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SUMMARY 

I. Inorganic SO42-, S2Oa 2-, Se042- and MoO42 enter mycelia of Penicillium 
and Aspergillus species by a common energy-, temperature-, pH-, and concentration- 
dependent permease. Evidence for a single permease is as follows: (a) All four anions 
exhibit reciprocal competitive inhibition. (b) Mycelia grown on sulfur sources that 
repress the sulfate permease (e.g., L-methionine) show similar low S20a 2-, Se042-, and 
MoO42- transport rates. Mycelia grown on sulfur sources that derepress the sulfate 
permease (e.g., L-djenkolic and L-cysteic acids) transport all four anions rapidly. 
(c) Sulfur starvation results in coincident derepression of S042-, S20a 2-, Se042 , and 
MoO42 transport to at least 4 ° times the base level. Throughout the derepression 
period the SeO4~-/S042 , M0042-/S042- and SeOa2-/Mo042 transport rate ratios 
remain constant. (d) A mutant  defective in S042- transport was equally defective 
in Se042- and MoO42- transport. 

2. In addition to the sulfate (thiosulfate, selenate, molybdate) permease the 
mycelia possess distinct permeases for SOa 2- and $4082-. The sulfite and tetrathionate 
permeases are under metabolic control by some intracellular sulfur-containing 
metabolite. 

3- Inorganic S20a 2- enters the mycelium of a sulfate (thiosulfate) permease- 
negative mutant at 1-5 % of the wild-type rate at low extracellular S2Oa 2 concentra- 
tions. S20a 2- transport by the mutant is not inhibited by 5042-. The Vma x for S~Oa 2- 
transport by the mutant is almost the same as that of the sulfate permease-positive 
parent (about 2 3 #moles/g per min). The Km value, however, is about 3o-fold higher 
(2 mM vs. 59 #M). The tetrathionate permease may be responsible for S2Oa 2- transport 
in the mutant under standard assay conditions. However, S2Oa 2 is unstable at the 
pH values of most fungal cultures. Consequently, most of the sulfur incorporated 
from S2Oae--containing media in long-term growth studies is probably in the form of 
breakdown products (SOa 2-, SO4 ~-, S~-). 

4. $2- uptake is 2,4-dinitrophenol- and azide-sensitive, but shows a low Q10 
(1.I 5 7~S. 2.1 for the sulfate permease), is non-saturable, and does not depend on the 
degree of sulfur sufficiency of the mycelium. 

5- No SCN- uptake could be detected. 

Abbreviat ions:  APS, adenosine 5 ' -phosphosulfate;  PAPS, 3 ' -phosphoadenosine 5 ' -phospho-  
sulfate. 

* The research described in this paper  is par t  of a thesis to be submi t ted  to the Graduate  
School of the Universi ty of California, Davis, by John  W. Tweedie in partial fulfillment of the 
requirements  for the Ph.D. degree in Comparat ive Biochemistry. 
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INTRODUCTION 

The characteristics of the inorganic SO42- transport  system of Penicillium 
chr~,sogenum have been described by YAMAMOTO AND SEGEL I. These authors showed 
that  S042 transport  was inhibited by both SeO4 ~- and S~Oa 2- and that  Se042- 
entered the myselium via a sulfur-regulated permease (probably the sulfate permease). 

The experiments described ill this paper were designed to determine the 
number of distinct permeases that  fungi possess for the naturally occurring inorganic 
Group VI anions. In particular, we were interested in determining whether MoO42-, 
a biologically important  structural analog of S042-, is also transported by the sulfate 
permease. Molybdenum is a component of several enzymes and one might expect 
that  the transport  of inorganic MoO42- (a likely precursor of enzyme-bound molyb- 
denum) would be regulated independently of SO4 e transport. We also hoped to 
establish how inorganic So Oa 2- enters the mycelium of sulfate (thiosulfate) permease- 
negative mutants.  

A preliminary report of this work has been presented 2. 

MATERIALS AND METHODS 

Organisrns used 
Several strains of Penicillium and Aspergillus were used in this work : P. chrvso- 

gemtm, PS75 and Penicillium uotatum, 832 are wild-type strains. P. notatum, 38632M 
is a mutant  which lacks a sulfate permease and at least one of the SO42 -activating 
enzymes (unpublished resuks). P. notatum 38632R is a spontaneous revertant  isolated 
from P. uotatum 38632M. The revertant  has wild-type levels of the sulfate permease 
but still lacks one of the SO4 ~ -activating enzymes. A@ergillus nidulans, strain eta, 
lacks one of the enzynles involved in the reduction of 3-phosphoadenosine 5'-phospho- 
sulfate (PAPS) to SO32 but has wild-type levels of the sulfate permease. 

PGrftggase assav 

The cell cultivation and perlnease assay methods used were identical to those 
described by BENKO et al2. 

Chemicals 
Carrier-free a5SO42- was obtained from Nuclear Science and Engineering Corp. 

(NH4)299MoO4 in 5 M NH4OH was obtained from New England Nuclear Corp. 
(specific activity 3oo-5oo inC/g). 

Na2asSSOa and Na2SasSOa were obtained from Schwartz Bioresearch Corp. 
(specific activity 15-3o me/mmole).  

Na2aaS406 was prepared from 35SSOa 2- either by oxidation with a solution of 
12 in KI  or by the exchange reaction between a small amount of labeled S2Oa 2- and a 
large excess of unlabeled Na2S406 (K and K Laboratories). 

Na2aas and Na2aSSOa (specific activities 20 3 ° mC/nlole) were obtained as 
solids from New England Nuclear Corp. 

NaCN35S was obtained from New England Nuclear Corp. 
H275SeOa (in i M HC1) was obtained from New England Nuclear Corp. (specific 

activity 15-25 C/g selenium). This was converted to H2:sSeO4 hy the following pro- 
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eedure: 5 ml of H2SeO 3 in I M HC1 (o.12 mg selenium per ml) was concentrated to 
0. 5 ml in a stream of air at 4 o°. IO ml of H20 2 (80 % w/v) was added and the solution 
was heated at 75 ° for 12 h. The volume was then reduced to o.5-1.o ml as described 
above. Another Io-ml aliquot of H20 2 was added and the mixture heated at 75 ° for 
an additional 12 h. KOH (concentrated solution) was added to bring the solution 
to neutrality and the K2SeO 4 was taken to dryness under a stream of air at room 
temperature. The solid material was taken up in an appropriate amount of deionized 
water. This method gave complete conversion of SeO32- to Se042- as shown by high- 
voltage paper electrophoresis at pH 8.1. The recovery, based on radioactivity, was 
better than 95 % in all preparations. Attempts to convert SeO3 ~- to SeO42- by the 
method of VIRUPAKSHA AND SHRIFT 4 resulted in considerable loss of radioactivity 
(probably via volatile selenium compounds). 

Enzyme assays 
Nitrate reductase was assayed by measuring the production of NO2- according 

to the method of NASON AND EVANS G. 

RESULTS AND CONCLUSIONS 

Identity of the sulfate, thiosulfate, selenate, and molybdate permeases 
When A. nidulans strain eta was grown on sulfur sources that repress the active 

transport of S042- (nlethionine, Na2S20~) the transport of SeO42-, MoO42- and $2032- 
was also repressed. Growth on sulfur sources which have been shown to derepress the 
SO42- transport system (L-djenkolic acid, L-cysteic acid) 1 also derepress the system 
involved in the transport of the other three anions. The results suggested that all 
four Group VI anions were transported by a sulfur-regulated permease(s). 

We also studied the development of transport ability under conditions of sulfur 
starvation (which derepresses the S042- transport system). If all four anions were 
transported by the same system we would expect that the ratio of the transport rates 
for any two anions would remain constant throughout the development of the system. 
As shown in Table I, this was what was observed. The constancy of these ratios over 
a period in which the rate of transport increased at least 40-fold very strongly suggests 
that these anions are transported by the same system. In a separate experiment, we 
established that the transport rate ratios for S042- and $2032- also remained essen- 
tially constant throughout the derepression period. 

Finally, a mutant  of P. notatum (strain 38632M ) which lacks the S042- transport 
system was also deficient in its ability to transport $20~ 2-, SeO42- and MoO42-. Under 
the same conditions, a wild-type strain (P. notatum, 832 ) transported all four anions. 
(The sulfate permease-negative mutant  was in fact able to transport $2032- at about 
I 5 % of the wild-type rate under conditions of sulfur deficiency.) 

The identity of the $2032-, Se042 , S042- and MoO42- transport system in 
wild-type molds was also shown by the fact that they reciprocally inhibit each others 
transport at pH 6.0 and above. However, at pH 5.0 and below MoO~ 2- did not 
inhibit SO42- transport. 

pH-dependenee of transport 
The reason for MoO42- not inhibiting SO42- transport below pH 6 is suggested 

from the data described by Fig. I, which shows the pH-dependenee of transport of 
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T A B L E I  

E F F E C T  O F  S U L F U R  S T A R V A T I O N  O N  T H E  S ( ) 4 2 - ,  S e O 4 2 -  A N D  M 0 0 4 2 -  T R A N S P O R T  A C T I V I T Y  O F  

M Y C E L I U M  

A. nidulans, s t ra in  eta, was grown for 48 h on c i t r a t e  No. 3 s y n t h e t i c  mediun l  con ta in ing  Na2S20 a 
(r g/l) as sole sul fur  source. The m y c e l i u m  was t h e n  fi l tered and  washed  3 t imes  and then  re- 
suspended  a t  20 g/1 we t  wt. (about  1/2 the  or ig inal  myeel ia l  densi ty)  in c i t r a t e  No. 3 n led ium minus 
a sulfur  source. A t  the  ind ica t ed  in t e rva l s  du r ing  sul fur  s t a r v a t i o n  a l iquots  of the  mycel ia l  sus- 
pens ion  were t a k e n  and  washed  and  the  u p t a k e  of the  var ious  anions was measured .  The assay 
m e d i u m  c o n t a i n e d  i g (wet wt.) of m y c e l i u m  per  5 ° ml  of o.o 5 M p o t a s s i u m  a m m o n i u m  p h o s p h a t e  
buffer (pH 6.0). The in i t ia l  concen t ra t ion  of labeled subs t r a t e  was  o. i raM. Mycelial  samples  (lO nil 
of a s say  suspension) were t a k e n  a t  3o-sec in t e rva l s  for the  first 2 rain and  i m m e d i a t e l y  fi l tered and 
e x t r a c t e d  in approx.  5 ° ml  of boi l ing water .  The e x t r a c t  suspension was then  fi l tered and the 
n lyce l ium dried a t  IOO ° for 8 h. The f i l t ra te  was made  up to ioo  ml and a 1-nil a l iquot  t a k e n  for the  
d e t e r m i n a t i o n  of r ad ioac t iv i ty .  R a d i o a c t i v i t y  was de t e rmined  in a l iquid sc in t i l l a t ion  counter  
(Tricarb,  Packa rd  I n s t r u m e n t  Co.). For coun t ing  99Mo, which  decays  to the  rad ioac t ive  p roduc t s  
99nlTc and 99Tc, the  d i sc r imina to r s  were set  to exc lude  r ad ia t ions  from the  d a u g h t e r  nuclides.  
The sc in t i l l a t ion  so lu t ion  used was  t h a t  of BRAY 5. 

Period of sulfur Anion transport rate 
starvation (yrnoles/g per rain) 
(t,) 

Ratio of rates 

35,~O42- 75 S'eO42- 99,~/[o042- ~;e042 MoO42 Se042- 
S0 42- S042- :110042 

O O O O - -  - -  - -  

2 o'037 0"055 °"°15 1"5 °.41 3.7 
3 o.12o o. t95 0.044 1.6 0.37 4.4 
5 0.459 0.733 o.177 1.6 0.39 4.1 
7 1.024 1.77 ° 0.362 1.7 o.35 4.9 
9 o.977 1.5oo 0.350 1.5 0.36 4.3 

the four anions. Above pH 6.o the transport rates of all four anions show a close 
correspondence as would be expected if they were transported by the same system. 
However, below pH 6 the transport rate of M o O a  2 -  drops off much more rapidly than 
the other three. The marked decrease very likely results in part from the protonation 
of MoOa 2 to form HMoO4-. The titration curve for molybdate shows a pKa at 
approx. 5.3 for MoO42-,~ HMoO 4 . However, protonation to a nontransportable 
ionic form cannot be the sole explanation because at this pH the transport rate is 
only about IO % of maximum. Another possible explanation for the decrease is the 
acid-stimulated formation of polymolybdates which are not transported by the 
permease. 

Concentration-dependence of transport 
The effect of substrate concentration on transport rate was determined for all 

four anions over a IOOOO-fold range of external substrate concentration (I/~M-Io raM). 
The transport system was shown to be saturable for each anion. The results obtained 
for SOa z-, SeO42- and S~Oa z- transport in A. nidulans, strain eta, over a narrow con- 
centration range are shown in Fig. 2 plotted according to the Lineweaver-Burk 
method. 

The Vma x values for SO42-, $2032-, SeO42- and MoO4 z for P. notatum 38632R 
grown on both low djenkolic acid and high methionine media are shown in Table II. 
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Energy-dependence of transport 
The transport  of SO42-, $2032-, Se042- and MoO42- was inhibited 90-95 % by  

the addition of I mM 2,4-dinitrophenol or NaN 3 I0 min prior to the determination 
of the transport  rate (substrate concentration of o.i  mM). 
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Fig. I. pH-dependence  of SO42-, $2032-, SeO~ 2-, and MoO~ 2- t r anspor t  by  A. nidulans, strain eta, 
grown on low djenkolic acid medium.  The buffers used were:  p H  2-  4, 0.05 M phospha te ;  p H  4 5.5, 
0.05 M ci t ra te ;  p H  5.5-7.5, 0.o5 M phospha te ;  pI-I 7-5-9, 0.05 M Tr is -HCl ;  p H  9-1o, 0.05 M 
g lyc ine-NaOH.  / ' ,--ZX. SO42-; 0 - - 0 ,  SEO42-; ~,--Ak,  $2032-; O - - O ,  MoO4~-. 

Fig. 2. Reciprocal plot  of SO4~-, $2032-, and SeO42- t r anspor t  by  low L-djenkolic acid-grown 
mycel ium of A. nidulans, strain e4a. O - - O ,  SO42-, K m =  75 /~M; O - - O ,  $2032 , K m  = 75 /AM; 

m - - m ,  SeO42-, K m =  77 ! ~M. 

T A B L E  II  

MAXIMUM TRANSPORT RATES OF SO42- ,  $ 2 0 3 2 - ,  $ 4 0 6 2 - ,  S e O 4 2 -  AND MOO42-  BY P .  n o t a t u m  3 8 6 3 2 R .  

P. notatum 38632R was grown for 36 h in c i t ra te  No. 3 medium conta ining I g/1 L-methionine as 
sulfur source. The mycel ium was filtered and washed and assayed immedia te ly  for t r anspor t  of 
the  indicated anion via Method II  (ref. 3). One half of the  wet  mycelial pad  was also suspended 
in I 1 of c i t rate  No. 3 medium containing no sulfur source. After  io h the  sulfur-s tarved mycel ium 
was filtered and washed and the  appropr ia te  anion t r anspor t  rates  de te rmined  by  Method II  
(ref. 3). 

Labeled substrate 
(I rnM) 

Transport rate (l~moles/g per min) 

Sulfur sufficient Sulfur deficient 

35SO42 0.032 1.8 [ 
$35SO32-  o.o23 1.34 
75SEO42- o.o37 1.98 
99MOO42- 0.022 0.96 
asS4062- 0.026 1.5 ° 
35S2 7" 15 7" 20 

Temperature-dependence of transport 
The transport  of SO, ~-, S20s z- and MoO42- shows a marked temperature-de- 

pendence (Q10 of 2.1) with opt imum at 30°. The drop in transport  rate at low tempera- 
tures was reversible. However, after preincubation of the mycelium at 5 °0 there was 
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no recovery of the ability to transport  any of the three anions. The high Q10 of Group 
VI anion uptake and its temperature lability is characteristic of an enzyme-like, 
carrier-mediated process. 

Other possible routes of MoO a 2 transport 
Above pH 5.0 MoO42 can be transported by the SO42 transport  system and 

it is possible that  this is a route for the entry of the minute amounts of molybdenunl 
required for the growth of the organism. However, MoO42 transport  via the sulfate 
pernlease is undetectable below pH 5.0. Furthermore, MOO4"- transport  via the 
sulfate permease would be regulated by the sulfur nutritional status of the organism. 
Consequently, one might expect the fungi to possess a specific molybdate permease. 

Nitrate reductase is a molybdenum-containing enzyme which is inducible by 
NO~ . Consequently, we tried to induce a molybdate pernlease in P. notatum 38632M 
by growing the organism on medium with NOa as sole nitrogen source. Folh)wing a 
shift from ammonium phosphate to NO~ -containing medium the level of nitrate 
rednctase rose from zero to a maximum after 3 h. During this period we could detect 
no transport  of MoO42- at pH 5.o or 6.0. 

Transport of other Group VI  sulfur anions 
As shown earlier, $2032 is transported predominantly via the sulfate permease. 

However, P. notatum, strain 38632M, which lacks the sulfate permease will grow well 
oll S2Oa 2 as sole sulfur source and can transport  $203 ~- at about I 50Jjo of the wild- 
type (or revertant) rate at the usual external assay concentrations (IO-iOo/~M). 
S~032- transport  by this mutant  is not inhibited by SOa 2-, which indicates that  
$2032 is not transported by a sulfate permease present at a very low level in the 
mutant .  This conclusion is supported by the data in Fig. 3, which shows that  the Km 
for S2Oa 2 transport  by the mutant  is about 3o times higher than the Km for $2032- 
transport  by the revertant.  

Fig. 4 shows the derepression of $20~ 2- and S,O~ 2- transport  in P. notatum 
38632M during a period of sulfur starvation. Sulfur starvation does not result in an 
increase in the rate of SO42- transport  by this organism. 

High-voltage paper electrophoresis of the $2032- used showed only a single peak 
of radioactivity. Thus, it was unlikely that  we were observing the transport  of a 
radioactive contaminant present at low concentrations in the labeled S2Oa 2-. How- 
ever, contaminating $406 ~ would not be detected by our electrophoretic method 
because of the rapid exchange of asS between a5S40~2 and ~5S2032-. 

I t  is possible that  the fungi possess a specific thiosulfate permease in addition 
to the sulfate-thiosulfate selenate-molybdate permease. However, considering the 
high Km for $2032- transport  in the sulfate permease-negative mutant ,  this seems 
unlikely. A more reasonable explanation is that  the fungi possess at least one other 
permease for Group VI anions with a high affinity for its preferred substrate and a 
low affinity for $2032-. An a t tempt  was made to determine the number of distinct 
permeases that  fungi possess for the most common forms of inorganic sulfur anions 
found in nature. 

As shown in Table I I I ,  P. notatum will accumulate SO42-, S2Oa 2-, SO32-, 
$4062- and S 2-, but not CNS . From this it is apparent  that  P. notatum possess at 
least one other sulfur anion permease in addition to the sulfate permease. This is 
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shown by the ability of the sulfate permease-negative mutant  to transport SO~ ~ and 
S40n ~ . The results in Table II show that S04 ~-, $20~ ~- and S40n ~- transport are 
regulated by the degree of sulfur sufficiency of the mycelium. The dependence of 
SO.~ 2- transport on the sulfur nutritional status of P. notatum has also been demon- 
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1;i~. 3. Concentrat ion dependence of S,2032 t r a n s p o r t  in P. notatum, strains 38632I~ ( O - - O )  and 
3 ~ 3 2 M  (O O). The organisms were grown for 36 h on citrate No. 3 medium containing IOO 
m~/l L-djenkolic acid as sole sulfur source. 

Fig. 4. Derepression of $2032 t ranspor t  during sulfur s tarvat ion  of P. notatum 3S632M. The 
organism was grown for 36 h on citrate No. 3 medium with i g/1 L-methionine as sole sulfur 
source. The myeelium was filtered and washed and the SO42-, $2032 , and $4062 t ranspor t  rates 
deterniined. The rest of the mycelium was then divided into two parts .  One pa r t  (4 g wet  wt.) was 
resuspended in ioo ml of citrate No. 3 containing no sulfur source. Another  4-g port ion was sus- 
pended in fresh citrate No. 3 with i g/1 L-methionine. Aliquots were taken froni each flask at the 
times shown and the SO4 ~ , $40~ 2-, and S,.,O32 t ranspor t  rates determined at an external  subs t ra te  
concentrat ion of o.I mM. Q - - O ,  $2032- t ranspor t ,  minus sulfur medium;  O O, $2()32- t rans-  
port,  methionine medium;  Ak--Ak, S~()62 t ranspor t ,  minus sulfur medium;  A A, S~On'-'- 
t ranspor t ,  methionine medium;  ~ - - m ,  SO4~- t ranspor t ,  minus sulfur and methionine meclium. 

TA BLE I l I  

T R A N S P O R T  O F  S U L F U R  A N I O N S  B Y  S U L F A T E  P E R M E A S E - P O S I T I V E  A N D  S U L F A T E  

P E R M E A S E - N E G A T I V E  S T R A I N S  O F  P.  notatbtlq$ 

Sulfur-Ileficient mycelia of P. notatum, 38632M and 38632R were grown for 2 days in synthet ic  
citrate No. 3 medium containing L-djenkolic acid (ioo rag/l) as sole sulfur source. The t r anspor t  
rates were determined by Method I I  (ref. 3). 

A nion Transport rate 
(o.z raM) (ffmoles/g per rain) 

Strain 38632R Strain 3863234 

35S()42- 3.20 o.oo 
3sS2()32- 1.96 0-04 
35SO32- * 0.25 
~5S40~- i. 15 i .09 
3sS2 4.4 ° 3.20 
CNSsS - o.oo o.oo 

* We were unable to measure SO3 ~- t r anspor t  in s train 38532I~ because of the presence of 
contaminat ing  3~SO42- in the ~5SO~2-. 
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strated. S 2- uptake,  however, is independent  of the sulfur nutr i t ional  status of the 
organism. S 2- uptake  is 2,4-dinitrophenol- and azide-sensitive but  shows a lower 
temperature-dependence (Q10 of 1.15) than tha t  shown for S042- transport .  The con- 
centrat ion-dependence of S 2- uptake  was determined over the range of external 
substrate concentrat ion from I #M to I0 mM. This system does not  appear to be 
saturable (at least up to I0 mM external substrate). S 2 t ransport  was a linear function 
of external concentrat ion over the range studied but  the slope of the velocity versus 

concentrat ion curve was less than tha t  expected for a first-order-dependence on con- 
centration.  The lack of regulation, together with the low 010 and the anomalous 
kinetic behavior of S 2- uptake  suggests tha t  a carrier-mediated process may  not be 
involved in S 2- uptake. These factors distinguish S 2- uptake from the sulfate permease 
and the one (or more) permeases involved in S032-, $2032 and S~062- transport .  
S40e 2 t ranspor t  obeys sa turat ion kinetics (Kin --  25/~M, Vm, . --  3 /~moles/g per min). 

In  order to further  document  the number  and specificity of sulfur anion pernleases, 
reciprocal inhibition studies were carried out. The results are shown in Tables IX.' and 
V. Unfor tunate ly  m a n y  combinations of labeled substrate plus  unlabeled potential  
inhibitor could not  be tested because of nonenzymat ic  exchange and oxidat ion-  
reduction reactions tha t  occur between several of the sulfur anions. As described 
earlier, SO~ 2- and $2032 show reciprocal inhibition of t ransport  in the sulfate (thio- 
sulfate) permease-positive revertant .  However,  $2032- t ransport  in the sulfate 
permease-negative mutan t  is S042- insensitive. S042- t ranspor t  in the rever tant  is 
not  inhibited by  $4062-. Nor is S40e 2 t ransport  in both the rever tant  and mu tan t  
inhibited by  S042-. S032 and S 2- show reciprocal inhibition. Thus S 2- could con- 
ceivably be a substrate of a sulfite permease, but  not vice versa (otherwise, SO32- 
t ranspor t  would not  depend on the degree of sulfur sufficiency of the mycelium). 
I t  would appear  then tha t  the mechanisms by which SOs 2 and S 2- are taken up 
b y t h e  mycel ium are different. Neither SO32- nor S 2- inhibit $2032 t ransport  in either 
strain. Nor does S032- inhibit S40e 2 t ransport  in either strain. These results suggest 
the existence of distinct permeases for SO42 ($203 ~-, etc.), S032 , S40e 2-, and 
(possibly) S ~-. The results also suggest again tha t  we were not observing the t ransport  
of contaminat ing  S032- or S 2 from solutions of labeled $2032 . 

TABLE IV 

RECIPROCAL INHIBITION OF SULFUR ANION TRANSPORT IN P .  no ta tum 3 8 6 3 2 R  

Sulfur-deficient mycelium was prepared and the transport rate determined by Method II (ref. 3)- 
SO32- transport cannot be accurately determined in the revertant because of contaminating 
SO42 in the substrate. 

Substrate Inhibition (°/o) caused by following anions (~ raM) 
(o., mM) 

S 0 4 2 -  S O 3 2 -  $2-- ¢~2032- $4062-- 

a5S()4~- 37 * I 8 95 O 
35S2- 0 02 0 * * * 

a 5 S 2 0 3 2 -  7 9  4 4 ,  * * 
~ $ 4 0 ~ 2 -  o o 

* Uncorrected for possible contaminat ing  SO42- in SO3~- inhibitor  solution. 
** Undeterminable  because of the exchange reaction: 

35S4062- + 32S2032- @ 35S2032 l- 32S4062- 
* ** Undeterminable  because S 2- is oxidized by $4Oe2- to yield elemental sulfur. 
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Artifacts of $2032- transport 
In the preceding experiments, $20~ 2- t ransport  was measured at pH 6.0 over 

a 2-nfin interval. The short incubation time and pH was chosen to minimize compli- 
cations that  could arise from (a) departure of transport  from linearity over longer 
periods, (b) metabolism of the transported ion to a feedback inhibitor of the per- 
incase< 2, (c) feedback inhibition of the permease by high intracellular concentrations 
of the transported ion itself (I. H, SEGEL, unpublished results), and (d) decomposition 
of the $2032 to other sulfur anionsh Fig. 5 shows the time-course of S2Oa 2- t ransport  
bv strain 38632M over a 9-h period. I t  can be seen that  the rate of ~sS transport  
increased markedly as the pH of the incubation medium dropped. The increased rate 
did not result from an induction of a thiosulfate permease because mycelia preincu- 
bated under identical conditions in the presence of unlabeled $20~ 2- showed the usual 
rate of $20~ 2- transport  when assayed for 2 rain in fresh pH 6.0 buffer containing 
labeled $2032-. The increased rate shown in Fig. 5 very likely results from the slow 
decomposition of S2Oa 2- to more rapidly transported compounds. This result points 

c 3 

% 

~ o 2 
0 2 4 6 8 

T]rne (h} 

Fig. 5- $203~- transport by P. notatum, strain 38632M over a long incubation period. Standard assay 
condi t ions  were used excep t  t h a t  the  buffer was  s upp l emen t ed  w i t h  4 %  glucose. The in i t i a l  
s u b s t r a t e  concen t ra t ion  was 0.2 mM Na~35SSO 3, A lmos t  iden t i ca l  resu l t s  were ob t a ined  wi th  
o.i  mM Na2S35SOs . The  resul t s  are expressed  as c o u n t s / m i n  per  0. 5 ml  of m e d i u m  af ter  f i l t ra t ion  
( O - - O ) ,  or as c o u n t s / m i n  in the  m y c e l i u m  f rom 5 ml of the  suspens ion  ( 0 - - 0 ) .  ~k--~k,  p H  of the  
med ium.  

T A B L E  V 

R E C I P R O C A L  I N H I B I T I O N  O F  S U L F U R  A N I O N  T R A N S P O R T  I N  P. notatum 38632M 

The e x p e r i m e n t a l  de ta i l s  were the  same as those  descr ibed in Table  IV. 

Substrate Inhibition (%) caused by following anions (I raM) 
(o. ~ raM) 

S04 ~- S03Z- S z- $20z2- $4062- 

~sS()32- o - -  75 o 15 
35S2- o 63 - -  o 
3sS~O3~- o o ~7 7 -  
35S4062- 0 0 

* U n d e t e r m i n a b l e  because  of the  exchange  r eac t i on :  
35S203~- + $ 4 0 6 ~ - ~  - 3sS4062- + S~O3 ~- 

* U n d e t e r m i n a b l e  because  S ~- reac ts  w i th  S~O62- to y ie ld  sulfur.  
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out the dangers inherent in long-term biological experiments involving potentially 
unstable sulfur compoundsL 

DISCUSSION 

Tile SO42 transport system in some species of Aspergillus and Penicillium is 
capable of transporting SO42 , S20a 2 , SeO42 , and MoO42 at about the sanle rates. 
Selenium is not considered to be an effective replacement for sulfur in tile sulfur amino 
acids. HUBER el al. 8 have shown that SeO42- will not completely replace SO42 in 
growth media for a SeO42--tolerant strain of Escherichia coll. These authors have also 
shown 9 that when selenium replaces sulfur in tile sulfur-containing amino acids the 
properties of these acids are changed. Proteins synthesized from the selenium-sub- 
stituted amino acids are unlikely to be biologically active. WILSON AND BANDURSKI 1° 
have also shown that the product of yeast ATP sulfurylase is unstable when MoO~ °-- 
or SeO42- are used as a substrate so it is not possible for these compounds to enter 
the general sulfur metabolite pool. The conlpetitive inhibition of SO42- transport by 
Se042- and the instability of adenosine 5'-phosphoselenate could provide an explana- 
tion for the known toxicity of high concentrations of SeO42- (ref. H). 

We are not sure whether the transport of MoO42- by the S042- transport system 
is physiologically significant. Molybdenum is a component of nitrate reductase, which 
is induced in fungi grown in the presence of NOa-. Since no MoO42- transport via the 
sulfate permease could be detected below pH 5.o, it may be necessary for the fungi 
to have some other means of accunmlating molybdenum at low pH levels. The fact 
that MoO42 transport by the SO~ 2 system is controlled by the level of sulfur nutri- 
tion of the organism could also be disadvantageous to the fungi. Under conditions of 
adequate sulfur nutrition the sulfate permease is repressed and S04"- transport is 
very slow. However, even under these conditions of low pH and adequate sulfur 
nutrition MoO42- transport could still conceivably be rapid enough to supply the 
organism with tile very small amounts of niolybdenum required. 

$406 '~ is a product of S20a '~ oxidation by the thiobacillP 2 and is likely to 
comprise a considerable proportion of the sulfur sources in an environment populated 
by these aerobes. Consequently, the transport of this metabolite by filamentous fungi 
could provide an important sulfur source for these organisms. The fungi we have 
tested can utilize S4Os 2- as the sole sulfur source. 

The transport of $2032 by the SO42- transport system could have physiological 
significance since S2Oa =- is produced by some anaerobic S 2 -utilizing bacteria 12. This 
S20a 2- could then diffuse to a more aerobic environment where it could be utilized 
by filamentous fungi. The transport of S2Oa "° by the sulfate permease-negative 
mutant  is difficult to explain. SPENCER ct al. '3 also noted that a sulfate permease- 
negative mutant of A .  uidulans would grow well on S2Oa 2-. These authors attribute 
S2Oa 2- uptake in the mutant to either a defective sulfate permease that is " l e a k y "  
for S2Oa 2 , or to rapid diffusion of S,,O:32 through the myeelial nlembrane. Free 
diffusion seems unlikely because (with our mutant, at least) S~Oa 2- transport shows 
saturation kinetics (Fig. 3) has a ()1o of 2, and is clearly under metabolic control 
(Fig. 4). The question then is what permease is responsible for S2Oa 2- transport in the 
sulfate permease-negative mutant? The simplest answer is that fungi possess a 
specific thiosulfate permease in addition to the sulfate thiosulfate pernlease. The V,,a~ 
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values of the two permeases are quite similar (Fig. 3). Consequently, the specific 
permease, because of its higher Km value, would be undetectable in sulfate thio- 
sulfate permease-positive organisms. Another possibility is that  S20a 2- transport  in 
sulfate thiosulfate permease-negative mutants  is mediated by an organic thiosulfate 
permease. P. chrvsogenum, for example, has been shown to transport  cysteine-S- 
sulfate via a sulfur-regulated, saturable permease 14. However, this perrnease has not 
been thoroughly characterized and it may, in fact, be the cystine permease (G. E. 
SKYE and I. H. SEGEL, unpublished results). A third possibility is that  the defective 
sulfate ttiiosulfate permease is indeed leaky for S20a 2 , but not for S042-. Such 
leakiness might occur if the nmtant  lacks a binding protein component of the per- 
incase. If S~Oa 2 , but not S042- can react directly with a (hypothetical) " t ransporter"  
portion of the permease, then S20a 2 could conceivably be transported with the same 
ultimate Vma ~. If the binding protein functions as a concentrating agent, then it would 
be reasonable to expect a significantly higher Km value for S20a 2- transport  in the 
absence of the binding protein. S20a 2- transport  would also be relatively S042- insen- 
sitive. A fourth possibility is that  $2032- is oxidized (to $4062 or SOa 2 plus SO42 ) 
or reduced (to SOa ~- and S 2-) by a surface enzyme. The reaction products might then 
react directly with their respective transporter molecules, bypassing the binding 
proteins. Because the binding proteins seem to be the sites of competitive inhibition '5, 
S20a 2- transport  by this process would be unaffected by external S042-, SOa 2 ,  etc. 
A final and most likely explanation is that  S20a 2 is transported by one of the other 
Group VI anion permeases, but with a greatly reduced affinity. The tetrathionate 
permease would be a likely candidate for this role. $4062 transport  by the sulfate 
permease-negative mutant  is derepressible and insensitive to SOa 2- 

Although the tetrathionate permease may transport  S2Oa 2- into sulfate 
permease-negative mutants  under our assay conditions, growth on S20a 2 may not 
involve the tetrathionate permease to any great extent. In most fungal cultures the 
pH frequently drops below 5.5- S20a z- is unstable at pH values much below 6.o. 
Consequently, it is likely that  a large portion of the sulfur that  nlycelia incorporate 
from $2032 -containing media (over long incubation periods) is not S,,Oa 2-, but 
rather breakdown products such as SOa 2- and S 2-. 
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