O/~[ tryptophan according to uptake method I. I n various experiments of this type, i o ffM 
L-arginine appeared to give maximal inhibition of tryptophan uptake. Concentrations as high as 
4 mM L-arginine gave little or no increase in inhibition. 

Once the t ranspor t  system which is sensitive to arginine inhibition is conq)letely 
inhibited, no further inhibition can occur. (2) Alternatively,  a single t ryp tophan  
t ranspor t  system might be, in some way, only partially inhibited by  arginine. This 
could occur, for example, through a common step in t ryp tophan  and arginine t ranspor t  
as suggested by KOCH as. The inhibition, in this ease, would be of some noncompet i t ive  
type. I t  will be shown below tha t  the first of these explanations is consistent with the 
data.  The second is not.  Two distinct t ranspor t  systems are active under the conditions 
studied. 

If two t ranspor t  systems are active here, then they can be expected to differ, in 
general, in their affinities for various amino acids. That  is, the Michaelis constants  
(Kin) and inhibition constants  (Ki) for a part icular  amino acid will p robably  be 
different for the two systems. Conversely, the demonstra t ion of two different constants  
for a given amino acid is evidence for the existence of two t ranspor t  systems. The 
following method was used to determine such constants  for the proposed two trans- 
port  systems. 

The uptake of a part icular amino acid was observed at a given concentrat ion,  
both  with no arginine present and with sufficient arginine to give max imum inhibition. 
If two t ranspor t  systems are present, the uptake  of the amino acid being observed in 
the presence of arginine should be due only to the arginine-insensitive t ranspor t  
system. The act ivi ty  of the arginine-sensitive t ranspor t  system should be equal to the 
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uptake in the absence of arginine minus the uptake in the presence of arginine. In 
most cases I, 2 or 4 mM L-arginine was used to achieve maxinmm inhibition. By 
determining these activities at various concentrations of L-tryptophan and analyzing 
the values on a Lineweaver-Burk plot, the Km's can be determined for the two 
transport systems. Similar experiments can be performed for amino acids other than 
t ryptophan which may also be transported by the two transport systems proposed. 

Similarly, the inhibition constants or Ki's for various amino acids can be found. 
The uptake of L-tryptophan can be measured in the presence of an inhibitor, such as 
leucine, both in the presence and absence of arginine. In this way, the effects of other 
inhibitors on the two proposed transport systems can be determined. The activities of 
the two systems at various concentrations of tryptophan can be found in the presence 
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Fig. 2. L-Tryptophan uptake  in the presence of L-leucine. The inhibit ion of the arginine-insensitive 
and the arginine-sensitive components  of L- t ryptophan uptake by L-leucine was determined as 
described in the text. The inhibition of the arginine-insensit ive uptake  of L- t ryptophan by  o.I mM 
L-leucine, measured in the presence of 4 mM L-arginine, is shown in (a). I t  was measured by using 
uptake  method I. (b) shows the inhibit ion of the arginine-sensit i \  e conlponent of L- t ryptophan 
uptake by  L-leucine. The arginine-insensit ive component  was measured using 2 InM L-arginine. 
All values plotted in Fig. 2b were determined using uptake  method 1I. As is noted in the text,  the 
arginine-sensit ive component  of L- t ryptophan uptake  is substant ia l ly  inhibited by much lower 
concentra t ions  of L-leucine than  is the arginine-insensitive component .  Fur thermore ,  for both 
components ,  the inhibition appears  to be competit ive.  For both  plots, v is expressed as nmoles of 
L- t ryptophan taken up per min per pad. 

Fig. 3- L-Leucine uptake  by  the arginine-insensitive and arginine-sensitive t r anspor t  systems 
(system 1 and II) .  The uptake  of isotopically labeled L-leucine into 3-day-old pads of strain 74 A, 
shown in (a), was measured in the presence of 4 mM L-arginine by  uptake  method I. I t  denotes the 
activity of the arginine-sensitive t r anspor t  sys tem for the t r anspor t  of L-leucine. The arginine- 
seusitive leucine uptake  into 3.5-day-old pads of s train 74 A, plotted in (b), was calculated as 
described in the tex t  from values obtained using uptake  method I1. ~There L-arginine was used in 
the lat ter  experiment ,  its concentrat ion in the medimn was 2 mM. For both  graphs, v is expressed 
as  nmoles of L-leueine take up per rain per pad. 
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or absence of an inhibitor. Analyzing these values on a Lineweaver-Burk plot should 
yield Kl's for the two uptake systems. 

Experiments of the type described above with no inhibitor present were per- 
formed to determine the Michaelis constants for L-tryptophan uptake of the two 
presumed uptake systems. Two typical experiments are shown in Fig. 2. The Km for 
the arginine-sensitive transport  system is 4o-5 o /~M. The Km for the arginine- 
insensitive transport  system is 6o /zM. Due to the inaccuracies inherent in these 
determinations, the values obtained are not considered to be significantly different 
from each other. 

As is also shown in Fig. 2, L-leucine is a competit ive inhibitor of L-tryptophan 
uptake by both transport  systems. The arginine-sensitive transport  system, however, 
requires much less leucine to be effectively inhibited than does the arginine-insensitive 
system. Typical K~ values for L-leucine found for the two uptake systems are 3 t xM and 
IiO/xM, respectively. Moreover, as shown in Fig. 3, L-leucine itself shows an arginine- 
sensitive and arginine-insensitive uptake as does t ryptophan.  Typical Km determi- 
nations for these are 4/,M and I2o ~M respectively. These are not considered to be 
significantly different from the K, values for leucine given above but are certainly 
significantly different from each other. 

The values determined for leucine show that  the binding sites of the arginine- 
sensitive and arginine-insensitive transport  systems differ from each other in their 
affinity for L-leucine. This finding supports the proposition that  two separate and 
distinct transport  systems are active here. 

L-Phenylalanine behaves very similarly to L-leucine. Early experiments showed 
that  the arginine-sensitive transport  system is effectively inhibited by much lower 
concentrations of L-phenylalanine than is required to inhibit effectively the arginine- 
insensitive system. In addition, L-phenylalanine itself demonstrates an arginine- 
sensitive and arginine-insensitive uptake, the Michaelis constants for which are 2 and 
5o ~M, respectively. 

The arginine-sensitive and arginine-insensitive t ransport  systems do show 
different binding properties and, therefore, do appear to be separate and distinct 
transport  systems. Henceforth, the arginine-insensitive amino acid transport  system 
will be called amino acid transport  system I. The arginine-sensitive system will be 
called amino acid t ransport  system II.  

The binding constants obtained above are compared in Table I with the binding 
constants obtained by  WILEY AlaN MATCHETT ~a. There is a striking sinlilarity between 
the values listed for system I and those reported by WILEY AND MATCHETT. Further- 
more, neither system I nor the transport  studied by those authors is inhibited by 
lysine. System I I  differs from system I both in the binding constant values obtained 
and in its sensitivity to inhibition by lysine and other basic amino acids. I t  should be 
noted that  the agreement between the affinity constants determined here for system I 
and those determined by  WILEY AND MATCHETT eliminate the possibility that  those 
determined here are an artifact due to the utilization of arginine in their determination, 
since those authors did not use arginine but did arrive at nmch the same values. 

Amino acid transport  system I, the arginine-insensitive system, would appear 
to be identical to the transport  system previously studied by  WILEY AND MATCHETT. 
Amino acid transport  system II,  however, is different from any previously described. 
I ts  sensitivity to inhibition by basic amino acids suggests that  it may be the transport  
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TABLE i 

A F F I N I T Y  C O N S T A N T S  

All values reported here were obtained from measurements of amino acid transport into 3 day-old 
pads of strain 74 A. The A'm vahles were dcternfined by measuring the uptake of isotopically 
labeled Dtryptophan, L-leucine, or c-phenylalanine in the presence and absence of .tmM L- 
arginine. All Ki values were determined by measuring the uptake of isotopieally labeled L-trypto- 
phan in the presence and absence of L-leucine or L-phenylalani l ]e .  A"  m and  1(~ values for L l{:ticine 
and L-phenylalanine for transport system II were obtained using uptake method l I. All other 
values were obtained using uptake lnethod [. The affinity constants were cMculated as described 
in the text. 

d mino acid 3 rginine-sensi!ivL~ 
transport system 
(transpor! system l l )  

1;,,~ {I,M) li~ (#M) 

L - T r y p t o p h a n  

L-Leucine 
L-Phenylalanine 

A r oinine-insensitiw~ \,VILEY kND 
lr~tnsport system ~[ATCI I  ETT 2 I 

(lrausp~:~r! system l) 

4o-5 o 0.06 o.05 
4 3 O. 12  O. I I O. I I 

2 t.5 o .o5 o.o4 

system with affinity for a wide range of amino acids proposed in the INTRODUCTION. 
Exper iments  described below show tha t  this is, indeed, the case. 

D - P h e ~ z y l a l a n i n e  u p t a k e  

o-Phenyla lan ine  uptake  was previously found to be inhibi ted by a very large 
var ie ty  of L-amino acids P,. I t  was of interest  to determine if it was t ranspor ted  by 
either of the t ranspor t  systems delineated above. Pre l iminary experiments  showed 
tha t  L- t ryptophan uptake  was inhibi ted by D phenyla lanine  bu t  tha t  the inhibi t ion 
did not  exhibit  s tr ict ly competi t ive kinetics when analyzed on a Lineweaver--Burk 
plot. This was not  surprising, however, in light of the above findings tha t  t ryp tophan  
is taken up by  two t ranspor t  systeins. If D-phenylalanine is a competi t ive inhibi tor  for 
one lint not  for file other system, then its effect on tota l  t ryp tophan  uptake would not  
appear to be competit ive.  

Addi t ional  work showed tha t  D-phenylalanine is a competi t ive inhibi tor  for 
L- t ryptophan uptake by t ranspor t  system I I bu t  shows little or no affinity for t ranspor t  
system I. Fig. 4 b shows the inhibi t ion of the arginine-sensit ive L-tryptophan uptake 
by  l l -phenylalanine.  The Ki measured here for I)-phenylalanine is 2o -3 ° t,M. Similarly, 
as shown in Fig. 4 a, the uptake  of D-phenylalanine is competi t ively inhibi ted by 
L-tryptophan.  This uptake  is completely inhibi table  by arginine and shows a Km of 
2o -3 ° / ,M.  The Ki for L- t ryptophan on the uptake of D-phenylalanine is 4 ° -5 o >M. 

Thus, the Ki for I)-phenylalanine on Dtrypt tJphan uptake by system I [ is equal 
to tile Kin. for l)-phenylalanine. Correspondingly, the Kz for L-tryptophan Ol] D-phenyl- 
alanine uptake  is equal to tile K,~ for k- t ryptophan uptake 1)3: system I I (4 ° -5 ° ~M). 
These equalities and tile competi t ive na ture  of the inhibi t ions clearly show that  
D-phenylalanine is t ranspor ted  1) 3, amino acid t ranspor t  system l [. 

As noted above, l}-phenylalanine uptake  has been shown previously to bc 
inhibi ted by  a wide var ie ty  of L-amino acids P'. Since D-phenylalanine is taken up by 
t ranspor t  system II, svstem If mav have an ai~initv for this same wide range of 
L - a m i n o  acids. 
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Substrate specifici(v of amino acid transport .system [I  
A number of amino acids have been investigated to determine whether they are 

taken up by transport  system II.  The transport  of all the amino acids listed in Table I I  
is inhibited by arginine. Furthermore, the transport  of L-leucine or L-tryptophan by 
transport  system I I  is inhibited by  each of these amino acids. The Miehaelis constants 
listed were based on the assumption that  the arginine-sensitive uptake of the individual 
amino acids was due to transport  system II.  The Ki's were measured against the 
uptake of either L-tryptophan, L-leucine, or L-phenylalanine by  transport  system lI .  
In all cases, the inhibition appeared to be competitive when analyzed on a Lineweaver- 
Burk plot. 

Thus, a very wide range of L-amino acids demonstrates an affinity for transport  
system II.  They include D- as well as L-amino acids, small neutral as well as large neutral 
alnino acids, acidic as well as basic amino acids. 

Two amino acids require special comment.  Arginine has an extremely low Ki, 
about o.2 ffM. The low Ki, and therefore high affinity, together with the very high 
transport  activity of 3-day-old pads for arginine made an accurate determination of 
Ki difficult. 4-day-old pads, which have lowered transport  activity for arginine as well 
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Fig. 4- U p t a k e  of D-pheny la lan ine  by  t r a n s p o r t  s y s t e m  II.  Fig. 4 a shows t he  to ta l  up t ake  oI 
i sotopical ly  labeled D-phenyla lan inc  and  i ts  inhib i t ion  by  two concen t ra t ions  of L - t ryp tophan .  
The  t r y p t o p h a n  inhib i t ion  appears  to be compet i t ive .  Fig. 4 b shows t he  a rg in ine-sens i t ive  coin- 
p o n e n t  of L - t r y p t o p h a n  t r an spo r t  (by t r an spo r t  s y s t e m  II) and  its inh ib i t ion  by  two concen t ra t ions  
of D-phenyla lanine .  The  inhib i t ion  appears  aga in  to be compet i t ive .  Bo th  sets  of wdues  were 
de t e rmined  us ing  u p t a k e  m e t h o d  I as descr ibed in t he  tex t .  The  u p t a k e  into 3-day-old  pads  ot 
s t ra in  74 A was  measured ,  v is expressed  as nmoles  of i sotopical ly  labeled a m i n o  acid (D-phenyl- 
a lan ine  and  c - t r y p t o p h a n ,  respect ively)  t a k e n  up  per  rain per  mycel ia l  pad.  

Fig. 5- Inh ib i t ion  of t r a n s p o r t  s y s t e m  II  by  L-arginine.  The  inhib i t ion  of t he  arg in ine-sens i t ivc  
u p t a k e  of L-phenyla lan ine  into 4-day-old  pads  of 74 A by  2 #M L-arginine is shown.  The  inhibi t ion 
appears  to be coinpetit ix e. v is expressed  as nmoles  of L-pheny la lan ine  t a k e n  up  per  inin per  p a d  
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TABLE II 

AMINO A C I D S  T R A N S P O R T E D  B Y  T R A N S P O R T  S Y S T E M  II 

All Km'S and all Ki's were determined on mycetial pads of strain 74A. 3-day-old pads were used for 
studies on all amino acids except arginine, where 4-day-old pads were used. The inhibition con- 
stants, or Ki's, were measured against the arginine-sensitive uptake of L-tryptophan, L-phenyl- 
alanine, or L-leucine. The Miehaelis constants, or Kin's, were determined for the arginine-sensitive 
uptake of each amino acid. All results were analyzed on Lineweaver-Burk plots. 

Amino acids Km (tz*'l~l) Ki (IzM) 

L-Tryptophan 40-5 ° 
L-Leucine 4 3 
L-Phenylalanine 2 1.5 
D-Phenylalanine 20--30 2o--3o 
l,--Asparagiue 8 i o 
Glycine 5 8 
L-Arginine o.2 
L-Aspartic acid i2oo 

as for o ther  amino acids, were used for this  de te rmina t ion .  The inhibi t ion  of L-phenyl-  
a lanine  up t ake  b y  arginine is shown in Fig. 5. The ve ry  high Kin, and  therefore  low 
affinity of aspar t ic  acid for sys tem I I ,  presents  ano the r  problem.  Small  con tamina t ing  
amoun t s  of o ther  amino  acids wi th  higher  affinities in e i ther  the  labeled or unlabeled 
aspar t ic  acid could produce  considerable  up t ake  or cause inhibi t ion  of the  up t ake  ot 
o ther  amino  acids which was not  due to the  aspar t i c  acid itself. The up t ake  of 0. 3 mM 
aspar t ic  acid in to  3 -day-o ld  pads  was inh ib i ted  abou t  75 % b y  I or 4 mM L-arginine. 
Even  when over  5o % of the  aspar t ic  acid was t aken  up into  mycel ia l  pads  in the  
absence of arginine,  t i le up t ake  into s imilar  pads  in the  presence of arginine was 
about  75 % less. Thus,  the  a rg in ine- inhib i tab le  up take  is the  up t ake  of the  aspar t ic  
acid itself r a the r  than  of some minor  i m p u r i t y  in the  labeled aspar t i c  acid. I t  is 
assumed tha t  the  arginine-sensi t ive  t r anspo r t  was due to the  ac t i v i t y  of amino  acid 
t r anspo r t  sys tem I I .  I t  is not  clear whe ther  the  high Km for t r a n s p o r t  of aspar t ic  acid 
a p p a r e n t l y  d e m o n s t r a t e d  b y  t r anspo r t  sys tem I I  is due to  a low affini ty for the  nega- 
t i ve ly  charged compound  or due to a r e la t ive ly  high affinity for the  small  amoun t  
of uncharged  aspar t ic  acid  present  at  the  p H  6.o of the  medium.  Studies  at  o ther  
p H ' s  will be necessary  to resolve this  problem.  

Fur the r  exper i inents  were per formed  to deternf ine if t r anspo r t  sys tem I I  is 
inh ib i tab le  b y  compounds  o ther  than  those  t e s ted  above.  The up t ake  of ~ txM L-phenyl-  
a lanine  was observed  in the  presence or absence of several  po ten t i a l  inhibi tors .  Since 
the  Km of L-phenyla lanine  for t r anspo r t  sys tem I I  is lnuch lower than  for t r anspo r t  
sys tem I, the  up t ake  of i tzM l . -phenyla lanine  into  3-day-o ld  pads  of 74 A is p r imar i ly  
due to the  ac t i v i t y  of t r a n s p o r t  sys tem I I .  The inh ib i t ion  of this  up take  b y  o.I  mM of 
var ious  compounds  is shown in Table  i I I .  

All  c~-amino acids t r ied  were effective in inhib i t ing  up take .  This fur ther  confirms 
the wide range of subs t r a t e s  which a p p a r e n t l y  have a good affini ty for t r anspo r t  
syste ln  I I .  However ,  none of the  nonamino  acids t r ied  were effective inhibi tors .  
Inh ib i t i on  of less t han  2o% is not  considered s ignif icant ly  different  f rom o%.  Thus,  
in order  to  re ta in  affinity, the  amino group of an amino acid cannot  be replaced  b y  a 
hydrogen,  h y d r o x y l  group or keto  group,  nor  can it be ace ty la ted .  Similar ly,  the  
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T A B L E  I I I  

INHIBITION OF UPTAKE OF I ~tM L-PHI~NYLALAN1NE BY VARIOUS COMPOUNDS 

All p o t e n t i a l  i nh ib i to r s  were added  to  a concen t r a t i on  in the  m e d i u m  of o . i  raM. 3-day-old  pads  
of 74 A were used to  measu re  the  u p t a k e  of i / , M  L-pheny la lan ine  by  u p t a k e  me thod  I I  

Compo~nd Inhibition of uptake (%) 

None (o) 
L-Alanine 94 
/3-Alanine 80. 3 
Lac t i c  acid o 
P y r u v i c  acid o 
Prop ion ic  acid o 
c~-Amino-n-butyric ac id  93.6 
7 -Amino-n -bu ty r i c  ac id  25.0 
L-His t id ine  91.8 
I t i s t a m i n e  12.3 
L-Leucine 91.9 
N-AcetyI-L--leucine 2.3 
L e u c i n a m i d e  i i .2 
L-Leucy' lglycine 6.0 
L-Serine 91.5 
2 -Aminoe thano l  o 

carboxyl group cannot be replaced by a hydrogen or amide, nor can it be involved in a 
peptide bond. However, /3-amino acids and probably also 7-amino acids have some 
affinity for transport system II. 

Control of transport system I I  
Transport system II is responsible for about 75 % of the t ryptophan uptake in 

3-day-old pads. Only the remaining 25 % of the uptake is due to transport system I. 
However, according to WILEY AND MATCHETT 13, most, if not all, of the uptake of 
L-tryptophan in germinated conidia is due to amino acid transport system I. Therefore, 
the relative activities of the two transport systems must be in some way dependent 
on the physiological state of the cultures. 

Tile relative amounts of t ryptophan uptake by the two transport systems in 
cultures of different ages were determined by measuring the fraction of the uptake o1 
L-tryptophan that was inhibited by arginine. The cultures of various ages were 
prepared as were the 3-day-old cultures except that 2-day-old cultures were not shaken 
before uptake, while the 4-day-old cultures were shaken for two days preceding uptake. 

As shown in Fig. 6, the relative activity of transport system II increases 
strikingly in older cultures. The uptake of most neutral amino acids in young cultures 
is primarily due to transport system I, but in older cultures, system II predominates. 

Older cultures under these conditions have ceased growth due to the depletion 
of the carbon source, sucrose, from the medium. Two to three times heavier cultures 
can be obtained by simply using more sucrose in the initial medium. It would appear 
possible, then, that  the limitation of growth by carbon starvation in some way induces 
amino acid transport system II. It is not clear whether growth limitation due to othei 
causes might also be effective in inducing this transport system. 

Biochim. Biophys. Acta, 173 (1969) 113-127 
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Deficie~zcy of the mtr mutant strain 
The mtr  strain, as noted above, was isolated due to its resistance to 4-methyl- 

t ryptophan.  It  is deficient in the transport  of L-tryptophan, L-leucine, and several 
other neutral amino acids in germinated conidia ~5 and young mycelialL Exploratory 
experiments showed that  in 3-day-old cultures, however, the transport  of t ryptophan 
and leucine approached that  in wild-type cultures. Subsequent experiments were 
performed to determine which of the two transport  systems was deficient in the 
mutant  strain. 
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Fig. 6. Re la t ive  ac t iv i t ies  of t r a n s p o r t  s y s t e m  
var ious  ages. Mycelial  pads  of var ious  ages of 
the  tex t .  The  u p t a k e  of ~o #M L - t r y p t o p h a n  
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10 3 /~L-Tr  yp tophan~  

l and  t r a n s p o r t  s y s t e m  II  in Neurospora  cu l tu res  ol 
wi ld - type  s t ra in  74 A were prepared  as descr ibed in 
into these  pads  was measu red  in the  presence  and  

absence  of IO nl.'~][ I : a rg in ine .  The  inhib i t ion  of t r y p t o p h a n  u p t a k e  by arg in ine  is plot ted.  The  
inhib i t ion  of t r y p t o p h a n  u p t a k e  by  arg in ine  repor ted  bv  STADLER 1~ is p lo t ted  in t he  pos i t ion  of 
t he  %'. The  inh ib i t ion  of t r y p t o p h a n  u p t a k e  by lysine repor ted  by  WILEY AND MATCttETT la is 
p lo t ted  in the  pos i t ion  of the  'W ' .  A l t h o u g h  the  g rowth  condi t ions  used by  those  inves t iga to r s  
differ f rom the  p rocedures  used  in th is  thesis ,  thei r  resu l t s  appear  to agree well wi th  those  repor ted  
here. The  t r a n s p o r t  ac t iv i ty  no t  inh ib i ted  by  basic ami no  acids  is a s s u m e d  to be due to t r a n s p o r t  
s y s t e m  I. The  basic  amino-ac id - inh ib i t ab le  t r a n s p o r t  is a s s u m e d  to be due  to t r a n s p o r t  s y s t e m  H. 
These  a s s u m p t i o n s  have  been verified, as repor ted  above,  in 3-day-oM pads  of 74A. The  first 
a s s u m p t i o n  ha s  been verified by  VV-ILEY AND .~,IATCHETT in ge rmina t ed  conidia.  

Fig. 7. L - T r y p t o p h a n  u p t a k e  in to  mycel ial  pads  of the  m t r  m u t a n t .  The  to ta l  u p t a k e  of isotopical ly 
labeled L - t r y p t o p h a n  into 3-day-old pads  of m t r  6, ylo was ineasured  us ing u p t a k e  m e t h o d  II.  
\ ¥ h e r e  noted,  D-phenyla lan ine  (5 °/~M) or L-leuciue (2o/~5I) was  used as inhibi tor ,  v is expressed  as 
nmoles  of L - t ryp tophan  t a k e n  np  per  min  per  mycel ia l  pad.  As is no ted  in t he  tex t ,  t he  charac te r -  
ist ics of the  u p t a k e  follow those  found  for t r a n s p o r t  s y s t e m  II  in the  wi ld- type  s t ra in  74A. 

In 3-day-old pads of mtr, over 99 % of the uptake of o.I mM L-tryptophan and 
over 98% of the uptake of o. 4 mM L-leucine are inhibited by 4 mM L-arginine. This 
compares with about a 75% inhibition found for wild-type 74A. Moreover, even in 
2-day-old cultures where wild type shows only 3o°o inhibition, over 99% of the 
uptake of L-tryptophan is inhibited by arginine in the mtr  mutant .  Thus, t ransport  
system I, the arginine-insensitive systein, is specifically missing in the mtr  mutant  
strain, but transport  system I I  is present in normal amounts. The mtr  mutant ,  then, 
behaves as a permeaseless nmtant  in that  it is deficient in the activity of a specific 
transport  system. 

The deficiency of the mtr  mutant  for t ransport  system I together with its normal 
activity for transport  systeln I I  permits the study of the characteristics of transport  
system I I  by simpler procedures than can be used with the wild type. This is possible 
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since all of the uptake of L-tryptophan and L-leucine into mycelial pads of the mt r  
strain under the conditions used appears to be due to the activity of t ransport  
system II.  Thus, inhibition by  L-argin ne need not be used to distinguish between 
activities of systems I and II .  The total  uptake of L-tryptophan into pads of the mt r  
strain is, for example, shown in Fig. 7. The K m  for L-tryptophan uptake (53 ~M) 
and the Ki ' s  for D-phenylalanine (26 ~M) and L-leueine (4.2/~M) derived from Fig. 7 
are in good agreenlent with the affinity constants determined above for those amino 
acids for transport  system I I  in wild type. This agreement confirms the characteristics 
of amino acid transport  system I I  derived from wild type. 

DISCUSSION AND CONCLUSIONS 

Considerable progress has been made toward the understanding of two amino 
acid transport  systems in Neurospora. Amino acid transport  system I is equivalent to 
that  previously studied by  WILEY AND MATCHETT 13. Those authors have determined 
that  t ransport  system I will t ransport  a wide range of neutral L-c~-amino acids. 

Transport  system I is missing in cultures of the mtr  mutant ,  although transport  
system I I  is present at normal levels. The specificity of the defect in mtr  mutant ,  
together with the fact that  only one locus has been implicated in this transport  
deficiency 14, makes it quite likely that  the mt r  locus is the structural gene for the 
specific t ransport  protein, or permease, of t ransport  system I. 

Amino acid transport  system I I  has high activity in old, carbon-starved cultures, 
but unlike system I, has little or no activity in young, rapidly growing cultures. I t  has 
a very broad range of substrates, transporting amino acids with hydrophobic and 
hydrophilic side chains, both D- and L-ainino acids, and basic as well as neutral amino 
acids. I t  demonstrates an affinity for t5- as well as ~-amino acids. 

Previous work showing that  a very broad range of amino acids inhibits the 
transport  of 5-phenylalanine 1° and L-arginine 11 into ungerminated conidia suggests 
that  t ransport  system I I  is present in conidia as well as in old mycelial cultures. 

The Michaelis constants for system I I  of most  neutral and basic amino acids 
investigated are quite low, the majori ty  being between IO and o.I/~M. The low Km's 
should make this system quite efficient in removing traces of amino acids from the 
medium. In carbon-starved cultures, then, transport  system I I  may serve as a scaven- 
ger, taking up any remaining exogenous amino acids. 

The technique used here to separate the activities of the two transport  systems 
studied here is derived from the suggestions of INt'I .a_','O CHRISTENSEN 34. I t  may well 
be applicable in other systems. Any substrate which will competitively inhibit one, 
but not the other, of two simultaneously active transport  systems can be utilized to 
separate their activities. 

There are two previous reports of amino acid transport  systems in fungi, which 
are similar to transport  system I I  in having a very broad range of substrates. SL'RDIN 
et al. 2° have reported that  most amino acids in yeast are taken up by a single transport  
system. Other authors 2~ have disputed the conclusion of SURDIN et al. and have 
reported a number  of relatively specific t ransport  systems in yeast 21-2a. Perhaps an 
amino acid transport  system similar to t ransport  system I I  described above, which 
is active in yeast under some physiological conditions but not others, would aid in 
integrating the interpretations of the two groups. 

Biochim. Biophys. dcta, 173 (I969) 113-127 



12,6 M. L, PALL 

Recently, a general amino acid transport  system with affinity for a broad range 
of amino acids has been reported in nitrogen-starved cultures of Penicil l ium chrvso- 
genum 24. The dependence of the activity of this system on starvation conditions may 
be similar to that  reported above for t ransport  system If  in Neurospora. 

A number of questions about amino acid transport  in Neurospora remain 
unresolved. There are ahnost certainly other transport  systems than the two delimited 
above. Growth antagonisms of various amino acid-requiring auxotrophs of Neurospora 
probably occur through competition for uptake of the different exogenous amino 
acids added to the medium. Such antagonisms provide clues as to what t ransport  
systems remain to be studied. Arginine-requiring nmtants  are inhibited by lysine 25, 
and lysine-requiring nmtants  are inhibited by arginine 2~. These growth antagonisms 
imply the existence of a specific transport  system for basic amino acids. I t  is proposed 
that  this basic amino acid transport  system be called transport  system I I I .  Histidine- 
requiring mutants  are inhibited by any of a large number of neutral amino acids plus 
either arginine or lysine '7. Thus, in young cultures, histidine is probably transported 
by two amino acid transport  systelus. These two may be transport  system I and the 
transport  system for basic amino acids postulated above. Some studies on these two 
transport  systems are reported in a recent abstract  "8. 

Only a portion of the transport  of L-aspartic acid, as reported above, is inhibited 
by  L-arginine. Since aspartic acid has no affinity for transport  system I (ref. I 3 )  , the 
residual uptake must be due to some as yet unexplored transport  system. Thus, at 
least four amino acid transport  systems are implicated in Neurospora. No evidence 
for additional t ransport  systems has appeared in results obtained by the author. 
However, most experiments were performed at relatively low amino acid concen- 
trations; consequently, systems having high Michaelis constants would probably not 
have been detected. In addition, a number of amino acids have not been studied. 
Furthermore, some transport  systems may only be present under physiological con- 
ditions other than those studied. 

Even more attention will be required to obtain an understanding of the inte- 
gration of t ransport  with the other activities of the mycelia or conidia. Clearly, the 
synthesis or activity of system I I  is under some kind of physiological control. The 
control of various transport  systems is demonstrated through changes in several 
nmtant  strainsV,26,~9, a°. Certainly, a number of useful physiological and genetic studies 
of the control of amino acid transport  can be pursued on such mutants.  
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