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ABSTRACT

Sulfate assimilation is a pathway used by prokaryotes,
fungi, and photosynthetic organisms to convert inorganic
sulfate to sulfide, which is further incorporated into carbon
skeletons of amino acids to form cysteine or homocysteine.
In the last decade due to combination of biochemical and
genetic methods a big progress in understanding the sulfate
reduction in plants was achieved. We have contributed to
this progress by resolving the old question of sulfate
reduction via bound or free sulfite and the controversy
about the reaction mechanism of the enzyme catalyzing the
reduction of adenosine 5’-phosphosulfate (APS). The
surprising findings of an iron-sulfur cluster bound to the
enzyme and stable reaction intermediate with sulfite
covalently bound to the protein clearly support a reductase
mechanism and thus a correct nomenclature as APS
reductase. Very recently, however, we discovered a new
isoform of APS reductase in lower plants and algae, which
catalyzes reduction of APS without the need for the iron
sulfur chemistry.

Numerous investigations revealed that the sulfate
assimilation pathway is highly regulated in a demand-driven
manner. APS reductase rapidly and strongly responds to
most environmental conditions and chemical treatments.
We have shown that the enzyme activity is induced by
carbohydrates and reduced nitrogen compounds and
repressed by nitrogen and carbon starvation. Using control
flux analysis we revealed that it possesses a very high
control over sulfate assimilation and cysteine synthesis.
Regulation of APS reductase is complex involving
transcriptional, post-transcriptional and post-translational
mechanisms. In this dissertation | present evidence for APS
reductase being the key enzyme of the sulfate assimilation
pathway. The biochemical mechanism and evolution of the
enzyme will be discussed as well as the enzyme regulation
in various plants species.






THE DISSERTATION

This dissertation summarises the results of my work and
work of my co-workers and collegues on the enzyme
adenosine 5'-phosphosulfate reductase (APR). The work
was initiated during my time as a postdoc in the lab of
Christian Brunold, the pioneer of plant sulfur research, and
later formed the centre of my reserach as assistant
professor in Freiburg and now as a project leader at John
Innes Institute in Norwich. We have applied biochemical,
genetic, and molecular methods on numerous plant species
to characterise the enzyme's biochemical mechanism,
regulation in plants, and evolution, revealing a great variety
in the form and regulation of APR among different plant
species. | recieved funding from Swiss National Science
Foundation, Deutsche Forschungs-gemeinschaft, and
British Biolotechnology and Biological Sciences Council.
From the results we can conclude that APR is the key
enzyme of plant sulfate assimilation, possessing very high
control over the pathway.

The dissertation is based on 17 original papers with
contributions of a few more. In the first part of the
dissertation the biochemical mechanism of the enzyme is
outlined, followed by its diversity and evolution. In the
second part the regulation of APR is described focussed on
its contribution to control of the pathway.

INTRODUCTION

Sulfur is found in nature in different oxidation states in
inorganic, organic, and bioorganic forms. For living
organisms sulfur is an essential element with many different
functions. It is found in reduced form in amino acids,
peptides, and proteins, in iron-sulfur clusters, lipoic acid,
and other cofactors and in oxidized form as sulfonate group
modifying proteins, polysaccharides, lipids, and many
natural products. In addition, reduced sulfur compounds,
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such as hydrogen sulfide serve as electron donors for
chemotrophic or phototrophic growth in a large and diverse
group of bacteria and archae, including purple and green
sulfur bacteria [1]. On the other hand, oxidized sulfur
compounds such as sulfate can function as terminal
electron acceptor in respiration to support growth of sulfate
reducing bacteria [2]. Plants, yeast, and most prokaryotes
cover their demand for reduced sulfur by reduction of
inorganic sulfate to sulfide which is afterwards incorporated
into organic compounds. Sulfur is the least abundant from
the six macronutrients required by plants and was long not
considered to limit plant growth, therefore, probably; the
sulfur metabolism was less studied in the past. In the last
decade a significant progress in understanding the pathway
of sulfate assimilation in plants was achieved as
documented by numerous reviews [3-7].

To be metabolized, the relatively inert sulfate must be first
activated. The activation step, an adenylation to adenosine
5’-phosphosulfate (APS) is catalyzed by ATP sulfurylase
(ATPS). APS is reduced by APS reductase (APR) to sulfite.
In the second reduction step sulfite is reduced by a

ferredoxin dependent

sulfite reductase to sulfate

sulfide. Sulfide is finally ATP | ATPsulfurytase
incorporated  into  the APS

amino acid skeleton of O- GSH APS
acetyl-L-serine (OAS) T lreductase
forming cysteine (Figure ilfite

1) [3,6]. Fd it
However, this simple l r;jltc'ta%e
scheme of plant sulfate qulfide

assimilation has been o yavicrine l O-acatylserine
resolved only recently . (thiol)lyase
after many vyears of cysteine
controversy about the

sulfate reducing step [for Figure 1. Assimilatory sulfate
a review see 8]. Plants reduction pathway in higher plants.
(and algae) were believed



to use a “bound inter-mediate” pathway named after a
presumed reaction product of a highly regulated enzyme of
the pathway named APS sulfotransferase, sulfite bound to
a thiol carrier [9-11]. In addition, a bacteria- and fungi-like
pathway dependent on an additional phosphorylation of
APS to 3'-phosphoadenosine 5’-phosphosulfate (PAPS)
before reduction to sulfite, has been believed to exist in
plants [11,12]. The cloning of Arabidopsis cDNA encoding a
protein with a plastid targeting peptide, a central part
homologous to E. coli PAPS reductase, and a C-terminal
extension similar to thioredoxin [13,14] was an important
starting point for deciphering the mechanism of sulfate
reduction in plants.

BIOCHEMICAL CHARACTERIZATION OF APS
REDUCTASE

Since the newly identified enzyme from Arabidopsis
reduced APS to sulfite, it was named APS reductase
(APR), adding to the confusion about the sulfate reducing
mechanism [14-16]. The controversy was resolved by Suter
et al. [ll]. We isolated the enzyme described as APS
sulfotransferase from Lemna minor and cloned the
corresponding cDNA. The deduced amino acid sequence
was very similar to that of APS reductase from A. thaliana.
Free sulfite was the only reaction product of the
recombinant Lemna protein detected under non-oxidizing
conditions, while S-sulfo-glutathione was only formed when
oxidized glutathione was present in the enzyme assay [ll].
From these experiments we concluded that (i) APS
sulfotransferase and APS reductase were identical
enzymes, (ii) the bound sulfite pathway was an artifact due
to the presence of oxidized thiols in the reaction assay, and
(i) the enzyme should, therefore, be named APS
reductase.

The reductase mechanism of APR was corroborated by
identification of a reaction intermediate, with sulfite
covalently bound to a cysteine residue of the enzyme [IV].
Incubation of recombinant APR with [*S]JAPS at 4°C
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resulted in radioactive labelling of the protein. Analysis of
tryptic peptides revealed *S0;* bound to the cysteine
residue conserved between APS and PAPS reductases
[17]. When this cysteine was exchanged to serine, no
labelling of APR occurred and the mutant protein lost
completely its enzymatic activity [IV]. Therefore it seems
that the reaction of APR can be divided into two
independent steps: a reductive transfer of sulfate to the
active cysteine residue and the release of the sulfite by the
C-terminal domain. For the first step, which results in
binding of sulfite to APR a thiol is not required; it is
catalyzed also by the truncated APR lacking the
thioredoxin-like domain. Interestingly, the reductase domain
from A. thaliana APR2 was able to catalyze sulfite
production even without additional thioredoxin or
glutaredoxin. Only addition of recombinant thioredoxin m
but not thioredoxin f enhanced the reaction velocity [IV].
The recombinant APR and the enzyme purified from L.
minor were colored yellow-brown [ll] indicating the
presence of a cofactor, possibly FAD and/or iron-sulfur
centre. UV/visible spectra of recombinant APR indicated the
presence of an FeS center and, indeed, we found iron and
acid-labile sulfide binding to the APR protein [VI]. Electron
paramagnetic resonance and Mdossbauer spectroscopy
than confirmed the presence of a diamagnetic [4Fe-4S]**
cluster as cofactor of plant APS reductase. This cluster is
unusual since only three of the iron sites exhibited the same
Mdossbauer parameters. Although there is no signature for
binding an FeS cluster in the sequence of plant APR, the N-
terminal part of APR differs from PAPS reductase by the
presence of two additional cysteine pairs in the plant
enzyme. Only three from these four additional cysteine
residues can bind the FeS cluster explaining its
extraordinary characteristics [VI].

Analysis of prokaryotic genome sequences revealed that
many bacteria, such as Pseudomonas, Rhizobium, or
Bacillus, which were believed to use the PAPS dependent
sulfate reduction, possess genes more similar to plant APR
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than to PAPS reductase from E. coli and yeast [VII]. This
raised the question whether the sulfate reduction in these
species is really PAPS dependent. Indeed, we and others
revealed APS dependent sulfate assimilation in several
species of Rhizobiaceae, Pseudomonas, Burkholderia,
Ralstonia, Mycobacterium, and Bacillus [VII, 18-20]. The
major difference between these new APS reductases and
E. coli PAPS reductase was a presence of two conserved
cysteine pairs that bind the FeS cofactor in plant APR [VII].
We, and later others, confirmed a presence of an FeS
cluster similar to the one found in plant APR in all bacterial
APS reductases analyzed [VII, 21-23]. These results thus
clearly pointed to the presence of the FeS cluster as a
determinant of APS vs. PAPS specificity.

An important factor of the characterization of APR s
confirmation of its inter- and intracellular localization. APR
activity was localized in spinach chloroplasts [24,25] and
proplastids of root «cells [26]. Accordingly, using
immunogold labeling we confirmed the APR protein
exclusively in chloroplasts of three Flaveria species of
different type of photosynthesis [V]. Similarly, in the moss
Physcomitrella patens both APS reductase isoforms (see
below) are present in the plastids as shown by GFP fusions
[XIV]. However, the distribution of the GFP signal derived
by the two proteins differed. While APR-B was localized
uniformly throughout the plastids, the GFP label of APR
was clustered in a spotty pattern [XIV]. The same pattern
was observed in the green alga Chlamydomonas reinhardtii
[XVII]. Using immuno-localization and electron microscopy
the APR labeling was shown to be concentrated around the
starch sheath, in close association with the pyrenoid.
Notably, the same distribution within Chlamydomonas
chloroplast has been observed for SiR, which points to a
possibility that the two enzymes form a ,sulfate reducing
complex” [XVII]. This is a very attractive hypothesis, as
such multienzyme complex would present the organism
with several advantages. Firstly, the assembly of the
enzyme would allow for chanelling of reaction intermediates
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and increase thus the efficiency of the reactions. Secondly,
one of these intermediates, sulfite, is very reactive and
cytotoxic, therefore, its confinement in the complex would
be a good prevention of cellular damage. The hypothesis of
sulfate assimilating enzymes forming a complex is
corroborated by finding of in vitro interaction of ATPS and
APR [27].

The experiments with Flaveria indeed confirmed plastidic
localization of APR, this was, however, not their primary
aim [V]. Sulfate assimilation, namely the activity of ATPS
and APR, was shown before to be restricted to the bundle
sheath cells of C4 plants [28-30]. Accordingly, we showed
that in maize the mRNAs for APR, ATPS, and SiR
accumulated in bundle sheath only, whereas the mRNA for
O-acetylserine-(thiol)lyase was also detected in mesophyll
cells [31]. To address the question whether the exclusive or
almost exclusive localization of APR was a pre-requisite or
a consequence of C; photosynthesis, the distribution of
these enzymes was studied in Flaveria species with
different types of photosynthesis [V]. The dicot genus
Flaveria (Asteraceae) is an excellent model to study the
evolution of C4 photosynthesis because, beside C; and C,
species, a relatively large number of C;-C, intermediates
occur in this genus [32] and a continuous gradation both in
the physiology and biochemistry of photosynthesis exists
among Flaveria species [33]. However, surprisingly, by
northern analysis of cell-specific RNA and in situ
hybridization ATP sulfurylase and APR mRNA were present
at comparable levels in both mesophyll and bundle sheath
cells of the C, species Flaveria trinervia. Also immunogold
electron microscopy confirmed the presence of APR protein
in chloroplasts of both cell types [V]. Therefore, it seems
that the localization of assimilatory sulfate reduction in the
bundle sheath cells is not ubiquitous among C, plants but
occurs only in C, monocots and is neither a pre-requisite
nor a consequence of C4 photosynthesis.



DIVERSITY AND EVOLUTION OF APS REDUCTASE

The characterization of APR clearly demonstrated its key
role in plant sulfate assimilation but it still could not exclude
that plants possess the bacterial-like PAPS reductase as
predicted before [12]. The analysis of Arabidopsis genome
did not identify any gene homologous to E. coli PAPS
reductase other than those encoding the three isoforms of
APR [13,14]. Since PAPS reductase in plants may have a
completely divergent structure, only analysis of plants
lacking APR activity may prove or exclude the PAPS
dependent sulfate assimilation. However, no such plants
were described, probably because APR is encoded by
small multigene families of 2-3 isoforms in most plant
species analyzed to date [VII,XVI, 13,14,34]. To overcome
this problem we turned to the moss Physcomitrella patens,
which in the last few years became an increasingly used
model system to study the function of plant genes because
of an efficient system of homologous recombination
allowing exact gene targeting [35-38].

Analysis of an EST database and Southern analysis
revealed that APR is encoded by a single copy gene in this
moss. Therefore, in order to find possible alternative routes
of sulfate assimilation we disrupted the APR gene in
Physcomitrella patens by homologous recombination [VII].
This resulted in complete loss of the correct transcript and
enzymatic activity. Surprisingly however, the knockout
plants grew on sulfate as the sole sulfur source and the
concentration of thiols in the knockouts did not differ from
the wild type plants. Only when exposed to sub-lethal
concentration of cadmium, the knockouts were more
sensitive than wild type plants and the flux through sulfate
reduction, measured by incorporation of [**S]sulfate was
about 50% lower than in the wild type. Clearly, a sulfate
reducing enzyme other than APR must exist in P. patens;
this alternative system is, however, not as efficient as APR.
Although PAPS reductase activity could not be measured in
moss extracts with different thioredoxins as reductants, a
gene very similar to bacterial PAPS reductase was found in
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P. patens [VIIl]. The corresponding recombinant protein
possessed PAPS reductase activity, seemingly confirming
the identity of the gene. However, the APS reduction rate
was at least thousand fold higher that that of PAPS,
showing that the protein is actually a novel isoform of APS
reductase without iron-sulfur cluster [XIV]. The protein was
therefore named APR-B, to distinguish from the FeS cluster
containing APR. The two enzymes differ in affinity to APS,
while APR possesses a Ky of 6 uM and is inhibited by APS
concentration higher than 20 yM, APR-B performs best at
APS concentration of 100 uM. Compared to PpAPR, the
APS reductase activity of PpAPR-B was several thousand
folds lower at low APS concentrations but at APS
concentrations higher than 50 pM the difference was only
approx. 200 fold. This could be caused by the better
catalytical efficiency due to the presence of cofactor but
possibly also due to the fact that APR-B does not possess
the Trx-like domain and requires free thioredoxin in the
reaction assay [XIV]. The reaction conditions of the two
enzymes differ significantly, especially the effects of various
salts, so that it is possible to design assays to measure
them separately in moss extracts [XIV,XV]. As expected,
the APR-B is significantly more stable than APR, which
loses 90% activity after 24 h storage at 4°C [XIV]. APR and
APR-B thus represent an unique pair of enzymes catalyzing
the same reaction but one using a FeS cofactor and the
other not. Also APR-B gene was disrupted by homologous
recombination leading to plants without a phenotype at
normal growth conditions but sensitive to Cd similar to
AAPR plants [XV]. This shows that APS reduction indeed is
the sole mechanism of sulfate reduction in plants.

The recent increase in availability of sequence information
from various algae and plants enables a wide sampling of
taxa for phylogenetic analysis. This allows addressing
questions of the origin of plant genes and pathways and
metabolic diversity of plants and algae including the sulfate
assimilation and APS reductase. The APR and APR-B
sequences from different sources are well conserved,
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containing 60-80% identical amino acid residues. Since the
reductase domains of APR are 22-27% identical to the
PAPS reductase from E. coli or yeast and share a common
active center represented by the amino acid sequence K/R
E C G L/l H [8], they can be aligned and their phylogeny
analyzed together [VII, XVI, 39] (Figure 2). A neighbor-
joining tree constructed from APS and PAPS reductase
related sequences, retrieved from the Genbank is divided
into two major branches [VII, XVI]. The first branch contains
a cluster of APRs from plant and algae, together with many
bacterial APS reductases, the other one is subdivided into
clusters comprising fungal PAPS reductases, well-
characterized PAPS reductases from enteric bacteria and
cyanobacteria, as well as the novel APR-B sequences from
lower plants and microalgae. Although it was believed that
APS reduction is linked to the presence of the FeS cofactor,
the phylogenetic analysis clearly positions the APR-B
genes into the same cluster as PAPS reductases and not
plant APRs [XIV,XVI]. Importantly, genes very similar to
Physcomitrella APR-B were found in the Ilycophytes
Selaginella lepidophylla and S. moellendorffii (Figure 2).
Since lycophytes belong to vascular plants, this finding
brought evidence that APR-B is not a result of a single
horizontal gene transfer from fungi to moss but played a
role in evolution of plant sulfate assimilation over a long
period [XIV,XVI].

Interestingly, the only two genes homologous to APS or
PAPS reductase identified in the completely sequenced
genome of the diatom Thalassiosira pseudonana, which
reduces APS with up to 100-fold higher rate than plants
([40], Kopriva S., unpublished) also cluster with the APR-B
and do not contain the two Cys pairs. It seems therefore,
that the FeS cluster-independent APS reduction is not a
peculiarity of several lower plant species, but a widespread
mechanism. Thus APR-B had to provide some evolutionary
advantage to these species. The reduced cost of sulfate
reduction due to the lack of FeS cluster in PAPS reductase
is balanced by consumption of one additional ATP per
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82— Arabidopsis thalianaAPR1 *
Arabidopsis thalianaAPR2 *
Arabidopsis thaliana APR3 *
Oryza sativa *
Ceratopteris richardii *
Physcomitrella patens APR *
Enteromorpha intestinalis *
100 Chlamydomonas reinhardtii *
99 Selaginella moellendorffiiAPR *
——_Pseudomonas aeruginosa
Sinorhizobium meliloti
Bacillus subtilis
92 Myr‘nharterillm tuberculasis
Saccharomvces cerevisiae
Penicillium chrvsoaenes
Schizosaccharomyces pombe
Nostoc PCC7120
Thalassiosira pseudonanaAPR1 *

Thalassiosira pseudonana APR2 *
97 Physcomitrella patens APR-B
Selaginella moellendorfii APR-B
45 Selaainella lenidoohvlla
Svnechomccuq WH8102
100 Qalmnnr—\lla tvohimurium
Escherichia coli

L] Pyrococcus abyssi
100 Methanococcus jannaschii

2 Cys pairs
FeS cluster

Figure 2. Neighbor joining tree of APS and PAPS reductase
sequences. PAPS reductases are shaded. The horizontal line
separates proteins containing the 2 Cys pairs binding FeS
cluster. Asterisks mark proteins with thioredoxin-like domain.
P. abyssi and M. jannaschii proteins of unknown function but

alignable with APS reductase were used as outgroup.

sulfate reduced. PAPS reductase/APR-B might confer
specific advantage in iron limiting environments.
Remarkably, we found APR-B like genes in several marine
phytoplankton species [XVI]. Indeed, iron is often limiting
growth of marine algae [41], therefore, they developed
strategies to reduce Fe demand. FeS proteins in marine
diatoms are frequently substituted by alternative enzymes,
e.g. the ferredoxin by flavodoxin [42] or cytochrome c6 by
plastocyanin [43]. Thus, the APR-B should be especially
advantageous in Fe limiting habitats, such as marine and
other aquatic environments. Once the FeS independent
sulfate reduction was enabled, changing the substrate
specificity to APS reduced the costs even further. The plant
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APR gene originated most probably from a fusion between
prokaryotical genes for APS reductase and thioredoxin.
Since all APRs isolated or cloned from higher plants, as
well as the APR from the green algae Enteromorpha
intestinalis [40], have the same structure, this fusion must
have occurred early in the evolution of plants. The close
relation of the Plectonema APR to plant enzymes also
implies that plants obtained the gene for APS reductase
from the cyanobacterial endosymbiont. The cyanobacterial
gene was then allocated to the plant nuclear genome and
supplemented with the sequence encoding the targeting
peptide, such as genes coding, e. g., for Calvin cycle
enzymes [44]. The hypothesis that APS reductase is an
evolutionary predecessor of PAPS reductase is further
corroborated by the observations that (i) the PAPS
reductase only occurs in y-proteobacteria and
cyanobacteria, whereas APS reductase was confirmed in
most taxonomical groups of Eubacteria, (ii) dissimilatory
sulfate reducing
bacteria and green

1. E. coli | PAPR H Trx |

2.p.aeruginosa [TARR | | Tx | gy pacteria possess
s.Athaliana  [[TAPRT | Trx | APS reductase which
4. P. patens | APRB || Trx | contains FeS cluster
T. pseudonana | APR-B ‘ Trx | as the cofactor
5. D. vulgaris | AsrA | ‘ AsrB | [V”’45’46]'

Altogether, activated

Figure 3. Types of sulfonucleotide sulfate can be reduced
reducin_g enzymes. Gray colour  to sulfide by similar but
symbolizes presence of FeS cluster. distinct enzyme forms:
(i) bacterial and fungal PAPS reductase, (ii) bacterial
assimilatory APS reductase, which is thio-redoxin
dependent similarly to PAPS reductase, (iii) plant APR,
which possesses a glutaredoxin-like C-terminal extension,
(iv) lower plant and protozoan APR-B, and (v) bacterial
dissimilatory APS reductase (Figure 3).
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REGULATION OF SULFATE ASSIMILATION

Sulfur containing compounds play essential role in many
metabolic processes. Among these compounds, the
tripeptide glutathione (GSH) is of major importance [47-49].
It is, therefore, not surprising that the assimilatory sulfate
reduction pathway is thoroughly regulated in order to keep
the concentration of glutathione and other reduced sulfur
compounds stable but also to prevent accumulation of toxic
intermediates such as sulfite and sulfide. The pathway is
thus well coordinated with the assimilation of carbon and
nitrogen and regulated according to the need of the plants
for reduced sulfur [3-8]. The first two reaction steps of
sulfate assimilation, catalyzed by ATPS and APR are most
susceptible to regulation. Because of its position at the
beginning of the pathway ATPS was the first target for
investigations of regulation of sulfate assimilation [50].
Studies of regulation of sulfate uptake and ATPS by sulfate
starvation and GSH led to the formulation of generally
accepted hypothesis of demand-driven control of sulfate
assimilation [51,52]. In a wide range of other experiments
however we showed that APR is more extensively
regulated than ATPS and that it is responsible for control of
flux through sulfate assimilation. [I, Ill, IX, X, XI, XII, XVII].
In the next sections, therefore, the regulation of APR will be
described in detail.

REGULATION OF APR BY SULFUR COMPOUNDS

In accordance with the concept of demand-driven regulation
of sulfate assimilation, APR is regulated by availability of
sulfur. APR activity and mRNA levels increase upon sulfur
starvation and decreased when sulfate was again available
or upon supply of reduced sulfur compounds such as
fumigation with SO, while other enzymes of sulfate
reduction pathway were much less influenced [53-57]. It is
not only the sulfate starvation that induces APR, the
enzyme activity can also be upregulated by decreasing
GSH levels. This is often the case during stress, but can be
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achieved by treatment with an inhibitor of GSH biosynthesis
L-buthionine-S, R-sulfoximine (BSO) [51,58]. Indeed, in
poplar roots, as well as in Arabidopsis root cultures, BSO
induced APR mRNA levels and activity [IX,58].

In contrast, the enzyme activity and mRNA accumulation is
feedback inhibited by cysteine and GSH [IX,58,59]. Also
other reduced or partially reduced sulfur compounds cause
APR activity to decrease. Fumigation with hydrogen sulfide
or sulfur dioxide, gases naturally occurring in the
atmosphere, supplies plants with reduced sulfur and
enables them to reduce the energetically demanding sulfate
uptake and reduction [XII,53, 60,61]. In the line with
observations that APR is the major control point of the
reduction pathway, the activity of APR but not of other
enzymes is strongly diminished in the fumigated plants
[XI1,53,61]. Interestingly, not all plants respond to the H,S
fumigation in the same way, e.g. Brassica oleracea reduces
both APR activity and sulfate uptake while in onion the
sulfate uptake is not affected [XII]. Also the mechanisms of
APR regulation seem to be different. On the first sight the
regulation appears straightforward as the exposure to
reduced sulfur compounds diminishes the APR activity and
MRNA levels [IX, XII] indicating a transcriptional regulation.
When protein levels are determined by Western blotting,
however, the picture is more complicated. While in B.
oleracea the APR protein in fumigated plant is reduced
similar to the enzyme activity and mRNA levels, in onion it
remains high [XIl]. This means that an unknown post-
translational mechanism is responsible for reduction in APR
activity in fumigated onion plants.

REGULATION OF APR BY NITROGEN AND CARBON
METABOLITES

Cysteine synthesis is a merging point of sulfate assimilation
with carbon and nitrogen metabolism. It is therefore not
surprising that the three pathways are well coordinated
[3,4]. While the interactions between sulfate and nitrate
assimilation and nitrate and carbon metabolism have been
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long known, the links between sulfate reduction and CO,
assimilation have been identified only recently.

Decrease in nitrogen availability results in reduced
production of amino acids. The demand for cysteine and
methionine is thus reduced and correspondingly the sulfate
assimilation pathway is downregulated. The same is true in
the opposite direction, reduction in sulfate supply leads to
decrease in nitrate uptake and assimilation [62]. In Lemna
minor the activities of ATPS and APR decrease under
nitrogen deficient conditions [63]. At the same time, addition
of nitrate or ammonia to the medium quickly restored the
activity of these two enzymes. On the other hand, addition
of ammonia or amino acids (Arg, Asn, GIn) to the nutrient
solution caused an 50-110% increase in extractable APR
activity in Lemna [63, 64]. Addition of ammonium increased
the flux through the sulfate assimilation measured as
incorporation of *S in proteins after feeding [*S]sulfate
[54]. These results were confirmed with various plant
species. In A. thaliana withdrawal of nitrogen from nutrition
for three days led to a 30% and 50% decrease of APR
activity in leaves and roots, respectively, while OAS
(thiol)lyase was not affected [lll]. The decrease of APR
activity correlated with decreased mRNA and enzyme
levels. The enzyme activity was quickly restored in roots
where reduced nitrogen compounds were more effective
than nitrate. **S0O,* feeding revealed that the closer the N-
containing compound was to OAS, the higher was the flux
through the pathway, making OAS a very good candidate
for the molecular signal of the nitrogen status towards sulfur
assimilation [lll]. Also in poplar nitrogen starvation resulted
in decrease in transcript levels and activity of APR [65].
Since APR sulfate reduction requires reducing equivalents
normaly obtained from photosynthesis, the flux through
sulfate assimilation, and correspondingly APR activity are
higher during the day than in the night [I, 66,67]. With
establishment of Arabidopsis as the model plant, the
availability of cDNA sequences and antibodies enabled to
study the regulation of sulfate assimilation on the level of
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enzyme activities, mRNA and protein accumulation,
metabolites (Cys and GSH), and fluxes. The first among
such studies was our investigation of the control of sulfate
assimilation by light [I]. We have shown that APR activity
undergoes a diurnal rhythm with maximum activity 4 hours
after light onset in both shoots and roots and minimum
activity at the beginning of the night [I]. Regulation by
endogenous circadian rhythm is not involved because
during prolonged light the activity remained stable and low.
The activity decreased to undetectable levels within 32
hours of darkness both in shoots and roots, but was
restored to 50% in shoots and to 20% in roots within 8
hours after re-illumination. The changes in APR activity
corresponded to changes in mRNA levels of all 3 APR
isoforms and APR protein accumulation. 3*S0,* feeding
experiments showed that the incorporation of **S into
reduced sulfur compounds in vivo was significantly higher in
light than in the dark [I]. However, since the accumulation of
MRNA and protein, as well as enzyme activity increased
already during the last 4 hours of the dark period, light
cannot be the only factor involved in APR regulation. The
obvious candidates for such signal were sugars. Indeed,
addition of 0.5% sucrose to the nutrient solution after 38
hours of darkness led to a seven-fold increase of root APR
activity during 6 hours. The sucrose-induced increase of
APR activity was even quicker than that measured in
shoots after reillumination of dark-adapted plants [I]. Also
addition of 0.5% glucose resulted in a similar increase of
APR levels in roots (MRNA, protein and activity) [XI].
Treatment of roots with D-sorbitol, D-mannitol, and 2-
deoxy-D-glucose did not increase APR activity, indicating
that osmotic stress and hexokinase signaling was not
involved in APR regulation. Feeding plants with a
combination of glucose and OAS resulted in a more than
additive induction of APR activity, showing that these
metabolites regulate APR independently [XI].

In order to study the interconnection of sulfate, nitrogen,
and carbon assimilation, Lemna minor was used to analyze
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the effects of CO, omission from the atmosphere and
simultaneous application of alternative carbon sources on
APR and nitrate reductase (NR) [X]. Incubation in air
without CO, led to a severe decrease in APR and NR
activiies and mMRNA levels, but Rubisco was not
considerably affected. Simultaneous addition of sucrose
prevented the reduction in enzyme activities but not in
MRNA levels. OAS could also attenuate the effect of
missing CO, on APR, but did not affect NR. When the
plants were subjected to normal air after 24 hours pre-
treatment in air without CO, both APR and NR activities and
MRNA levels recovered within the next 24 h. Addition of
sucrose and glucose in air without CO, also recovered both
enzyme activities; OAS again influenced only APR. **S0,*
feeding showed that treatment in air without CO, severely
inhibited sulfate uptake and the flux through sulfate
assimilation. After re-supply of normal air or addition of
sucrose, incorporation of *S into proteins and glutathione
greatly increased. OAS treatment resulted in high labelling
of cysteine; the incorporation of *S in proteins and
glutathione was much less increased [X]. These results
corroborate the tight interconnection of sulfate, nitrate, and
carbon assimilation and show that OAS might be the signal
from N assimilation towards S assimilation, but most
probably not vice versa.

REGULATION OF APR BY STRESS

Exposure of plants to various environmental conditions
often causes production of reactive oxygen species and
oxidative stress. GSH plays a prominent role in plant stress
defense as it is the electron donor for regeneration of
ascorbate, the primary ROS scavenger [68]. Thus, oxidative
stress results in a higher demand for GSH and leads to
upregulation of sulfate assimilation [69]. Similarly, demand
for GSH is increased due to exposure to heavy metals or
xenobiotics, since GSH is the precursor of phytochelatins
and used for conjugations by glutathione S-transferases,
respectively [70,71].
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The increase flux through sulfate assimilation is primarily
achieved by an increase of APR activity. The upregulation
of APR and ATPS by Cd, as a model heavy metal, was
documented in various plant species, including maize, pea,
and Brassica juncea [34,70,72,73]. This increase in
enzymatic activity was accompanied by an increase in the
corresponding mMRNA levels indicating a transcriptional
regulation [34,73]. Another example for induction of APR as
a result of oxidative stress is the response of maize to
chilling. Maize is generally a chilling sensitive plant,
because incubation of maize at low temperature leads to
photoinhibition and ROS production. The protection against
chilling injury is linked to GSH production, since GSH
synthesis is induced by chilling and since maize genotypes
with higher GSH content are often chilling tolerant.
Accordingly, to provide cysteine for the increased GSH
synthesis chilling of maize seedlings at 12°C results in a
prominent increase of APR mRNA and activity [31,74]. The
involvement of APR in plant stress defense is corroborated
by many reports of regulation of APR expression by
phytohormones involved in stress signaling. Steady state
MRNA levels of APR isoforms are induced by jasmonate
[75,76], nitric oxide [77], ethylene and salycilate [XVII].
Since also APR activity is induced by jasmonate, everything
points again to a transcriptional control of APR by stress
[76].

We have, however, challenged this view recently when it
became apparent that the regulation of APR is much more
complicated [XVII]. To dissect the molecular mechanisms of
regulation of APR by stress, we analysed Arabidopsis
mutants in the stress signaling pathways for the regulation
of APR. APR activity and mRNA levels of all three APR
isoforms increased three-fold in roots of wild type plants
treated with 150 mM NacCl. Since the regulation of APR was
not affected in mutants deficient in abscisic acid (ABA)
synthesis APR must be regulated by salt stress in an ABA
independent manner. In mutants deficient in jasmonate,
salicylate, or ethylene signaling APR mRNA levels were
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increased upon salt exposure similar to WT plants, showing
that these pathways are not involved in regulating APR
transcript by salt. Surprisingly, however, APR enzyme
activity was not increased by salt in these mutants. This
indicates that APR is regulated post-transcriptionally and
that the signalling pathways were necesarry to induce such
posttranscriptional regulator. The same result was obtained
in mutants affected in cytokinin and auxin signaling.
Signaling via gibberelic acid on the other hand turned out to
be essential for the increase in APR mRNA by salt
treatment. These results demonstrate an extensive post-
transcriptional regulation of plant APR and reveal that the
sulfate assimilation pathway is controlled by a complex
network of multiple signals on different regulatory levels
[Xvii].

APS REDUCTASE IN CONTROL OF SULFATE
ASSIMILATION

Several characteristics of APR suggest that it is the enzyme
controlling the pathway of sulfate assimilation. Firstly, we
and others never detected any back reaction of APR, the
synthesis of APS from sulfite and AMP, with recombinant
assimilatory enzymes from bacteria or plants. Secondly, the
enzyme is highly regulated and often it is the only enzyme
in the pathway responding to the treatment. In addition,
overexpression of APR in plants leads to high accumulation
of reduced sulfur compounds causing severe stress, while
overexpression of other genes of the pathway produce no
visible phenotypes [78-80]. Using two different approaches
we firmly established APR as the key enzyme of the sulfate
reduction pathway.

We have utilized Arabidopsis root cultures to investigate the
changes in flux through sulfate assimilation by thiols.
Addition of the thiols into nutrient solution results in
decrease in APR mRNA and protein accumulation and also
the enzyme activity [IX]. Feeding experiments using
[**S]sulfate in the presence of 0.5 mM cysteine or GSH
showed that both thiols also decreased sulphate uptake
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and the incorporation of the radioactivity into cysteine,
GSH, and proteins. Since this treatment affected solely
APR, but not ATPS, SiR, or OAS (thiol)lyase, the data were
subjected to control flux analysis to calculate the control
coefficient of APR. Starting from internal sulfate the flux
control coefficient of APR is 0.9 (equivalent to 90% of the
total control), showing a very high control of the pathway by
APR. When the flux is calculated from external sulfate, the
control is shared with sulfate uptake. APR thus indeed
possesses a high control over the flux through the sulfate
reduction pathway [IX].

Independent evidence for the key role of APR in controlling
plant sulfur homeostasis was obtained by quantitative
genetics exploiting Arabidopsis natural variation [XIl]. Two
ecotypes of Arabidopsis, Bay-0 of European origin and
Shahdara isolated in Tadjikistan, differ in sulfate
accumulation. Measuring sulfate concentration in 420
recombinant inbred lines generated from crossing of these
ecotypes and using quantitative trait analysis two major loci
controlling sulfate levels were identified. One of these loci
comprised a region on chromosome 1 including the gene
encoding APR2 isoform of APS reductase. We have
analysed the parental ecotypes and two near isogenic lines
(NIL) which differed only in the region around the QTL.
Lines containing the Shahdara allele accumulated ca. 25%
more sulfate and the foliar APR activity was significantly
reduced. Overexpression of the Bay-0 APR2 allele in
Shahdara restored APR activity and reduced sulfate
accumulation to normal levels [XIII]. Analysis of apr2 knock-
out in Col-0 background revealed a decrease of APR
activity to ca. 25% (the remaining activity derived from
APR1 and APR3) and an about 50% higher sulfate content
in the mutants compared to wild type Col-0 plants. Thus,
clearly, reduction of APR activity in the apr2 plants or in
Shahdara leads to accumulation of sulfate [XIII]. In order to
find the molecular basis for the difference in APR activity
between Shahdara and Col-0 or Bay-0O we expressed the
APR2 proteins from each ecotype in E. coli using the pET
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expression system and analysed the Kkinetics of the
recombinant enzymes. APR2 in Shahdara differs from Col-
0 and Bay-0 by 3 amino acid substitutions. One of these
substitutuions is an exchange of Ala for Glu very close to
the active centre in the C-terminal Trx-like domain. We thus
predicted that the binding of GSH as electron donor would
be affected in the Shahdara enzyme. Indeed, the Ky, for
GSH increased from 8 mM to 31 mM way above
physiological GSH concentration, while Ky for APS was not
changed. The Vp. of the Shahdara enzyme was also
reduced, ca. 4,000-fold compared to the enzyme from Col-0
and Bay-0. We have thus brought evidence that a single
nucleotide polymorphism in Shahdara results in a crucial
amino acid alteration that reduces the enzyme performance
several thousand-fold, diminishing thus sulfate reducing
capacity in this ecotype and leading to accumulation of
sulfate [XIIl]. APR2 thus controls sulfate accumulation in
Arabidopsis.
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CONCLUSIONS

Our investigations of sulfate assimilation pathway, namely
the adenosine 5’-phosphosulfate reductase, and application
of molecular methods resolved many of the old open
gquestions. The controversy about the "free sulfite" and
"bound sulfite" routes was resolved and the responsible
enzyme APS reductase was well characterized
biochemically. A new isoform of APS reductase has been
discovered in lower plants and algae, resulting in discovery
of a very interesting case of two enzyme isoforms
catalyzing the same reaction with and without an iron-sulfur
cluster as coenzyme. The regulation of APS reductase has
been well described and shown to be largely driven by
demand for reduced sulfur. Most of these results, most
significantly including a control flux analysis, indicate that
APS reductase is the enzyme possessing the highest
control over the flux through sulfate assimilation.

Still, many important issues need to be resolved. The
catalytic mechanisms of the two APS reductase will have to
be solved to understand the exact role of the iron sulfur
cluster. In addition, the molecular mechanisms of regulation
of APR are still elusive. There, functional genomics and
forwards and reverse genetics approaches are required to
dissect the signals and transduction pathways leading to
the described regulation of APR. Thus, APR will further
remain in the centre of sulfur research.

24



25



REFERENCES
Publications used for the dissertation:

I. Kopriva S., Muheim R., Koprivova A., Trachsler N., Catalano
C., Suter M., Brunold C. (1999) Light regulation of assimilatory
sulfate reduction in Arabidopsis thaliana. Plant J. 20, 37-44

Il. Suter M., von Ballmoos P, Kopriva S., Op den Camp R.,
Schaller J., Kuhlemeier C., Schirmann P., Brunold C. (2000)
Adenosine 5'-phosphosulphate sulfo-transferase and
adenosine 5’-phosphosulfate reductase are identical enzymes.
J. Biol. Chem. 275, 930-936

lll. Koprivova A., Suter M., Op den Camp R., Brunold C., Kopriva
S. (2000) Regulation of sulfate assimilation by nitrogen in
Arabidopsis thaliana. Plant Physiol. 122, 737-746

IV. Weber M., Suter M., Brunold C., Kopriva S. (2000) Sulfate
assimilation in higher plants: Characterization of a stable
intermediate in the adenosine 5’-phosphosulfate reductase
reaction. Eur. J. Biochem. 267, 3647-3653

V. Koprivova A., Melzer M., von Ballmoos P, Mandel, T., Brunold

C., Kopriva S. (2001) Assimilatory sulfate reduction in Cz, Cs-

C,, and C, species of Flaveria. Plant Physiol. 127, 543-550

.Kopriva S., Buchert T., Fritz G., Weber M., Suter M., Benda

R., Schaller J., Feller U., Schirmann P., Schiinemann V.,

Trautwein A.X., Kroneck P.M.H., Brunold C. (2001) Plant

adenosine 5’-phosphosulfate reductase is a novel iron-sulfur

protein. J. Biol. Chem. 276, 42881-42886

VII. Kopriva S., Bichert T., Fritz G., Suter M., Benda R.,
Schinemann V., Koprivova A., Schirmann P., Trautwein A.X.,
Kroneck P.M.H., Brunold C. (2002) The presence of an iron-
sulfur cluster in adenosine 5'-phosphosulfate reductase
separates organisms utilizing adenosine 5'-phosphosulfate and
phosphoadenosine 5'-phosphosulfate for sulfate assimilation.
J. Biol. Chem. 277, 21786-21791

VIII. Koprivova A., Meyer A., Schween G., Herschbach C.,
Reski R., Kopriva S. (2002) Functional knockout of the
adenosine 5 phosphosulfate reductase gene in Physcomitrella
patens revives an old route of sulfate assimilation. J. Biol.
Chem. 277, 32195-32201

IX.Vauclare P., Kopriva S., Fell D., Suter M., Sticher L., von
Ballmoos P., Krahenbiihl U., Op den Camp R., Brunold C.
(2002) Flux control of sulphate assimilation in Arabidopsis

Y

26



thaliana: Adenosine 5’-phosphosulphate reductase is more
susceptible to negative control by thiols than ATP sulphurylase.
Plant J. 31, 729-740

X. Kopriva S., Suter M., von Ballmoos P., Hesse H., Krahenbihl
U., Rennenberg H., Brunold C. (2002) Interaction of sulfate
assimilation with carbon and nitrogen metabolism in Lemna
minor. Plant Physiol. 130, 1406-1413

XI. Hesse H., Trachsel N., Suter M., Kopriva S., von Ballmoos P.,
Rennenberg H., Brunold C. (2003) Effect of glucose on
assimilatory sulfate reduction in roots of Arabidopsis thaliana.
J. Exp. Bot. 54, 1701-1709

XIl. Durenkamp M., De Kok L.J., Kopriva S. (2007)
Adenosine 5' phosphosulphate reductase is regulated
differently in Allium cepa L. and Brassica oleracea L. upon
exposure to H,S. J. Exp. Bot. 58, 1571-1579

XIII. Loudet O., Saliba-Colombani V., Camilleri C., Calenge F.,
Gaudon V., Koprivova A., North K.A., Kopriva S., Daniel-
Vedele F. (2007) Natural variation for sulfate content in
Arabidopsis is  highly controlled by adenosine 5'-
phosphosulfate reductase. Nature Gen. 39, 896-900

XIV. Kopriva S., Fritzemeier K., Wiedemann G., Reski R.
(2007) The putative moss 3’phosphoadenosine 5
phosphosulfate reductase is a novel form of adenosine 5’
phosphosulfate reductase without iron sulfur cluster. J. Biol.
Chem. 282, 22930-22938

XV. Wiedemann G., Koprivova A., Schneider M., Herschbach
C., Reski R., Kopriva S. (2007) The role of the novel
adenosine 5'-phosphosulfate reductase in regulation of sulfate
assimilation of Physcomitrella patens. Plant Mol. Biol. 65, 667-
676

XVI. Patron N., Durnford D., Kopriva S. (2008) Sulfate
assimilation in Eukaryotes: Evolutionary origins and subcellular
localisation. BMC Evol. Biol. 8, 39

XVII.  Koprivova A., North K.A., Kopriva S. (2008) Complex
signaling network in regulation of sulfate assimilation by salt
stress in Arabidopsis roots. Plant Physiol. 146, 1408-1420

27



Publications cited in the text

1.

Truper, H. G., & Fischer, U. (1982) Anaerobic oxidation of
sulphur compounds as electron donors for bacterial
photosynthesis. Philos. Trans. R. Soc. Lond. B Biol. Sci. 298,
529-542.

Postgate, J. R. (1984) The sulphate-reducing bacteria,
Cambridge University Press, Cambridge, United Kingdom.
Leustek, T., Martin, M. N., Bick, J. A., & Davies, J. P. (2000)
Pathways and regulation of sulfur metabolism revealed
through molecular and genetic studies. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 51, 141-165.

Kopriva, S., & Rennenberg, H. (2004) Control of sulphate
assimilation and glutathione synthesis: interaction with N and
C metabolism. J. Exp. Bot. 55, 1831-1842.

Rausch, T., & Wachter, A. (2005) Sulfur metabolism: a
versatile platform for launching defence operations. Trends
Plant Sci. 10, 503-509.

Kopriva, S. (2006) Regulation of sulfate assimilation in
Arabidopsis and beyond. Ann. Bot (Lond) 97, 479-495.
Hawkesford, M.J., & De Kok, L.J. (2006) Managing sulphur
metabolism in plants. Plant Cell Environ. 29, 382-395.
Kopriva, S., & Koprivova, A. (2004) Plant adenosine 5'-
phosphosulphate reductase: the past, the present, and the
future. J. Exp. Bot. 55, 1775-1783.

. Schmidt, A. (1972) On the mechanism of photosynthetic

sulfate reduction. An APS-sulfotransferase from Chlorella.
Arch. Microbiol. 84, 77-86.

10.Schmidt, A. (1973) Sulfate reduction in a cell-free system of

Chlorella. The ferredoxin dependent reduction of a protein-
bound intermediate by a thiosulfonate reductase. Arch.
Microbiol. 93, 29-52.

11.Schmidt, A., & Jager, K. (1992) Open questions about sulfur

metabolism in plants. Annu. Rev. Plant Physiol. Plant Mol.
Biol. 43, 325-349.

12.Schwenn, J. D. (1989) Sulfate assimilation in higher plants: a

thioredoxin-dependent PAPS-reductase from spinach leaves.
Z. Naturforsch. 44c, 504-508.

13.Gutierrez-Marcos, J. F., Roberts, M. A., Campbell, E. I., &

Wray, J. L. (1996) Three members of a novel small gene-
family from Arabidopsis thaliana able to complement
functionally an Escherichia coli mutant defective in PAPS

28



reductase activity encode proteins with a thioredoxin-like
domain and "APS reductase” activity. Proc. Natl. Acad. Sci.
USA 93, 13377-13382.

14.Setya, A., Murillo, M., & Leustek, T. (1996) Sulfate reduction in
higher plants: Molecular evidence for a novel 5’-adenylsulfate
reductase. Proc. Natl. Acad. Sci. USA 93, 13383-13388.

15.Wray, J. L., Campbell, E. I., Roberts, M. A., & Gutierrez-
Marcos, J. F. (1998) Redefining reductive sulfate assimilation
in higher plants: a role for APS reductase, a new member of
the thioredoxin superfamily? Chem. Biol. Interact. 109, 153-
167.

16.Leustek, T., & Saito, K. (1999) Sulfate transport and
assimilation in plants. Plant Physiol. 120, 637-644.

17.Krone, F. A., Westphal, G., & Schwenn, J. D. (1991)
Characterisation of the gene cysH and of its product phospho-
adenylylsulphate reductase from Escherichia coli. Mol. Gen.
Genet. 225, 314-319.

18.Abola, A. P., Willits, M. G., Wang, R. C., & Long, S. R. (1999)
Reduction of adenosine-5 -phosphosulfate instead of 3 -
phosphoadenosine-5 '-phosphosulfate in cysteine biosynthesis
by Rhizobium meliloti and other members of the family
Rhizobiaceae. J. Bacteriol. 181, 5280-5287.

19.Bick, J. A., Dennis, J. J., Zylstra, G. J., Nowack, J., & Leustek,
T. (2000) Identification of a new class of 5 "-adenylylsulfate
(APS) reductases from sulfate-assimilating bacteria. J.
Bacteriol. 182, 135-142.

20.Williams, S. J., Senaratne, R. H., Mougous, J. D., Riley, L. W.,
Bertozzi, C. R. (2002) 5'-adenosinephosphosulfate lies at a
metabolic branch point in mycobacteria. J. Biol. Chem. 277,
32606-32615.

21.Berndt, C., Lillig, C.H., Wollenberg, M., Bill, E., Mansilla, M.C.,
de Mendoza, D., Seidler, A., & Schwenn, J.D. (2004)
Characterization and reconstitution of a 4Fe-4S adenylyl
sulfate/ phosphoadenylyl sulfate reductase from Bacillus
subtilis. J. Biol. Chem. 279, 7850-7855.

22.Kim, S.K., Rahman, A., Bick, J.A., Conover, R.C., Johnson,
M.K., Mason, J.T., Hirasawa, M., Leustek, T., & Knaff, D.B.
(2004) Properties of the cysteine residues and iron-sulfur
cluster of the assimilatory 5'-adenylyl sulfate reductase from
Pseudomonas aeruginosa. Biochemistry 43, 13478-13486.

29



23.Carroll, K.S., Gao, H., Chen, H., Leary, J.A., & Bertozzi, C.R.
(2005) Investigation of the iron-sulfur cluster in Mycobacterium
tuberculosis APS reductase: implications for substrate binding
and catalysis. Biochemistry 44, 14647-14657.

24.Schmidt, A. (1976) The adenosine-5-phosphosulfate
sulfotransferase from spinach (Spinacea oleracea L.).
Stabilization, partial purification and properties. Planta 130,
257-263.

25.Fankhauser, H., & Brunold, C. (1978) Localization of
adenosine 5'-phosphosulfate sulfotransferase in spinach
leaves. Planta 143, 285-289.

26.Brunold, C., & Suter, M. (1989) Localization of enzymes of
assimilatory sulfate reduction in pea roots. Planta 179, 228-
234.

27.Cumming, M., Leung, S., McCallum, J. & McManus, M.T.
(2007) Complex formation between recombinant ATP
sulfurylase and APS reductase of Allium cepa (L.). FEBS Lett.
581, 4139-4147.

28.Gerwick, B. C., Ku, S. B., & Black, C. C. (1980) Initiation of
sulfate activation: a variation in C4 photosynthesis plants.
Science 209, 513-515.

29.Schmutz, D., & Brunold, C. (1984) Intercellular localization of
assimilatory sulfate reduction in leaves of Zea mays and
Triticum aestivum. Plant Physiol. 74, 866-870.

30.Passera, C., & Ghisi, R. (1982) ATP sulphurylase and O-
acetylserine sulphydrylase in isolated mesophyll protoplasts
and bundle sheath strands of S-deprived maize leaves. J. Exp.
Bot. 33, 432-438.

31.Kopriva, S., Jones, S., Koprivova, A., Suter, M., von Ballmoos,
P., Brander, K., Fluckiger, J., & Brunold, C. (2001) Influence of
chilling stress on the intercellular distribution of assimilatory
sulfate reduction and thiols in Zea mays. Plant Biol. 3, 24-31.

32.Ku, M.S.B., Wu, J.R., Dai, Z.Y., Scott. R.A., Chu, C., &
Edwards, G.E. (1991) Photosynthetic and photorespiratory
characteristics of Flaveria species. Plant Physiol. 96, 518-528.

33.Monson, R. K., & Moore, B. D. (1989) On the significance of
Cs-C, intermediate photosynthesis to the evolution of C,
photosynthesis. Plant Cell Environ. 12, 689-699.

34.Heiss, S., Schéfer, H. J., Haag-Kerwer, A., & Rausch, T.
(1999) Cloning sulfur assimilation genes of Brassica juncea L.:
cadmium differentially affects the expression of a putative low-

30



affinity sulfate transporter and isoforms of ATP sulfurylase and
APS reductase. Plant Mol. Biol. 39, 847-857.

35.Reski, R. (1999) Molecular genetics of Physcomitrella. Planta
208, 301-309.

36.Cove, D., Bezanilla, M., Harries, P., & Quatrano, R. (2006)
Mosses as model systems for the study of metabolism and
development. Annu. Rev. Plant Biol. 57, 497-520.

37.Quatrano, R.S., McDaniel, S.F., Khandelwal, A., Perroud,
P.F., & Cove, D.J. (2007) Physcomitrella patens: mosses
enter the genomic age. Curr. Opin. Plant Biol. 10, 182-189.

38.Schéfer, D. G., & Zryd, J.-P., (1997) Efficient gene targeting in
the moss Physcomitrella patens. Plant J. 11, 1195-1206.

39.Kopriva, S., Patron, N., Leustek, T., & Keeling, P. (2008)
Phylogenetic analysis of sulfate assimilation and cysteine
biosynthesis in phototrophic organisms. In: Advances in
Photosynthesis and Respiration Vol. 27 - Sulfur metabolism in
phototrophic organisms. Hell R., Leustek T., Dahl C., Knaff D.
eds. Springer, Dordrecht, pp. 33-60.

40.Gao Y, Schofield O.M. & Leustek T. (2000) Characterization of
sulfate assimilation in marine algae focusing on the enzyme 5'-
adenylylsulfate reductase. Plant Physiol. 123, 1087-1096.

41.Street, J.H., & Paytan, A. (2005) Iron, phytoplankton growth,
and the carbon cycle. Met. lons. Biol. Syst. 43, 153-193.

42.McKay, R.M., Geider, R.J., & LaRoche, J. (1997) Physiological
and Biochemical Response of the Photosynthetic Apparatus of
Two Marine Diatoms to Fe Stress. Plant Physiol. 114, 615-
622.

43.Peers, G., & Price, N.M. (2006) Copper-containing
plastocyanin used for electron transport by an oceanic diatom.
Nature 441, 341-344.

44 Martin, W., & Schnarrenberger, C. (1997) The evolution of the
Calvin cycle from prokaryotic to eukaryotic chromosomes: a
case study of functional redundancy in ancient pathways
through endosymbiosis. Curr. Genet. 32, 1-18.

45.Fritz, G., Buchert, T., Huber, H., Stetter, K. O. & Kroneck, P.
M. H. (2000) Adenylylsulfate reductases from archaea and
bacteria are 1 : 1 al3-heterodimeric iron-sulfur flavoenzymes -
high similarity of molecular properties emphasizes their central
role in sulfur metabolism. FEBS Lett. 473, 63-66.

31



46.Kappler, U., & Dahl, C. (2001) Enzymology and molecular
biology of prokaryotic sulfite oxidation. FEMS Microbiol. Lett.
203, 1-9.

47.Noctor, G., Arisi, A.-C. M., Jouanin, L., Kunert, K.-J.,
Rennenberg, H., & Foyer, C. H. (1998) Glutathione:
biosynthesis, metabolism and relationship to stress tolerance
explored in transformed plants. J. Exp. Bot. 49, 623-647.

48.May, M. J., Vernoux, T., Leaver, C., Van Montagu, M., & Inzé,
D. (1998) Glutathione homeostasis in plants: implications for
environmental sensing and plant development. J. Exp. Bot. 49,
649-667.

49.Rouhier, N., Lemaire, S. D., & Jacquot, J. P. (2008) The role
of glutathione in photosynthetic organisms: emerging functions
for glutaredoxins and glutathionylation. Annu. Rev. Plant Biol.
59, 143-166.

50.Reuveny, Z., Dougall, D. K., & Trinity, P. M. (1980) Regulatory
coupling of nitrate and sulfate assimilation pathways in
cultured tobacco cells. Proc. Natl. Acad. Sci. USA 77, 6670-
6672.

51.Lappartient, A. G., & Touraine, B. (1996) Demand-driven
control of root ATP sulphurylase activity and S0~ uptake in
intact canola. The role of phloem-translocated glutathione.
Plant Physiol. 111, 147-157.

52.Lappartient, A. G., Vidmar, J. J., Leustek, T., Glass, A. D. M. &
Touraine, B. (1999) Inter-organ signaling in plants: regulation
of ATP sulphurylase and sulphate transporter genes
expression in roots mediated by phloem-translocated
compound. Plant J. 18, 89-95.

53.Wyss, H.-R., & Brunold, C. (1980) Regulation of adenosine 5’-
phosphosulfate sulfotransferase by sulfur dioxide in primary
leaves of beans (Phaseolus vulgaris). Physiol. Plant. 50, 161-
165.

54.Brunold, C., Suter, M., & Lavanchy, P. (1987) Effect of high
and low sulphate concentrations on adenosine 5’-
phosphosulphate sulfotransferase activity from Lemna minor
L. Physiol. Plant. 70, 168-174.

55.Hirai, M. Y., Fujiwara, T., Awazuhara, M., Kimura, T., Noji, M.,
& Saito, K. (2003) Global expression profiling of sulfur-starved
Arabidopsis by DNA macroarray reveals the role of O-acetyl-I-
serine as a general regulator of gene expression in response
to sulfur nutrition. Plant J. 33, 651-663.

32



56.Nikiforova, V., Freitag, J., Kempa, S., Adamik, M., Hesse, H.,
& Hofgen, R. (2003) Transcriptome analysis of sulfur depletion
in Arabidopsis thaliana: interlacing of biosynthetic pathways
provides response specificity. Plant J. 33, 633-650.

57.Maruyama-Nakashita, A., Inoue, E., Watanabe-Takahashi, A.,
Yamaya, T., & Takahashi, H. (2003) Transcriptome profiling of
sulfur-responsive genes in Arabidopsis reveals global effects
of sulfur nutrition on multiple metabolic pathways. Plant
Physiol. 132, 597-605.

58.Hartmann, T., Honicke, P., Wirtz, M., Hell, R., Rennenberg, H.,
& Kopriva, S. (2004) Sulfate assimilation in poplars (Populus
tremula x P. alba) overexpressing y-glutamylcysteine
synthetase in the cytosol. J. Exp. Bot. 55, 837-845.

59.Brunold, C., & Schmidt, A. (1978) Regulation of sulfate
assimilation in plants. 7. Cysteine inactivation of adenosine 5'-
phosphosulfate sulfotransferase in Lemna minor L. Plant
Physiol. 61, 342-347

60.Buchner, P., Stuiver, C. E., Westerman, S., Wirtz, M., Hell, R.,
Hawkesford, M. J., & De Kok, L. J. (2004) Regulation of
sulfate uptake and expression of sulfate transporter genes in
Brassica oleracea as affected by atmospheric H(2)S and
pedospheric sulfate nutrition. Plant Physiol. 136, 3396-3408.

61.Westerman, S., Stulen, I., Suter, M., Brunold, C., & De Kok, L.
J. (2001) Atmospheric H,S as sulfur source for Brassica
oleracea: consequences for the activity of the enzymes of the
assimilatory sulfate reduction pathway. Plant Physiol.
Biochem. 39: 425-432.

62.Migge, A., Bork, C., Hell, R., & Becker, T.W. (2000) Negative
regulation of nitrate reductase gene expression by glutamine
or asparagine accumulating in leaves of sulfur-deprived
tobacco. Planta 211, 587-595.

63.Brunold, C., & Suter, M. (1984) Regulation of sulfate
assimilation by nitrogen nutrition in the duckweed Lemna
minor L. Plant Physiol. 76, 579-583.

64.Suter, M., Lavanchy, P., von Arb, C., & Brunold, C. (1986)
Regulation of sulfate assimilation by amino acids in Lemna
minor L. Plant Sci. 44, 125-132.

65.Kopriva, S., Hartmann ,T., Massaro, G., Honicke, P., &
Rennenberg, H. (2004) Regulation of sulfate assimilation by
nitrogen and sulfur nutrition in poplar trees. Trees 18, 320-326.

33



66.Neuenschwander, U., Suter, M., & Brunold, C. (1991)
Regulation of sulfate assimilation by light and O-acetyl-L-
serine in Lemna minor L. Plant Physiol. 97, 253-258.

67.Kocsy, G., Owttrim, G., Brander, K., & Brunold, C. (1997)
Effect of chilling on the diurnal rhythm of enzymes involved in
protection against oxidative stress in a chilling-tolerant and a
chilling-sensitive maize genotype. Physiol. Plant. 99, 249-254.

68.Noctor, G., & Foyer, C.H. (1998) ASCORBATE AND
GLUTATHIONE: Keeping Active Oxygen Under Control. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 49, 249-279.

69.North, K.A., & Kopriva, S. (2007) Sulfur in resistance to
environmental stresses. In: Sulfur in plants — an ecological
perspective. Hawkesford M.J., De Kok L.J. eds. Springer,
Dordrecht, pp. 143-168.

70.Nussbaum, S., Schmutz, D., & Brunold, C. (1988) Regulation
of assimilatory sulfate reduction by cadmium in Zea mays L.
Plant Physiol. 88, 1407-1410.

71.Dixon, D.P., Cummins, L., Cole, D.J., & Edwards, R. (1998)
Glutathione-mediated detoxification systems in plants. Curr.
Opin. Plant Biol. 1, 258-266.

72.Riegsegger, A., Schmutz, D., & Brunold, C. (1990) Regulation
of glutathione synthesis by cadmium in Pisum sativum L. Plant
Physiol. 93, 1579-1584.

73.Lee, S., & Leustek, T. (1999) The affect of cadmium on sulfate
assimilation enzymes in Brassica juncea. Plant Sci. 141, 201-
207.

74.Brunner, M., Kocsy, G., Ruegsegger, A., Schmutz, D., &
Brunold, C. (1995) Effect of chilling on assimilatory sulfate
reduction and glutathione synthesis in maize. J. Plant Physiol.
146, 743-747.

75.Harada, E., Kusano, T., & Sano, H. (2000) Differential
expression of genes encoding enzymes involved in sulfur
assimilation pathways in response to wounding and jasmonate
in Arabidopsis thaliana. J. Plant Physiol. 156, 272-276.

76.Jost, R., Altschmied, L., Bloem, E., Bogs, J., Gershenzon, J.,
Hahnel, U., Hansch, R., Hartmann, T., Kopriva, S., Kruse, C.,
Mendel, R.R., Papenbrock, J., Reichelt, M., Rennenberg, H.,
Schnug, E., Schmidt, A., Textor, S., Tokuhisa, J., Wachter, A.,
Wirtz, M., Rausch, T., & Hell, R. (2005) Expression profiling of
metabolic genes in response to methyl jasmonate reveals
regulation of genes of primary and secondary sulfur-related

34



pathways in Arabidopsis thaliana. Photosynth Res. 86, 491-
508.

77.Huang, X., Kiefer, E., von Rad, U., Ernst, D., Foissner, |., &
Durner, J. (2002) Nitric oxide burst and nitric oxide-dependent
gene induction in plants. Plant Physiol. Biochem. 40, 625-631.

78.Tsakraklides, G., Martin, M., Chalam, R., Tarczynski, M.C.,
Schmidt, A., & Leustek, T. (2002) Sulfate reduction is
increased in transgenic Arabidopsis thaliana expressing 5'-
adenylylsulfate reductase from Pseudomonas aeruginosa.
Plant J. 32, 879-889.

79.Pilon-Smits, E.A., Hwang, S., Mel Lytle, C., Zhu, Y., Tai, J.C,,
Bravo, R.C., Chen, Y., Leustek, T., & Terry, N. (1999)
Overexpression of ATP sulfurylase in indian mustard leads to
increased selenate uptake, reduction, and tolerance. Plant
Physiol. 119, 123-132.

80.Blaszczyk, A., Brodzik, R., & Sirko, A. (1999) Increased
resistance to oxidative stress in transgenic tobacco plants
overexpressing bacterial serine acetyltransferase. Plant J. 20,
237-243.

35



SOUHRN

Predkladana disertace shrnuje vysledky mého vyzkumu
enzymu 5 -adenyl sulfat reduktazy.

Uvedené vysledky vedou k zavéru, Ze tento enzym je
zodpoveédny za regulaci asimilace siry rostlinami. Asimilace
siry je metabolicky pochod pouZivany bakteriemi, houbami,
fasami a rostlinami pro konverzi anorganického siranu na
sulfid, ktery je dale za¢lenén do aminokyselin cysteinu nebo
homocysteinu.

V poslednim desetileti doSlo k velkému pokroku v
porozuméni regulace rostlinné asimilace siry diky
kombinaci biochemickych a genetickych metod, na kterych
jsme se, spolu se svymi kolegy, velmi vyznamné podileli
vyfeSenim  nékolika dlouho otevienych problému.
PfedevSim tim, zda je sira redukovand s pouZitim
.~vazaného" nebo volného sulfitu a déle polemikou o
reakénim mechanismu enzymu, ktery katalyzuje redukci 5°-
adenyl sulfatu (APS). Biochemickou analyzou
rekombinantni rostlinné APS reduktdzy jsme necekané
objevili, Ze tento enzym obsahuje Zelezo-sirny komplex jako
koenzym. Kromé toho jsme charakterizovali stabilni
meziprodukt reakce skladajici se ze sulfitu kovalentné
vazaného na enzym. Podrobnd analyza pocatecnich
reakénich produktd ukazala, Ze dfive popsany ,vazany
sulfit* je vysledkem chemické reakce mezi skuteénym
produktem enzymu, volnym sulfitem a oxidovanych thiold,
napriklad glutathionu. Tyto vysledky jasné ukazuji, Ze APS
je redukovan enzymem pouzivajicim mechanismus
reduktazy, a proto je jeho spravné jméno APS reduktaza.
Analyzou pochodu redukce siranu v rlznych bakteriich a
rostlindch jsme zjistili, Ze mnoho bakterii pouziva APS
reduktazu a ne typicky bakterialni enzym PAPS reduktazu a
dospéli jsme k zavéru, Ze schopnost pouZivat APS pro
redukci siranu je spojeno s pfitomnosti Zelezo-sirného
komplexu jako koenzymu. Tato teorie se vSak nepotvrdila,
protoZe v nedavné dobé jsme objevili novou izoformu APS
reduktdzy v nizSich rostlinAch a mikrofasach, ktera
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katalyzuje redukci APS, méa podobnou strukturu, ale nevaze
Zelezo-sirny komplex.

Cela Ffada experimentd ukazala, Ze asimilace siry je silné
regulovana pfevazné poptavkou po redukované sife. APS
reduktaza rychle a silné reaguje na chemické podnéty a na
vétSinu zmeén rastovych podminek. Ve svém vyzkumu jsme
pouzivali kombinaci fyziologickych a molekularnich metod,
méfili jsme aktivity enzyml, mnozstvi mRNA a protein(
pomoci northern a western blotl, metabolity a navic i
inkorporaci radioaktivity ze siranu do proteinu a thioll, jako
méfitko priichodu pochodem asimilace siry. Nase vysledky
ukazaly, Ze aktivita APS reduktazy je zvySena pfidanim
sacharidl a redukovanych slouéenin dusiku a sniZzena
nedostatec¢nosti dusiku a kysliéniku uhli¢itého. Regulace
APS reduktazy je komplexni, zahrnujici regulaci na drovni
transkripce, post transkripéni a post translaéni
mechanismy. Biochemické vlastnosti APS reduktazy a
vysoky stupen jeji regulace naznacuji, ze tento enzym je
velmi dulezity pro kontrolu asimilace sulfatu. Vyuzitim
kontrolni metabolické analyzy jsme opravdu ukazali, Ze
APS reduktdza méa velmi vysokou kontrolu nad asimilaci
sulfatu a syntézou cysteinu. Kromé toho jsme metodami
kvantitativni genetiky dokazali, Ze APS reduktaza kontroluje
mnoZstvi sulfatu v listech.

Predkladana disertace dokazuje, ze APS reduktaza je
klicovym enzymem kontrolujicim asimilace sulfatu v
rostlinach.
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