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Abstract. When Lemna minor L. is transferred to 
an atmosphere with H2S, there is a rapid loss of 
extractable adenosine-5'-phosphosulfate sulfotrans- 
ferase activity. The activity is restored within 24 h 
in an atmosphere without HzS.  This restoration of 
activity is completely inhibited by cycloheximid but 
not by chloramphenicol. In vitro, S 2- up to 5 mM 
and cysteine, methionine, and glutathione up to 
50 mM do not inhibit the enzyme. The activities of 
ATP sulfurylase and O-acetyl-L-serine sulfhydrylase 
are not affected significantly by HzS.  The physiolog- 
ical significance of the regulation of adenosine-Y- 
phosphosulfate sulfotransferase is discussed. 
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Introduction 

The duckweed Lemna minor L. has been shown to 
be a suitable organism for studying the regulation 
of sulfur metabolism in a green plant, because it can 
be grown aseptically and sulfur compounds can be 
fed directly to the green cells through the water or 
the gas phase (Erismann and Brunold, 1973). This 
made it possible in the present investigation to supply 
the plants exogenously with SO42 , the normal sulfur 
source of plants (Thompson, 1967), together with 
H z S  , which can be detected in typical Lemna waters 
(Kuchar, 1954). The feeding of H z S  through the gas 

* This is no. 6 in the series "Regulation of Sulfate Assimilation 
in Plants" 

Abbreviations: APS = adenosine-5'-phosphosulfate; PAPS = ade- 
nosine-Y-phosphate-5'-phosphosulfate; BSA = bovine serum al- 
bumin; DTT--dithiothreitol; POPOP=l,4-di  [2-(5-phenylox- 
azolyl)]-benzene; PPO = 2,5-diphenyloxazol 

phase helps to avoid the problem of the rapid oxida- 
tion of this compound which arises, when it is fed 
through the water phase, and makes it possible to 
study regulation phenomena under controlled condi- 
tions. We showed previously that Lemna minor L. 
can grow in an atmosphere with H2S (Erismann and 
Brunold, 1973). H z S  inhibits the assimilation of sul- 
fate into cysteine (Brunold and Erismann, 1975). 

Since we wished to study the control mechanism 
involved in the inhibition of sulfate assimilation by 
HzS, we turned to the analysis of the enzymes of 
assimilatory sulfate reduction. A pathway of assimila- 
tory sulfate reduction with bound intermediates has 
been described for Chlorella (Schmidt et al., 1974). 
Sulfate is activated by ATP sulfurylase to form adeno- 
sine 5'-phosphosulfate (APS). APS can either be 
converted to PAPS or its sulfonyl group can be 
transferred via APS sulfotransferase to a carrier to 
form "carrier-bound sulfite", which is reduced to 
the thiol level by a ferredoxin dependent thiosulfonate 
reductase. Finally, the thiol sulfur is used for the 
formation of cysteine in a reaction catalysed by O- 
acetyl-L-serine sulfhydrylase. Studies with mutants 
suggest that sulfite reductase, which reduces free sul- 
rite, is only active in vivo when sulfite is supplied 
exogenously. 

In higher plants, the nature of the reductase re- 
mains to be shown. ATP sulfurylase and O-acetyl-L- 
serine sulfhydrylase, however, have been clearly de- 
monstrated by many workers in different organisms 
(Schiff and Hodson, 1973; Thompson and Moore, 
1968; Giovanelli and Mudd, 1968; Hendrickson and 
Corm, 1969; Masada et al., 1975). APS sulfotransfer- 
ase is widespread among higher plants (Schmidt, 
1975 a), and since it catalyses a reaction at a branching 
point of sulfate assimilation we considered it to be 
a possible candidate for regulation by a reduced sulfur 
compound like H2S , which would account for the 
observed inhibition of sulfate assimilation. 
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In this paper we present evidence which shows 
that H2S rapidly reduces APS sulfotransferase activ- 
ity in Lemna minor while ATP sulfurylase and O- 
acetyl-L-serine sulfhydrylase are not affected signifi- 
cantly. 

Mater ia l s  and M e t h o d s  

Lemna minor L., strain number 6580 of Landolt 's collection of 
Lemnaceae (Landolt, 1957), was cultivated in a device described 
previously (Erismann and Brunold, 1973) on E-NO3 medium (Eris- 
mann and Finger, 1968) at 25 ~ C and 4500 lx. Specific growth rates 
were estimated from counts of  the number of  fronds on two subse- 
quent days in one culture vessel, using the formula: 

Specific growth rate = In fnt2 - l n  furl, 

fn,l = number of fronds on the first day, 

fnt2 = number of fronds on the second day. 

For  the preparation of extracts, 1 g of plants was rinsed with de- 
ionized water at 4 ~ C for 1 min and then homogenized in a mortar 
cooled in ice water in 2 ml 0.1 M tris-HCl, pH 8.0, containing 
0.1 M KCI, 20 mM MgCI2 and 5 mM DTT. The homogenate was 
centrifuged at 4500 g for 5 rain, and the supernatant fluid was 
used immediately for the enzyme assays. APS sulfotransferase was 
measured as the production of sulfite-3SS, assayed as acid volatile 
radioactivity from Ap35s in the presence of  DTT as previously 
described (Schmidt, 1975b). The complete assay "mixture contained 
in a final volume of 400 lal: Ap3ss  (90 cpm/nmol), 78 nmol; tris- 
HC1 (pH 9.25), 50 lamoles; DTT, 4 lamol; NazSO4, 400 lamol; and 
50 lal of  Lemna extract, containing 250-350 lag of  protein. The 
incubation was for 30 rain under N2 at 37 ~ C. O-acetyl-L-serine 
sulfhydrylase was measured by the method of Pieniazek et al., 
(1973) using 20 lal of  crude extract and doubling the buffer concen- 
tration. ATP sulfurylase was assayed according to Robbins, 1962; 
the addition of  pyrophosphatase was omitted, because the Lemna 

extracts had high pyrophosphatase activity. Due to the high back- 
ground caused by phosphate in the crude extracts, the rates were 
routinely measured with extracts which had been passed through 
Sephadex G-25 according to Loussaert, 1975. 100 lal of Sephadex 
G-25 eluate were used per assay. HES was added to air by a 
diffusion method described previously (Erismann and Brunold, 
1973). HaS-concentrations were measured with a Jonoflux (Hart- 
mann and Braun, Frankfurt, West Germany). 

Cycloheximid was dissolved in H2 O (300 lxg/ml) and one or 
two ml were added to 150 ml culture medium through Millipore 
filters (HA 0.45 la) Chloramphenicol was dissolved in acetone 
(7.5 mg/ml) and one ml was added to 150 ml culture medium using 
Millipore filters. Radioactivity was measured with a Picker Nuclear 
Liquimat 220 liquid scintillation spectrometer. The counting fluid 
was to luene-Tr i ton  X-100 (2:1, v/v) with 4g/1 PPO and 120 mg/1 
POPOP. 

Proteins were determined as described previously (Schmidt, 
1976), using BSA as a standard. 

35S-labeled sulfate was purchased from Buchler (Amersham) 
Ap35s was prepared according to I-todson and Schiff, 1969, modi- 
fied by Schmidt, 1975b. 

O-acetyl-L-serine hydrochloride, DTT, cycloheximid and chlor- 
amphenicol were obtained from Sigma. 

Resul t s  

Figure 1 shows the time course of the loss of extract- 
able APS sulf0transferase activity, when Lemna minor 
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Fig. 1. Activity of adenosine-5'-phosphosulfate sulfotransferase in 
extracts from Lemna minor at different times after transfer to air 
with 24 ppm HzS 
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Fig. 2. Activity of adenosine-5'-phosphosulfate sulfotransferase and 
growth rates of  Lemna minor cultivated in air or transferred to 
air with 12 ppm H2S at the start of the experiment. Before the 
experiment, the plants were cultivated in air under steady state 
conditions for 6 d a y s . - o - - o -  APS sulfotransferase; o - - e  APS 
in air with 12ppm H2S; zx zx growth rate in a i r ; - A - - ,  
growth rate in air with 12 ppm H2S 

is transferred to air with 24 ppm H z S .  Over the first 
6 h there is a phase of rapid loss with a half-life 
of APS sulfotransferase of about 5 h, followed by 
a phase where the half-life is about 13 h. 

Figure 2 shows the APS sulfotransferase activities 
and the specific growth rates of Lemna minor grown 
in air or transferred to air with 12 ppm I-IzS. The 
specific growth rate decreases with HzS, but after 
about 3 days, a constant rate (0.34) is established, 
which is about 20% lower than without H z S  (0.41). 
The activity of APS sulfotransferase remains con- 
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Fig. 3. Levels of  adenosine-5 '-phosphosulfate  sulfotransferase in 
extracts from Lemna minor at different times after transfer from 
air with 12 ppm H2S to air in the presence and absence of inhibitors 
of  protein synthesis. - e - - o - n o  inhibitor; o o 50 gg/ml chlor- 
amphenicol;  - A - - A -  2 ~tg/ml cycloheximid; A - - A -  4 gg/ml cy- 
cloheximid 

Table 2. In vitro inhibition of adenosine 5 '-phosphosulfate sulfo- 
transferase by S 2 

Concentrat ion 
of S 2 

(mM) 

Activity of adenosine 
5 '-phosphosulfate sulfotransferase 

(nmoles . h -  1. mg protein-  t) 

0 57.3 
0.005 61.2 
0.05 53.8 
0.5 47.1 
5.0 63.4 

50.0 21.2 

Figure 3 shows that the activity of APS sulfo- 
transferase is restored within 24 h if Lemna, grown 
with 12 ppm H2S, is transferred to air. Cycloheximid 
almost completely inhibits this restoration, while 
chloramphenicol has no appreciable inhibitory effect. 

stant, if the plants are cultivated in air. In air with 
12 ppm HzS , a similar loss of APS sulfotransferase 
activity can be observed as with 24 ppm HzS. After 
about 2 days, a low constant level is reached. 

Table 1 shows the activities of APS sulfotransfer- 
ase, O-acetyl-L-serine sulfhydrylase and ATP sulfury- 
lase in extracts from plants grown in air or in air 
with 12 ppm H2S for 6 days. HzS at this concentra- 
tion has no significant effect on the extractable activ- 
ities of ATP sulfurylase and O-acetyl-L-serine sulfhy- 
drylase, but causes a pronounced loss of APS sulfo- 
transferase activity of about 95%. 

Table 2 shows that up to 5 raM, sulfide has no 
inhibitory effect, in vitro, on the activity of APS sulfo- 
transferase. At 50 mM there is about a 70% inhibi- 
tion. Cysteine, methionine, and glutathione in concen- 
trations up to 50 mM do not inhibit the enzyme in vi- 
tro, nor does filtration with Sephadex G-25 restore 
the activity of APS sulfotransferase in extracts from 
Lemna minor grown in the presence of 12 ppm H z S  , 

indicating that no low molecular compound in the 
extracts is simply inhibiting the enzyme. 

Discussion 

From previous work it was known that sulfate uptake 
and sulfate assimilation into cysteine are inhibited 
by HzS in Lemna minor (Brunold and Erismann, 1974, 
1975). Furthermore it was noticed in sunflower that 
there was no appreciable APS sulfotransferase activ- 
ity in roots as compared to developing leaves, suggest- 
ing an inhibition of this enzyme activity by reduced 
sulfur compounds transferred to the roots (Schmidt, 
1976). 

The results presented in this paper clearly show 
that APS sulfotransferase activity decreases in air with 
HzS to about 5% of the control without H2S. There 
is a fast and a slow phase of loss of activity, showing 
half-lifes o fAPS sulfotransferase of 5 and 13 h respec- 
tively. These half-lifes are comparable to the ones 
found for nitrate reductase activity in the presence 
of ammonium (4 and 10h respectively; Orebamjo 
and Stewart, 1975). These half-lifes are so short as 
compared to the doubling time (about 40 h in air, 

Table 1. Activity of adenosine-5 '-phosphosulfate  sulfotransferase, ATP sulfurylase, and O-acetyl-L-serine sulfhydrylase in extracts from 
Lemna minor cultivated in air or in air with 12 ppm HaS. Each value is presented as the mean  of 5 or 6 a s s a y s + t h e  s tandard error 

Adenosine-5 ' -phosphosulfate  
sulfotransferase 

(nmoles .h -  1. mg protein-  t) 

ATP-sulfurylase 

(nmoles .h -  1. mg protein- 1) 

O-acetyl-L-serine 
sulfhydrylase 

(nmoles-h  1. mg protein- 1) 

Lemna minor 

grown in air 

Lemna minor 

grown in air with 12 ppm H2S for 6 days 

47.8 _+ 1.90 
(5) 

2.7•  
(5) 

630.3+36.84 
(6) 

875.4 + 81.40 
(6) 

5080 + 163.0 
(6) 

4590_+258.2 
(6) 
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about 50 h in air with 12 ppm H2S) that the observed 
decrease cannot be explained simply by dilution. Our 
data do not allow, however, a distinction between 
inactivation and repression of APS sulfotransferase. 

The effect of H2S on APS sulfotransferase is not 
unspecific, based on the poisonous property of this 
compound, because Lernna grows exponentially in air 
with 12 ppm, reaching a new steady state after one 
to two days. ATP sulfurylase and O-acetyl-L-serine 
sulfhydrylase activities remain constant, thus the or- 
ganism can still form APS, which may be an interme- 
diate in the formation of sulfolipids, and O-acetyl-L- 
serine sulfhydrylase can catalyse the formation of cys- 
teine from O-acetyl-L-serine and H2S, supplied exoge- 
nously. The decrease in APS sulfotransferase activity 
could be the reason for the inhibition of sulfate assim- 
ilation by H2S, which has been shown previously with 
isotope competition experiments (Brunold and Eris- 
mann, 1975). 

A direct inhibitory effect of HzS on APS sulfo- 
transferase activity is unlikely, since the concentration 
necessary for inhibition in vitro is much higher, than 
the one found in Lemna minor grown with H2S (Eris- 
mann and Brunold, 1973). 

The restoration of the activity of APS suifotrans- 
ferase after transfer to air without H2S is completely 
inhibited by cycloheximid, suggesting a possible in- 
volvement of protein synthesis on 80 S cytoplasmic 
ribosomes. 

The regulation of APS sulfotransferase in Lemna 
fits well into the picture of other regulatory mecha- 
nisms found in this organism (Orebamjo and Stewart, 
1975) and may reflect an adaption to the natural 
biotop (Kuchar, 1954). It could provide a means for 
almost completely stopping the reduction of sulfate 
when sufficient sulfur at the thiol level is present in 
the environment to satisfy the needs of this plant. 
The formation of cysteine from H2S taken up from 
the atmosphere could prevent, up to certain exoge- 
nous concentrations, the accumulation of H2S which 
is a well known cell poison. 

We thank Dr. U. Feller for providing the Sephadex G-25 filtration 
method according to Loussaert, 1975. 
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