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Abstract
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Project Title : Nitrate transport of the halophilic cyanobacterium, Aphanothece halophytica

grown under normal and salt stress conditions
Investigator : Aran Incharoensakdi
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Chulalongkorn University
E-mail : iaran @ sc.chula.ac.th
Project Period . March 2000 — February 2003

The transport of nitrate by Aphanothece halophytica grown under normal and salt-

stress conditions was investigated. Nitrate transport was monitored by measuring nitrate
remaining in the assay medium using an anion-exchange high performance liquid
chromatography. Kinetic studies revealed that the affinities of nitrate to normal and sali-
stress cells were not significantly different, K; = 416 and 450 uM respectively. However,
the maximum velocity of nitrate uptake for normal cells was about 2 foid of that for salt-
stress cells. Both cells required the presence of Na for the uptake of nitrate. Ammonium
inhibited nitrate uptake whereas the presence of methionine sulfoximine was unable to
release the inhibition by ammonium. Nitrite was found to competitively inhibit nitrate uptake
with a K; value of 84 uM. Both chloride and phosphate anions had no effect on nitrate
uptake. DL-glyceraldehyde, an inhibitor of CO, fixation, reduced nitrate uptake. Monensin
inhibited nitrate uptake in concentration-dependent manner suggesting an involvement of a

Na+-electrochemica| gradient. Amiloride, an inhibitor of Na+lH+ antiporter, reduced nitrate

uptake. Carbonylcyanide-m-chlorophenylhydrazone (CCCP) and N, N'-
dicyclohexylcarbodiimide (DCCD) each severely inhibited nitrate uptake suggesting that a
pH gradient generated by H/ATPase played a role in the transport of nitrate. Exogenously
added glucose or lactate led to an increase of nitrate uptake rendering a further support for
the invoivement of ATP and electrochemical potential for the transport of nitrate into A.
halophytica.

Key Words : Nitrate transport, Cyanobacteria, Salt stress
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CHAPTER 1

INTRODUCTION

1.1 Nitrogen Assimilation

After carbon, oxygén and hydrogen, nitrogen is the most abundant
element in all living cells. Nitrogen is a constituent of a large number of
important compounds found in all living cells. Particular notable-
examples are amino acids, proteins (enzymes) and nucleic acids (RNA
and DNA), while in other examples polyamines and chlorophylls, may
play a major role in some organisms. Most animals do not have the
capacity to assimilate inorganic nitrogen, nor to synthesize half the
amino acids found in protein, unless assisted by bacteria (e.g. in the
rumen of sheep and cattle).

Nitrogen is available to all living cells in the three basic forms: free
nitrogen gas, and as combined inorganic or organic compounds. The
ability to reduce or fix nitrogen gas is found only among the prokaryotes
and exclusively in the photosynthetic cyanobacteria. Nitrogen fixation is
the conversion of gaseous nitrogen (N;) to ammonia. Nitrogen fixation
requires nitrogenase, an oxygen-sensitive irons-, sulphur-, molybdenum-
containing enzyme complex that also brings about the reduction of other
substrates containing triple covalent bonds (nitrous oxide, cyanides,
isocyanides, cyclopropene, and acetylene).

Nitrate i1s a major source of nitrogen for photosynthetic organisms
including cyanobacteria, algae and plants (Guerrero et al, 1990). Nitrate
assimilation takes place by three sequential steps: (1) nitrate transport
into the cell by a specific nitrate permease; (2) reduction to nitrite by

assimilatory niirate reductase; and (3) further reduction to ammonium by



assimilatory nitrite reductase.  The resulting ammonium is then
incorporated into central metabolism through the action of glutamine
synthetase and glutamate synthase.

Upon entering the cells, nitrate is converted to nitrite by nitrate
reductase. There are two types of nitrate reductase known. The first,
and better-known enzyme, is found in eukaryotic algae. This nitrate
reductase complex is similar to that found in fungi and higher plants,
consisting of haem (cytochrome 5-557), flavin adenine dinucleotide
(FAD), and molybdenum (Mo) as a prosthetic group. The best
characterized algae enzyme is from Chlorella; this enzyme has a
molecular mass of about 350,000 and a complex structure (Solomonson
and Barber, 1990). The enzyme catalyzes the reduction of nitrate to
nitrite by reduced pyridine nucleotides according to the reaction:

NO; + NAD(PYH+H" - NO, + NAD{P)' + H,0O

With the higher plant enzyme there is evidence that Mo is contained
in a small complex (molecular mass less than 30,000) that can be fairly
casily separated from the bulk of the enzyme. Haem is present as a
cytochrome b-557 which 1s reduced by NADH and reoxidized by NOs’;
cyanide stops its reoxidization by NO;  but not its reduction by NADH.
The pathway of electrons from NAD(P)H to nitrate through nitrate
redutase from eukaryotes may be depicted as:

NAD(P)H —p (FAD —p cytb-577 —p Mo) —p NO5

The pyridine nucleotide specificity of the enzyme differs in
. different algae. Nitrate reductase is always active with NADH as the
electron donor and, in many algae, only with this. Some algae, however,
are not able to utilize NADPH.

The second type of nitrate reductase 1s found in prokaryotic cells
inciuding cyanobacteria. The prokaryotic nitrate reductase is simpler

and smaller (molecular mass of about 75,000); it also contains



molybdenum but not flavin or cytochrome (Manzano et al, 1976). The
important difference from the enzyme of eukaryotes is that it does not
use pyridine nucleotide as electron donor but reduced ferredoxin. It
therefore catalyzes the reaction:

NO; +2Fd +2H" 3 NO, +2Fd + H,0

Activation of cytosolic nitrate reducts-¢ has been studied in depth
over the last 20 years. In higher plants, there are a number of examples
of nitrate reductase activation by ferricyanide, light, and higher levels of
CO,, but it seems that redox potential (NADH/NAD") could be an
important regulator of proportion of nitrate reductase found in active
form (Solomonson and Barber, 1990). There is a light/dark modulation
of mnitrate reductase, via nitrate reductase phosphorylation /
dephosphorylation reaction, dependent on Mg' and ATP and requiring
regulator proteins. These proteins are a protein kinase (PK) which
phosphorylates nitrate reductase but without inactivating it, an inhibitor
protein (IP) which binds to phospho-nitrate reductase and inactivates it,
and a protein phosphatase (PP) which reactivates nitrate reductase
(Glaab and Kaiser, 1995).

The reduction of NO, to NH, is catalyzed by ferredoxin nitrite
reductase, characteristic of photosynthetic organisms (the second type of
nitrite  reductase, NAD(P)H-nitrite  reductase is found in
nonphotosynthetic organisms). This enzyme appears to be much the
same in algae and in leaves of higher plants. It is a small molecule with
a molecular mass of 60,000-70,000. This enzyme - itains sirohaem
which is an iron tetrahydroporphyrin and where NO,™ probably attaches,
it also contains an iron-sulfur center which participates in electron
transport. The reaction catalyzed is:

NO, +6Fe+8 H' —» NH; + 6 Fe + 2H,0



In the leaves of higher plants, nitrite reductase has been localized
definitely in the chloroplast; information about its localization in algae
cells is lacking, but some results suggest a close linking between nitrite

reduction and the photochemical reaction in the chloroplast.

1.2 Regulation of nitrate assimilation

As the assimilation of nitrogen into protein requires both energy
and organic skeletons, it is not surprising that there are major
interactions between N-assimilation and photosynthetic metabolism
(Bassham et al, 1981). The assimilation of both NH;" and NO; is
dependent on photosynthesis, that is assimilation requires light and
CO»; removal of either of these prevents assimilation. Chlamydomonas
reinhardtii does not assimilate nitrate and ammonium uniess a suitable
source of carbon is provided. Suitable sources are CO, in light or, in
darkness, acetate or the carbon reserves accumulated in nitrogen-starved
cells. Nitrate metabolism is strongly light dependent in green algae.
Nitrate uptake can be stimulated by light, leading to indirect activation
of nitrate reductase. The enzyme nitrate reductase can also be directly
activated by light; light can furthermore induce nitrate reductase
synthesis.

Nitrate uptake is generally believed to be the rate-limiting step in
nitrate assimilation, and the overall rate of nitrate assimilation is tightly
regulated at the nitrate uptake step by the metabolic carbon/nitrogen
status of cells (Flores and Herrero, 1994). It has been known for a long
time that ammonium suppresses nitrate uptake in many algae species
and also in various higher plants. It has been demonstrated many times
that in the presence of both ammonium and nitrate in the medium, the
NH,' is assimilated first, and only when it has gone is NO;" utilized.

Preferential uptake of NH," has been shown often for both marine and



freshwater algae. However, there have been few reports showing
preferential assimilation of nitrate; this phenomenon has been reported
e.g. for Pandorina and Haematococus. There are several reasons for
this preferential assimilation of ammonium. Active nitrate reductase is
not formed in the presence of NH," nor is the NO;™ uptake system. And
even if active nitrate reductase and an NO;™ uptake system are present,
the addition of NH,' can lead to a rapid cessation of NO; utilization.
There are at least three mechanisms by which nitrate reductase activity
can disappear from cells. These include two sorts of reversible
inactivation phenomena and an -irreversible loss of enzyme due,
presumably, to degradation. The effect of addition of NH4' to cells
assimilating NOj is complex. The first effect appears to be an
inhibition of NO;  uptake but this is followed by loss of nitrate
reductase (and nitrite reductase) activities. The loss of nitrate reductase
activity will be partly due to reversible inactivation, and partly due to
irreversible loss of enzyme with the rate of proteolytic breakdown of
nitrate reductase possibly being greater in the presence of NH, . At the
same time addition of NI stops the synthesis of nitrate reductase.
The regulation of the formation of nitrite reductase has received much

less attention.

1.3 Nitrate uptake in cyanobacteria

Nitrate 1s a major source of nitrogen for cyanobacteria. Nitrate
assimilation in cyanobacteriz ,~olves two steps: (i) the uptake process
and (i1) enzymic reduction. The enzyme involved in the reduction of
nitrate to nitrite in cyanobacteria 1is ferredoxin-dependent nitrate
reductase (E.C. 1.7.7.2). It consists of a single polypeptide of 58-85
kDa, a molybdenum cofactor, fo:r non-heme iron and four labile sulfide

(two Fe,S; clusters) per molecule (Mikami and Ida, 1984). The enzyme



nirite reductase (E.C. 1.7.2.1), which mediates the reduction of nitrite
to ammonium, is a polypeptide of 52-68 kDa, having Fe,S, cluster and a
siroheme as prosthetic group. Ammonium resulting from nitrate an
nitrite is assimilated mostly through the GS/GOGAT pathway rendering
glutamate, the principal nitrogen donor in the biosynthesis of other
organic nitrogen compounds. The transport of nitrate has been the least
understood step of nitrate assimilation, although its importance has
been recognized for a long time (Beevers and Hageman, 1983). The
first unequivocal demonstration of a gene responsible for nitrate
transport and of its essential role in nitrate assimilation was done in the
cyanobacterium Synechococus sp. PCC7942 (Omata et al, 1989), and
the subsequent works have shown the structure of the nitrate transporter
of the cyanobacterium (Omata et al, 1993). Clusters of genes involved
in cyanobacterium Syrechococus sp. PCC 7942 nitrate assimilation
have been mapped. They are in an operon that is regulated by nitrogen
availability and are cotranscribed. The operon consists of two nitrogen
regulated genes nirB and ntcB, one structural gene nirA for nitrite
reductase, four genes for nitrate transport (nrtA, nrtB, nrtC, and nrtD),
and one structural gene NarB for nitrate reductase. Nitrate transport is
essential for the growth of the cyanobacterium at physiological
concentrations of nitrate and has been shown to be involved in the
active transport of nitrite as well.

Comparison of the structures of nitrate transporters from
eukaryotic and prokaryotic, photosynthetic and non- photosynthetic
organisms indicate that the nrt nitrate/nitrite transporter represents a
prokarj;;otic nitrate transporter distinct from the nitrate transporter of
eukaryotes.  The activity of the nitrate-assimilation system of
cyanobacteria is regulated transcriptionally in response to changes in

nitrogen availability ; biosynthesis of the NrtA protein, expression of



nitrate-transporting ability, and expression of NR and NiR activities are
all subjected to nutritional repression by ammonium (Herrero et al,
1981). In Synechococus sp. PCC 7942, the concerted regulation of the
activities related to nitrate assimilation is ascribed to co-transcription of
gene nirA-nrtBCD-narB as a single operon. (Suzuki et al, 1992).
Ammonium, either added to the medium or generated internally by
reduction of nitrate, negatively regulates the transcription of the nirA
operon. Since L-methionine sulfoximine (MSX), an inhibitor of
ammonium fixation by glutamine synthetase, induces development of
NR and NiR activities in Synechococus (Herrero et al, 1981), it has been
assumed that a nitrogenous compound(s), resulting from the
assimilation of ammonium, inhibits the expression of the nitrate
assimilation system {Guerrero and Lara, 1987). Nitrate assimilation by
cyanobacteria ts subjected not only to transcriptional regulation but also
to post-translational regulation (Guerrero and Lara, 1987). Addition of
ammonium to the medium causes prompt cessation of nitrate uptake in
nitrate-utilizing cells of Synechococcus sp. PCC 6301, a strain closely
related to the strain PCC 7942 (Lara et al, 1987). As in the regulation
of the nirA operon, fixation of ammonium to Glu is required for the
negative effects of ammonium to prevail on the activity of nitrate
transport. It 1s supposed that a metabolite(s) of Glu acts as a negative
effector of nitrate transport.

By monitoring intracellular accumulation of nitrate in
Synechococus sp. PCC 7942, Rodriguez et al showed a selective and
strong dependence of nitrate transport on millimolar concentrations of
Na' (Rodriguez et al, 1992). Monensin, an ionophore that collapses the
eletrochemical gradient of Na', was shown to depress nitrate transport.
Based on detailed kinetic studies on the sodium-dependent nitrate

transport, Rodriguez et al proposed a sodiumy/nitrate symport driven by



the energy of eletrochemical gradient of Na' as the most likely

mechanism of nitrate transport.

1.4 Relationship of cyanobacteria salt tolerance and nitrate

Salt overloading in soils is by far the major hindrance for plant
growth, and a crucial problem for agriculture. Each organism displays a
salinity tolerance range, which includes its optimal growth conditions,
though larger ranges of salt concentrations (resistance range) may still
be compatible with cell survival. Crop plants are particularly limited in
their tolerance range, whereas other photosynthetic organisms,
including microalgae and cyanobacteria, may display wider acclimation
capacities.  Exposure of cells to salt concentrations that are
physiologically above those present intracellularly threatens them via
two deleterious effects, namely, increase of both the osmotic pressure
and the ion concentration. The water potential decreases, leading to
loss of water by the cells, and simultaneously to influx of ions into the
cytoplasm. Stress from NaCl, in particular, causes a dramatic increase
in the concentration of inorganic ions.

Cyanobacteria, the only prokaryotes performing oxygenic
photosynthesis and probable ancestors of chloroplasts, constitute
valuable models for the study of the molecular mechanisms involved in
tolerance to high salinity, or to its corollary, drought, a major
agricultural problem. The critical demands of cyanobacteria exposed to
high salinity, i.e., accumulation of osmoprotectors and extrusion of
sodium ions, are met through immeiate activation and/or long term
(protein synthesis-dependent) adaptation of various processes: (i)
uptake and endogenous biosynthesis of osmotica, the nature and amount
of which are strain and salt concentration dependent (ii) probable

modifications of membrane lipid composition (iit) increased energetic



capacity, at the level of cyclic electron flow around photosystem [
(through routes induced under these conditions) and cytochrome c¢
oxidase, and (iv) enhancement of H'-ATPase activity and active
extrusion of sodium ions.

Extrusion of sodium ions phenomena have an important influence
on the halotolerance of various organisms. Cyannbacteria do not
accumulate Na® although a transient net Na' uptake may occur in
response to hypersaline upshock (Reed et al, 1985). It was shown -
further that the ability to curtail Na* influx can also be induced by
certain environmental factor like alkaline pH or presence of combined
nitrogen in the form of nitrate or ammonium in the growth medium
(Reddy et al, 1989). Presence of certain nitrogenous compounds in the
growth medium significantly enhanced the salt tolerance of freshwater
cyanobacterium Anabaena sp. strain £.-31 as well as the brackish water
cyanobacterium Anabaena  torulosa. Amoung these, nitrate,
ammonium, and glutamine were most effective followed by glutamate
and aspartate. These nitrogenous compounds also inhibited Na' influx
in both Anabaena sp. with the same order of effectiveness as that
observed for protection against salt stress. The inhibition of Na' influx
on addition of the mnitrogenous substances was rapid; nitrate and
ammonium inhibited Na' influx competitively. Uptake of nitrate and
ammonium increased during salt stress but was not correlated with
growth. Intracellular levels of nitrate and ammonium were found to be
inadequate to constitute a major component of the intermal osm .~um,
These suggest that inhibition of Na' influx by nitrate and/or amonium
is part of a mechanism for protection of cyanobacteria against salt

stress.
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1.5 Objectives of the project
So far the knowledge on nitrate uptake by cyanobacteria has been
very limited. The effect of salinity on the uptake of nitrate is poorly
understood. Moreover, the source of the driving force for the transport
of nitrate is still controversial. These, coupled to our interest in the
mechanism of salt tolerance in cyanobacteria, prompted us to
investigate the wuptake of  nitrate by a unique halotolerant
cyanobacterium Aphanothece halophytica which is capable of growth in
~a wide range of salintty. Specifically the objectives of this project are as
follows :
1.5.1  Study the kinetics of nitrate uptake by A. halophytica grown
under non-stress and salt-stress conditions
1.5.2 Study the regulatory aspects of nitrate uptake by non-stressed
and salt-stressed 4. halophytica
1.5.3 Study the energetic aspects of nitrate uptake by non-stressed and

salt-stressed 4. halophytica
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CHAPTER 2

MATERIALS AND METHODS

2.1 Bacterial strains
Aphanothece halophytica was initially isolated from Solar Lake in
Israel. The organism was kindly provided by Dr. T. Takabe of

Research Institute of Meijo University, Japan.

2.2 Culture of A. halophytica

Ten percent inoculum of Aphanothece halophytica was inoculated
into a 250 ml flask containing 100 ml of Turk Island salt solution +
modified B(G,; medium (see Appendix I} with 0.5 M NaCl, the pH of
the medium was adjusted to 7.6 and grown on a rotary shaker with 160
rpm at 30°C, 60 pEm?s" of continuous irradiance. After 10 days, 10
m! culture was inoculated into the same medium containing either 0.5
M NaCl or 2.0 M NaCl and shaken on a rotary shaker (160 rpm) at

30°C with 2000 lux of continuous illumination.
2.3 Determination of nitrate uptake

2.3.1 Determination of nitrate content by HPLC

The nitrate content was determined by anion-exchange

HPLC method using ana[ytléal Hypersil-10 sax column (10 pm
porous silica gel packing 250 mm x 4.6 mm i.d.) recommended
by Romero et al. (1989). HPLC analyses were performed with
HP series 1050, 4 pumps and UV detector, which was set at 210
nm. 30 mM potassium dihydrogen phosphate buffer pH 3 was
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used as mobile phase and operated at iic flow rate of 1.0

ml/min.

2.3.2 Time courses of nitrate uptake

Ten percent of Aphanothece halophytica were inoculated
mmto a 250 ml flask containing 100 ml of Turk Island salt
solution + modified BG;; medium with 0.5 M NaCl, the pH of
the medium was adjusted to 7.6 and grown on a rotary shaker
with 160 rpm at 30°C, 60 pEm™s" of continuous irradiance.
After 10 days, 10 ml culture was inoculated into the same
medium containing either 0.5 M NaCl (normal) or 2.0 M Na(l
(salt stress) and shaken on the rotary shaker (160 rpm) at 30°C
with 60 pEm™s” of continuous irradiance. After 10 days, the
culture was centrifuged at 2000 g for 10 min and the cell pellet
was suspended in 0.5 M sorbitol, 25 mM Hepes-KOH buffer pH
8.3, 12 mM NaHCO, containing either 0.5 M NaCl or 2.0 M
NaCl followed by the addition of 100 pM NaNQO;. At indicated
time intervals (0 min, 2 min, 4 min, 6 min, 8 min and 10 min)
the reaction was stopped by rapid filtration through a 0.45 pm
nylon filter membrane. The total supernatant was determined
for remaining nitrate content by HPL.C as described in section

231

2.4 Characterization of nitrate uptake

2.4.1 Kinetics of nitrate uptake
A. halophytica was grown in the medium, harvested and
osmotic stress experiment was done as described in 2.3.2 with

an amount of cells equivalent to 25 pg of chlorophyll /ml. To
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determine the kinetic constants of the nitrate uptake system,
initial rates of uptake were determined over a wide range of
nitrate concentrations (100 to 1000 pM NaNOs) using cells
grown under normal and salt stress conditions (0.5 M and 2.0 M
NaCl). The half saturation value (X;) and maximum velocity
(Vmax) were calculated from x-axis and y-axis intercepts

respectively of the double-reciprocal plot, i.e., 1/[s] vs 1/[v].

2.42 Na' requirement of the uptake system
Cell were grown in the medium, harvested and salt stress
experiment was done as described in 2.3.2 with an amount of
cells equivalent to 25 g of chlorophyll a/ml, Initial rates of
uptake were determined in the presence of various Na'

concentrations using NaCl as a source.

2.5 Effect of various ions on nitrate uptake

2.5.1 Effect on NH,  on nitrate uptake

Cells were grown in the medium, harvested and salt stress
experiment was done as described in 2.3.2 with an amount of cells
equivalent to 25 pg of chlorophyll a/ml. The reaction mixture
contained 0.5 M sorbitol in 25 mM Hepes-KOH buffer pH 8.3 and
12 mM NaHCOs. The assay was started by simultaneous addition
“of nitrate and ammonium with irradiance at 60 pEm?s’. At
indicated time intervals (0 min, 2 min, 4 min, 6 min, 8 min and 10
min) the reaction was stopped by filtration through a 0.45 um
nylon filter membrane. The total supermatant was determined for
remaining nitrate content by HPLC as described in section 2.3.1.

To study the effect of ammonium concentrations on nitrate uptake,
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initial rates of uptake were determined in the presence of various
NH," concentrations using NH,CI as a source. To study the effect
of L-methionine D, L-sulfoximine (MSX, an inhibitor of
ammonium assimilation) to remove negative effect of NH,',
preincubation of the cells with 1 mM MSX for 30 min in the dark
was done before assay. The assay was started by simi'taneous
addition of nitrate and ammonium with irradiance. At indicated
time intervals (0 min, 2 min, 4 min, 6 min, 8 min and 10 min) the
reaction was stopped by filtration through a 0.45 pum nylon filter
membrane. The total supernatant was determined for remaining

nitrate content by HPLC as described in section 2.3.1.

2.5.2 Effect of anions on nitrate uptake

Cells were grown 1n the medium, haﬁested and salt stress
experiment was done as described in 2.3.2 with an amount of cells
equivalent to 25 pg of chlorophyll a/ml. The reaction mixture
contained 0.5 M sorbitol in 25 mM Hepes-KOH buffer pH 8.3 and
12 mM NaHCO;. The assay was started by simultaneous addition
of nitrate and nitrite (or nitrate and chloride, or nitrate and
phosphate) with irradiance at 60 puEm?s?. At indicated time
mtervals (0 min, 2 min, 4 min, 6 min, 8 min and 10 min) the
reaction was stopped by filtration through a 0.45 pm nylon filter
membrane. The total supernatant was determined for remaining
nitrate content by HPLC as described in section 2.3.1. To study
the effect of nitrite concentrations on nitrate uptake, initial rates of
uptake were determined in the presence of various nitrite

concentrations.

2.5.3 Effect of DL-glyceraldehyde (DLG) on nitrate uptake



Cells were grown in the medium, harvested and salt
stress experiment was done as described in 2.3.2 with an amount of
cells equivalent to 25 pg of chlorophyll a/ml. The reaction mixture
contained 0.5 M sorbitol in 25 mM Hepes-KOH buffer pH 8.3 and 12
mM NaHCO;. Preincubation of the cells with 30 mM DLG for 30 min
in the dark was done before assay. The assay was started by
simultaneous addition of 100 uM NaNQ; with irradiance at 60 pnEm™s ™.
At indicated time intervals (0 min, 2 min, 4 min, 6 min, 8 min and 10
min) the reaction was stopped by filtration through a 0.45 yum nylon
filter membrane. The total supernatant was determined for remaining
nitrate content by HPLC as described in section 2.3.1. To study the
effect of DLG concentrations on nitrite uptake, initial rates of uptake

were determined in the presence of various DLG concentrations.

2.6 Effect of various inhibitors on nitrate uptake

Cells were grown in the medium, harvested and salt stress
experiment was done as described in 2.3.2 with an amount of cells
equivalent to 25 pg of chlorophyll a/ml. The reaction mixture
contained 0.5 M sorbitol in 25 mM Hepes-KOH buffer pH 8.3 an 12
mM NaHCQO;. Preincubation of the cells with 20 pM monensin (or 100
uM amilorie or 50 pM DCCD or 10 uM CCCP) for 30 min in the dark
was done before assay. The assay was started by simultaneous addition
of 100 uM NaNO; with irradiance at 60 uEm™s”. At indicated time
intervals (0 min, 2 min, 4 min, 6 min, 8§ min and 10 min) the reaction
was stopped by filtration through a 0.45 um nylon filter membrane.
The total supernatant was determined for remaining nitrate content by
HPLC as described in section 2.3.1. To study the effect of various
inhibitors concentrations on nitrate uptake, initial rates of uptake were

determined in the presence of various inhibitors concentration.
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CHAPTER 3

RESULTS

3.1 Characterization of nitrate uptake system

3.1.1 Kinetics of nitrate uptake

We first determine the concentration needed to saturate the
uptake of nitrate by 4. halophytica under normal and salt stress
conditions (0.5 M and 2.0 M NaCl). Figure 3.1 shows that nitrate
uptake rates under normal condition were higher than those under salt
stress condition. When the cells were assayed with 100 uM NaNQO, the
iinear increase of nitrate uptake occurred during the first 2 min and the
uptake was rather constant after that. Initial uptake rates were
determined over a wide range of nitrate concentration (100 to 1000 u
M). The nitrate uptake system was saturable and displayed typical
Michaelis-Menten type kinetics. The Lineweaver-Burk transformation
of the data under these conditions was performed (Fig. 3.2) and the line
of best fit was obtained by using a least squares linear regression. The
apparent K, values for normal and salt stress conditions were 416 and
450 uM respectively, the maximum velocity values (V,..) were 9.1 and

5.3 umol/min/mgChl respectively.

3.1.2 Effect of Na' on nitrate uptake

It has been reported that sodium is required for Nrt-dependent
nitrate uptake in Synechococcus sp. strain PCC 7942 (Rodriguez et al,
1994). We therefore determined whether nitrate uptake by 4.

halophytica is influenced by external sodium. The rate of nitrate uptake
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was determined in reaction mixtures containing 0 to 10 mM NaCl.
Figure 3.3 show that Na' could activate nitrate uptake in both normal
and salt stress conditions. At a fixed concentration of nitrate used, the
uptake of nitrat= appeared to reach saturation at 1 mM Na' for both
conditions. In addition, nitrate uptake was not inhibited by Na" as high
as 10 mM. ,

3.2 Effect of various ions on nitrate uptake

3.2.1 Effect of NH," on nitrate uptake

Figure 3.4 shows the effects of 100 uM ammonium chloride on
nitrate uptake in the presence and absence of mM L-methionine
sulfoximine (MSX). At 100 uM ammonium chloride, the inhibition of
nitrate upltake was hardly observed in the first 2 minutes for both normal
and salt stress conditions. However, slightly lower uptake occurred
after 2 minutes. MSX did not appear to release the inhibition by
ammonium for both normal and salt stress conditions. When higher than
100 uM ammonium chloride was tested, i.e. at 200 uM ammonium,
nitrate uptake rate was reduced for both normal and salt stress
conditions (Fig. 3.5). Again, MSX had no effect on the release of

inhibition by ammonium.

3.2.2 Effect of NO, on nitrate uptake

Nitrite, an alternative i..” vgen source, behaves as an effective
competitive inhibitor of nitrate uptake. Figure 3.6 shows the effect of
100 pM NaNO; on nitrate uptake. In both cases (normal and salt stress
conditions) the addition of nitrite to the uptake media inhibited the net
uptake of nitrate. Figure 3.7 illustrates the response of nitrate uptake

rate to four concentrations of nitrite (50, 100, 200, and 400 pM). In
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comparison to the maximum rate (no nitrite), increasing the
concentration of NO; in the uptake solution gradually inhibited the
uptake of NOj". The inhibition by nitrite appeared to be competitive
because the regression lines of the double reciprocal plots at different
concentrations of nitrite approached a common intercept (Fig. 3.9,
inset). The value of inhibition constant, K,, obtained by plotting the
concentration of nitrite versus slope, was 84 pM (Figs. 3.8 and 3.9).
This indicates that nitrite binds to the nitrate transporter with very high

affinity.

3.2.3 Effect of other anions on nitrate uptake

Previous studies on several genotypes of the genus Hordeum
compared net uptake of nitrate from the solution containing equimolar
concentration of chloride. The kinetics of net nitrate uptake suggested
that the presence of chloride might inhibit nitrate uptake (Smith 1973).
We tested the hypothesis by adding nitrate with various anions to the
assay medium. Figure 3.10 shows the effects of chloride and phosphate
on nitrate uptake. Both 100 uM chloride and 100 uM phosphate did not
inhibit nitrate uptake compared with the control treatment in both
normal and salt stress conditions. The results suggest that chloride and

phosphate have no effect on nitrate uptake in 4. halophytica.

3.3 Effect of various inhibitors on nitrate uptake

3.3.1 Effect of DL-glyceraldehyde (DLG)

As previously reported in Symechococcus sp. PCC 7942
(Rodriguez et al, 1998), nitrate uptake was severely inhibited by
preincubation of the cells with DL.G (a selective inhibitor of CO,
fixation). We have tested this hypothesis in A. halophytica cells by
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preincubation of the cells with 30 mM DLG for 30 min in the dark prior
to the nitrate uptake assay. In both normal and salt stress cells the data
show that when DLG, a selective inhibitor of CO, fixation, was present
in the assay medium, cells of 4. halophytica consumed nitrate from the
medium, but the rate of nitrate uptake was slower than that in the
absence of DLG (Fig. 3.11). The nitrate uptake rates declined with
increasing concentration of DLG (Fig. 3.12). These results strongly
indicated the dependence of nitrate uptake upon active carbon
assimilation. The results presented here confirm that nitrate uptake in

A. halophytica is partly dependent on active CO, fixation.

3.3.2 Effect of metabolic inhibitors on nitrate uptake

The effects of various inhibitors that interfere with ion
gradients, i.e. disrupting Na' electrochemical gradients (monensin),
inhibiting Na'/H" antiportor and/or Na' channel (amiloride), blocking
proton channel (DCCD) and protonophore (CCCP) on the initial rate of
nitrate uptake were examined. Inhibitors were preincubated with the
cells for 30 min prior to the nitrate uptake assay. The results are shown
in Figs. 3.13,3.15, 3.17, 3.19. All inhibitors inhibited nitrate uptake in
both normal and salt stress conditions. In comparison to the maximum
rate obtained without inhibitors, the nitrate uptake rates declined with
increasing concentration of inhibitors (Figs. 3.14. 3.16, 3.18, 3.20).

The concentrations of monensin, amiloride, DCCD and
producing 50° inhibition of nitrate uptake in normal condition were 23,
245, 32, and 22 uM, respectively. The concentrations of monensin,
amiloride, DCCD and CCCP producing 50% inhibition of nitrate uptake
in salt stress condition were 25, 160, 75, and 18 uM, respectively.
CCCP and DCD appeared to be a more potent inhibitor of nitrate

uptake in 4. halophytica. Inhibition of nitrate uptake was almost
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coniplete in the presence of 300 uM CCCP and 300 pM DCCD (Figs,
3.18, 3.20). These results seem to suggest that a pH gradient generated
by H*/ATPase drives nitrate uptake in A. halophytica.

The monensin effect indicates that nitrate uptake relies on the
maintenance of a sodium electrochemical gradient across the
plasmalemma, which may represent an immediate source of energy for
active nitrate uptake. Amiloride treatment of 4. halophytica resulted in
a decreased rate of nitrate uptake. These data suggest that nitrate uptake -
in 4. halophytica cells is partly attributed to the Na'/H™ antiporter

activity.

3.3.3 Combined effects of metabolic inhibitors on nitrate uptake
Treatments that decrease ATP synthesis (i.e. by DCCD) and
trcatments dissipating the proton and Na* gradients (i.e. by CCCP and
monensin} led to the reduced nitrate uptake. We therefore investigated
further how each individual inhibitor of driving force when present
alone or in combination would affect nitrate uptake. Figure 3.21 shows
that either monensin or CCCP or DCCD could reduce nitrate uptake by
about 50% when compared to that in the absence of inhibitor. When
two inhibitors were present together in any combination, only about
10% of nitrate uptake activity was detected. Interestingly, the presence

of three inhibitors together almost completely abolished nitrate uptake.

3.4 Effect of energy source on nitrate uptake
In order to test whether exogenously added energy source can
influence nitrate uptake, zlucose an lactate were employed for this
purpose. Glucose or lactate could increase nitrate uptake to a similar
extent (Fig. 3.22). When glucose and lactate were present together,

there was hardly any further increase of nitrate uptake. Aphanothece
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halophytica cells without energy source supplementation exhibited
considerable nitrate uptake. This was probably due to the transport
driven by endogenous energy source. This contention was supported by
the abolition of nitrate uptake in the presence of KCN, an inhibitor of an
energy-yielding respiration. The strong inhibitory effect of KCN on
nitrate uptake prevailed regardless of the presence of glucose alone or in
combination with lactate. The residual nitrate uptake observed even in
the presence of KCN might arise as a result of passive diffusion of

nitrate into the cells.
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CHAPTER 4

DISCUSSION

| Characterization of nitrate uptake system

| The effect of salinity on nitrate uptake has been studied in the
halotolerant cyanobacterium Aphanothece halophytica with reduced nitrate
reductase activity and hence the transported nitrate nitrate inside the cells
would be minimally reduced. This has been accomplished by tungstate
treatment of A. halophytica to generate cells with reduced levels of nitrate
reductase activity. Molybdenum is a prosthetic group of cyanobacterial
nitrate reductase with an essential role in catalysis (Guerrero and Lara,
1987). Under conditions of molybdenum deprivation, tungsten can be
incorporated into newly synthesized apoprotein in place of molybdenum,
leading to the formation of an inactive nitrate reductase (Lara et al, 1987).
Figure 3.1 shows that nitrate uptake 1n normal condition is higher than that
in salt stress condition. Furthermore, the low level of nitrate uptake observed
at higher concentrations of external nitrate is probably a case of passive
diffusion.

When nitrate concentration was varied the nitrate uptake system
followed typical Michaelis-Menten kinetics.  Using Lineweaver-Burk
transformation of the data, 4. halophytica showed K, values in normal and
salt stres~ ~onditions of 416 and 450 uM respectively. Similarity in K
values suggest that salt stress causes no alteration on the binding site of the
nitrate transport protein. The K values for nitrate uptake by A. halophytica
was much hither than that reported for a filamentous cyanobacterium
Anabaena s=. FCC 7120 (Ks = 31 uM) (Rai and Tiwari, 1999). In this
respect it should be noted that in the present study 0.5 M sorbitol was present
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in the assay medium of niirate uptake to maintain the turgor pressure of A.
halophytica. The possibility that sorbitol might hinder the binding of nitrate
to the transporter cannot be ruled out. However, A. halophytica also showed
a uniphasic nitrate uptake system similar to Anabaena sp. 7120.

The data presented in this study clearly showed that 4. halophytica had
a reduced uptake of nitrate when grown under salt stress (Fig. 3.1)., This is in
contrast with the previous report in a nitrogen-fixing Anabaena torulosa
showing an increase nitrate uptake when grown in 170 mM NaCl (Reddy et
al, 1989). The increase of nitrate uptake in A. torulosa was related to the
increased salt tolerance of the cells via the inhibition of Na' influx which is
proposed to be a major mechanism for protection of A. torulosa against salt
stress. In the present study, log-phase A. halophytica grown under salt stress
was used. At this phase of growth salt stress adaptation via the accumulation
of glycine betaine has been compiete. This was substantiated by the previous
observation that the accumulation of glycine betaine already reached
miximum after 5 days of growth in the medium containing 1.5 M NaCl
(Ishitani et al, 1993). Therefore, a reduced nitrate uptake by 4. halophytica
grown under salt stress may not be related to salt stress adaptation. Another
contributing factor for the salt stress protection is via the regulation of
intracellular Na®. Recently it has been reported that the efflux of Na’
catalyzed by a Na' / H" antiporter appeared to be a major mechanism for salt
stress protection of A. halophytica (Waditee et al, 2001 and Waditee et al,
2002).

Na' requirement for nitrate uptake

The uptake of mnitrate by 4. halophytica was dependent on the
presence of Na' as illustrated in Fig. 3.3 This finding agrees with a previous
study in Anacystis nidulans R2 (Rodriguez et al, 1994). The study showing

that monensin, a dissipator of the electrochemical potential for Na', could
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inhibit nitrate uptake also supported the requirement of Na* for nitrate uptake
by A. halophytica (Fig. 3.14). Not only is nitrate uptake dependent on Na*
but the uptakes of other solutes also require Na" as coupling ions in a number
of organisms, most notably in alkalophilic and halophilic bacteria (Rosen,
1986). Stimulation of the uptake of glycine betaine (Moore et al, 1987) and
choline (Incharoensakdi and Karnchanatat, 2003) by Na’ has also been

shown in 4. halophytica.

Inhibitory effect of NH," on nitrate uptake

Previous studies on nitrate uptake by some cyanobacteria and
microalgae have shown the inhibitory effect of ammonium and that the
inhibition was found to be mediated by ammonium assimilation products
(Omata, 1995). Our results in Fig. 3.5 also give further support for nitrate
uptake inhibition by ammonium. However, it is not certain whether the
inhibition of nttrate uptake by ammonium has any connection with the
process of ammonium assimilation. We found little or no effect of
methionine sulfoximine, an ammonium assimilation inhibitor, on the release
of nitrate uptake from ammonium inhibition. There exists the possibility that
the effect of ammonium on nitrate uptake observed in A. halophytica was
through stimulation of nitrate efflux rather than inhibition of nitrate influx.
A recent study in barley roots demonstrated the increased nitrate efflux upon
exposure to ammonium (Kronzucker et al, 1999). Nevertheless, it is
reasonable to expect that ammonium might have direct effect on the transport
‘ystems as well as effects at the level of transcription via products of
ammonium assimilation. It was demonstrated many times that in the
presence of both ammonium and nitrate in the medium, 1he ammonium is
assimilated first, and only when it has gone is nitrate utilized. However there
have been few reports showing preferential assimilation of nitrate; this

phenomenon bas been reported e.g. for Pandorina and Haematococcus.
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Effect on NO, and anions on nitrate uptake

Nitrite is a particularly interesting candidate for regulation because it
appears to be taken up by the same transporters as nitrate (Aslam et al,
1992). The kinetics of nitrate uptake inhibition by nitrite showing low K;
value (Figs. 3.8, 3.9) suggest that the inhibition is of competitive type, i.e.
both nitrate and nitrite are taken up by the same uptake system. This is in
agreement with previous studies in other cyanobacteria, for example
Synechococcus sp. PCC 7942 with a nitrate-nitrite bispecific transporter
(Maeda and Omata, 1997), Anacystis nidulans R2 (Rodriguez et al, 1992).
However, a very recent study in a filamentous, heterocystous
canobacterium, Nostoc ANTH indicated the existence of separated nitrate
and nitrite uptake systems (Bhattacharya et al, 2002). This was based on the
results of a chlorate-resistant mutant of Nostoc ANTH which lacked nitrate
uptake activity but retained nitrite uptake capacity. Nitrite-specific active
transport system has also been recently reported in Synchococcus sp. PCC
7942 (Maeda et al, 1998) Whether 4. halophytica contains nitrite-specific
transport system remains a subject of further study.

Both chloride and phosphate ha no effect on the uptake of nitrate by A.
halophytica (Fig. 3.10). This suggests that the reduced nitrate uptake under
salt stress condition is not due to chloride ion. Rather, it may be due to the
deleterious effect of high sodium ion. Another possibility of reduced nitrate
uptake caused by salt stress is due to its osmotic effect rather than an ionic

effect.

Reduction of nitrate uptake by an inhibitor of CO, fixation
As the assimilation of nitrogen into protein requires both energy and
organic skeleton, it is not surprising that there are major interactions between

N-assimilation and photosynthetic metabolism. The assimilation of both
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ammonium an nitrate is dependent on phostosynthesis, that is assimilaiuon
requires light and CO,; removal of either of these prevents assimilation. To
investigate the relationship between nitrate assimilation an carbon
dependence in A. halophytica, we tested whether the interruption of CO,
fixation affected nitrate uptake. It turned out that DL-glyceraldehyde which
is an inhibitor of CO; fixation caused a reduction in the nitrate uptake (Fig.
3.12). This indicated the strict dependency of nitrate uptake in A.
halophytica on active CO, fixation. This is logical since CO, fixation will .
provide carbon skeletons as acceptors of ammonium arising from nitrate.
The same phenomenon of positive relationship between nitrate uptake an
CO, fixation was also observed in Synechococcus sp. PCC 7942 (Rodriguez
et al, 1998). Both nitrate uptake an CO, fixation require energy for the
process. Although the source of energy for nitrate uptake in cyanobacteria
remains unsolved, the Na'-dependent active transport or the Na' / NOy
symport system has been suggested which relies on Na' electrochemical
potential as a driving force (Lara et al, 1993). This would obviate the need
for the nitrate uptake process to compete for another energy source, ATP,
which as a result would be utilized mainly for CO, fixation. Consequently,
in terms of energy requirement, the process of nitrate uptake and CO,
fixation will proceed without conflict. This indirectly reinforces the
contention that nitrate uptake in cyanobacteria is Na'-dependent, at least in

A. nidulans R2 and A. halophytica.

Effect of various inhibitors on nitrate uptake

In an attempt to resolve the nature of nitrate uptake in 4. halophytica
we examined its response to several metabolic inhibitors. The uncouples
carbonylcyanide-m-chlorophenylhydrazone an the ATPase inhibitor N, N-
dicyclohexylcarbodiimide each severely inhibited nitrate uptake in A.

halophytica in both normal and salt stress conditions (Figs. 3.18, 3.20)
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These results suggest that a pH gradient generated by H'/ATPase drives
nitrate uptake in 4. halophytica.

The plasma membranes of various prokaryotes have Na'/H" antiproter
activity. We could not ignore the possibility that the uptake of nitrate into
the cells was due to a Na'/H" antiport driven by a pH gradient. Amiloride
has been used as an inhibitor of the Na”/H" antiport and/or Na" channel
blacker (at different concentration), in a wide variety of eukaryotic systems
(Krulwich, 1983). Amiloride treatment of 4. halophytica cells resulted in a
decreased rate of nitrate uptake (Fig. 3.16). These data suggest that nitrate
uptake in A. halophytica cells is caused by the Na'/H" antiporter. However,
there have been reports showing that nitrate transport in Anacystis is
stimulated by amiloride (at pH 8) consistent with inhibition of a Na'-
importing/H -extruding antiport (Lara et al, 1993 and Kaplan et al, 1989).
Increased Na'-dependent nitrate transport activity in amiloride-treated cells
indicates that the electrochemical gradient of Na' required for nitrate
transport is not generated by the Na'/H" antiport, but by other means, the
sodium circuit may thus be the primary chemiosmotic event in cyanobacteria
plasma membranes, at least in cells or species grown at or adapted to alkaline
pH (Miller et al, 1984, Brown et al, 1990, Ritchie, 1992).

Nitrate uptake in A. halophytica is sensitive to monensin, an ionophore
that collapses the electrochemical gradient for sodium, the inhibition being
higher than 50% for monensin concentration as low as 30 uM (Fig. 3.14).
These observations indicate that nitrate uptake in  A. halophytica relies on
the maintenance of an ele ,~chemical gradient of Na™ across the plasma
membrane, which might represent the immediate source for active nitrate
transport. Monensin is a carboxylic polyether ionophore that, in artificial
system, causes the electroneutral exchange of Na' for H' and thereby
collapses the Na" gradient b2twecn the cells and the medium (Pressman,

1976). Synechococcus celis also actively extrude Na* through an Na'/H'
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antiporter (Blumwald et al, 1984) or a primary Na" pump (Brown et al,
1990). The active extrusion of Na* creates an electrochemical potential for
Na" (Ritchie, 1992). The energy conserved in an electrochemical potential
for Na' may, therefore, serve as an energy source for the secondary active
transport of anions. The Na' electrochemical potential comprises an
electrical component and a chemical component. The inhibitory effects of
monensin and amiloride, which dissipate a chemical component, on nitrate
uptake in A. halophytica suggest that at least this component of the .
electrochemical potential of Na“ plays a role in this transport process.
Indeed, an Na'/H' antiporter has been reported to play a role in the extrusion
of Na* which is one of the adaptive mechanisms for salt tolerance in A.

halophytica (Waditee et al, 2001).

Energy source of nitrate uptake

It appeared evident from the results showing the inhibitory effect by
DCCD, CCCP and monensin that both ATP and electrochemical potential
contribute to the driving force for nitrate uptake (Fig, 3.21). Another line of
supporting evidence for this notion came from the experiments using glucose
(which can generate ATP by respiration) and lactate (which can feed
electrons to the electron transport chain, hence producing proton potential
across the membrane), both of which could increase nitrate uptake (Fig.
3.22).

In summary, overall results in this project indicate that A. halophytica
showed the difference in V,, of nitrate uptake between non-stress and salt-
stress cells. Other parameters tested did not elicit different responses
between the two cell types. Under salt stress A. halophytica, in a short term
response, would utilize Na' / H" antiporter to extrude Na’ out of the
cytoplasm in exchange for H' (Waditee et al, 2001 and Waditee et al, 2002).

However, in a long term response to salt stress the uptake of nitrate should
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proceed normally. The synthesis and accumulation of an osmolyte glycine
betaine can then finally be responsible for salt stress protection in A.
halophytica. With regard to an energetic aspect, nitrate transport by A.
halophytica rtelies on the driving force derived from ATP and from
electrochemical potential involving Na” and H' gradients.
.

Suggestions for further work

The present study has shown that in 4. halophytica salt stress could
reduce the uptake of nitrate by about one-half compared to that without salt
stress. The reduced uptake could be due to the consequence of the
adaptation of cells in response to salt stress by extruding Na' out of the cells
via the function of Na'/H" antiporter. In view of the fact that the uptake of
nitrate requires Na’ as a coupling ion and the tendency by the cells to extrude
Na' under salt stress, the reduced nitrate uptake is not unexpected. The next
step 1s to explore how the nitrate after entry into the cells can be assimilated
further. Specifically, we should investigate how salt stress affects the
function of nitrate reductase, an enzyme that catalyzes the formation of
nitrite from nitrate. The information obtained will pave way for a better

understanding of nitrogen metabolism in 4. halophytica under salt stress.
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Appendix 1
Growth Medium for A. halophytica

1). Turks Island Salt Solution
A solution of 5 1 (made with distilled water) of Turks Island

Salt Solution consists of the following components :

A). KCI 333 g
B). MgCl, . 6F1,0 275 g
C). CaCl,.2H,0 733 g
D). MgSO, . 7H,0 34.70 g
E). NaCl 140.80 g

2). BG 11 plus NO; solution

The components of BG 11 plus NOj; solution are as tollows :

A). NaNQO; 150.0 g/l
B). KH,PO, 4.0 g/l
C). MgSO, . 7H,0 75.0 g/l
D). CaCl, . 7H,0 36.0 g/
E). Na,CO; 20.0 g/l
F). Citric acid 6.0 g/t
G). EDTA . Na; 1.0 g/l
H). FeSO,4 . 7TH,O 6.0 g/l

I). Trace element As solution consisting of the following

components in 1 1 solution

H,BO, 268 ¢
MinCl, . 4H,0O 1.81 g
ZnS04 . TH,0O 022 ¢
Na, MoQ, . 2H,;0 0.39 ¢

CuSO4 . SH,0 0.079 g
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Co(NO3), . 6H,0 0.049 ¢

The growth medium is prepared by adding 50 ml of item 2.A
and 5 ml each of items 2.B to 2.1 to 51 of Turks Island Sait Solution.
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Abstract. We have compared the characteristics of nitrate uptake by Aphanothece halophytica grown
under non-stress and salt-stress conditions. Both cell types showed essentially similar patferns of nitrate
uptake toward ammonium, nitrite, and pi-glyceraldehyde. Although the affinities of nitrate to non-stress
cells and salt-siress cells were not significantly different, i.e., X, = 416 and 450 M respectively, the
Voo value for non-stress cells was about twofold of that for salt-stress cells (9.1 vs 5.3 wmol min™'
mg~! Chl). Nitrate uptake by A. halophytica was found to be dependent on Na*. Ammonium jnhibited
nitrate uptake, and the presence of methicnine sulfoximine could not release the inhibition by ammo-
nium. Nitrite appeared 10 competitively inhibit nitrate uptake with a K; value of 84 um. Both chloride and
phosphate anions did not affect nitrate uptake. pL-Glyceraldehyde, an inhibitor of CO, fixation, caused

a reduction in the uptake of nitrate.

Nitrate is an essential nitrogen source for growth in many
heterotrophic and photosynthetic organisms including
cyancbacteria. The rate-limiting step of nifrate assimila-
tion is its active transport into the cells prior to its
reduction to ammonium by the sequential action of ni-
trate reductase and nitrite reductase [2]. The resulting
ammonium is further incorporated into the amide nitro-
gen of glutamine, thus initiating amino acid biosynthesis.

Our laboratory has been using the halotolerant cya-
nobactedum Aphanothece halophytica for the study of
the mechanism of salt tolerance.' We found that carbon
assimilation in termns of photr~vnthetic CO, fixaticn in-
creased in A. halophytica un. ? salt stress [20}. On the
other hand, salt stress also caused an increase in glycine
betaine, a quaternary nitrogenous compound, in A. halo-
phytica subjected to salt stress [4). So far there have been
very few studies in connection with the relationship of
salt tolerance fo nitrate assimilation in cyanobacteria.
Previously it was reported that Anabaena torulosa cul-
tures exposed to salt stress showed an ‘ncreased rate of
nitrate uptake {15].

In the present work, we compared the characteristics
of nitrate uptake in A. halophytica grown under non-
stress and salt-stress conditions. We found that A. Aalo-

—_—
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phytica grown under salt-stress conditions exhibited a
reduction in nitrate uptake rate compared with that under
non-stress condition.

Materials and Methods

Organism and culture. Aphanothece halophytica was grown photo-
autotrophically in BG 11 medium supplemented with 18 mm NaNO, as
deseribed previously [3]. A slight modification was made in which
molybdenum in the medium was replaced with tungsten (o induce the
cells to synthesize nitrate reductase in an inactive form [7]. Cells were
grown in a 250-ml flask containing 100 ml medium on a rotary shaker
at 30°C without CO, supplementation. Continuous illumination was
provided by cool while Auorescent lamps at an irradiance of 60 wEm™?
s!. The concentration of NaCl was adjusted to (.5 M for non-stress
cells and 2.0 M for salt-stress cells.

Assay of nitrate uptake. Log-phase cells were washed with 25 mM
Hepes-KOH buffer, pH 8.3, containing 12 my NaHCO, and 0.5 M
sorbitol, and were suspended in the same buffer at a chlorephyll (Chl)
concentration of 25 pg/mL determined as described by Mackinney [9].
The reaction was started by the addition of 100 pm NaNO; or KNO,
to the suspension kept ar 30°C in the light with an irradiance of 60
wEm™? 57} After 2 min of incubation, the duration in which nitrate
uptake increased linearly, the cell suspension was rapidly filtered
through a 0.45-um membrane filter. The uitrate content remaining in
the filtrate was determined by anion-exchange high performanee liquid
chromatography (Hypersil-10 Sax column, 250 mm X 4.6 mm). The
values shown in the figures represent the averages of two independent
experiments whose variations were less than 15% of the average.
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Fig. 1. Kinetics of nitrate upiake by A. halophyrica grown under
non-stress (O) and salt-stress (@) conditions, {A) Initial rates of nitrate
uptake as a function of external nitrate concentration. (B) Lineweaver-
Burk plots of the initial rates of nitrate uptake. The lines drawn are
those derived from regression analysis of the data.

Results

Kinetics of nitrate uptake. The rates of nitrate uptake
by A. halophytica as a function of external nitrate con-
centration are shown in Fig. 1A. Nitrate uptake rates
increased with increasing concentrations of nitrate for
both non-stress and salt-stress cells. Cells under salt
stress showed a lower nitrate uptake rate than those
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Fig. 2. Initial rates of nitrate uptake as a function of sodium concen-
trations by non-stress (O) and salt-stress (@) cells. The assay of nitrate
uptake was done as described in Materials and Methods, but with no
addition of 12 mM NaHCQ,, and KNO; was used instead of NaNQ; in
the assay medium.

under non-stress at all external nitrate concentrations.
The kinetics of uptake for both ceils were of Michaelis-
Menten types. The apparent K, values determined from
the Lineweaver-Burk plots (Fig. 1B) for non-stress and
salt-stress cells were 416 and 450 um respectively,
whereas the maximal velocities (V) were 9.1 and 5.3
pmol min "' mg ™' Chl, respectively.

Next, we tested whether nitrate uptake was depen-
dent on the presence of Na*. Figure 2 shows that Na™
could activate nitrate uptake in both non-stress and salt-
stress cells. At a fixed concentraiion of nitrate used (100
um), the uptake of nitrate appeared to reach saturation at
1 mm Na™ for both cell types. Furthermore, nitrate up-
take was not inhibited by Na™ as high as 10 mm.

Inhibition of nitrate uptake by ammonium. The pres-
ence of higher than 100 pM ammonium in the assay
medium containing 100 pm nitrate led to a reduction of
nitrate uptake rate for non-stress cells, whereas for salt-
stress cells inhibition of nitrate uptake was observed at
higher than 50 pm ammonium (Fig. 3). Ammonium was
slightly more effective for the inhibition of nitrate uptake
in the salt-stress cells than in the non-stress-cells, i.e.,
about one-half of nitrate uptake was inhibited in salt-
stress cells, whereas about one-third was inhibited in
non-stress cells at 200 wm ammonium. The inhibition of
nitrate uptake was nearly complete at 300 wM ammonium
in both cell types. We also tested the effect of methionine
sulfoximine on the prevention of ammonium inhibition
of nitrate uptake. It was found that preincubation of the
cells with 1 mmM methionine sulfoximine did not release
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Fig. 4. Initial rates of nitrate uptake as a function of nitrite concentra-
tions by non-stress (O) and salt-stress (@) cells.

the inhibition of nitrate uptake by 300 pM ammonium for
both non-stress and salt-stress cells (data not shown).

Effect of anions on nitrate uptake. Nitrite could inhibit
nitrate uptake in both non-stress and salt-stress cells (Fig.
4). About one-third of nitrate uptake was inhibited by
400 M nitrite in both cells. Increasing concentration of
nitrite resulted in a gradual decline in the nitrate uptake.
By measuring the nitrate uptake rate at various nitrate
and npitrite concentrations, the plot between inhibitor
concentrations and the slopes obtained from double re-
ciprocal plots yielded the inhibition constant (K;) of 84
wM. This indicates that nitrite binds to the nitrate trans-
porter with higher affinity than does nitrate. We also
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Fig. 5. Initial rates of nitrate uptake as a function of oL-glyceraldehyde
concentrations by non-stress (O) and salt-stress (®} cells. The reaction
mixture without nitrate was preincubated with bL-glyceraldehyde in the

dark for 30 min before the addition of 100 pM NaNO; to initiate nitrate
uptake.

tested the effect of chloride and phosphate anions on
nitrale uptake, and the results showed that these two
anjons at equimolar concentration with nitrate were with-
out effect for both non-stress and salt-stress cells (data
not shown).

Effect of CQ, fixation inhibitor on nitrate uptake.
Preincubation of the cells with pL-glyceraldehyde, a se-
lective inhibitor of CO, fixation, before nitrate uptake
assay caused a reduction in the rate of nitrate uptake for
both non-stress and salt-stress cells (Fig. 5). Nitrate up-
take was almost completely inhibited when cells were
preincubated with 300 um pr-glyceraldehyde. The re-
sults indicated that the interruption of CO, fixation,
which led to the deprivation of carbon, would inactivate
nitraie transporter. Hence, it is likely that nitrate uptake
" .} halophytica is highly dependent on active carbon
a.-imilation.

Discussion

The data presented in this study clearly showed that A.
halophytica had a reduced uptake of nitrate when grown
under salt stress. This is in contrast with the previous
ren~ in & nitrogen-fixing Anabaena torulosa, showing
an increased nitrate uptake when grown in 170 mm NaCl
|15]. The increase of nitrate uptake in A. forulosa was
related to the increased salt tolerance of the cells via the
inhibition of Na* influx, which is proposed to be a major
mechanism for protection of A. torulosa against salt
stress. In the present study, log-phase A. halophytica
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grown under salt stress was used. At this phase of
growth, salt stress adaptation via the accumulation of
glycine betaine has been complete. This was substanti-
ated by the previous observation that the accumulation of
glycine betaine already reached maximum after 5 days of
growth in the medium containing 1.5 m NaCl [5]. There-
fore, a reduced nitrate uptake by A. halophytica grown
under salt stress may not be related to salt stress adap-
tation. Another contributing factor for the salt stress
protection is via the regulation of intraceluiar Na™.
Recently, it has been reported that the effiux of Na*
catalyzed by a Na*/H™* antiporter appeared to be a major
mechanism for salt stress protection of A. halophytica
(21, 221.

Half saturation (K,) of nitrate uptake was very sim-
ilar for both A. halophytica grown under non-stress and
salt-stress conditions, i.e., 416 pu for the former and 450
pm for the latter. This suggests that salt stress causes no
alieration on the binding site of the nitrate transport
protein. The K, value for nitrate uptake by A. halophytica
was much higher than that reported for a filamentous
cyanobacterium Anabaena sp. PCC 7120 (K, = 31 pMm)
[14]. In this respect, it should be noted that in the present
study 0.5 M sorbitol was present in the assay medium of
nitrate uptake to maintain the turgor pressure of A. halo-
phytica. The possibility that sorbitol might hinder the
binding of nitrate to the transporter cannot be ruled out.
However, A. halophytica also showed a uniphasic nitrate
uptake systerm similar to that of Anabaena sp. 7120.

Previous studies on nitrate uptake by some cya-
nobacteria and microalgae have shown the inhibitory
effect of ammonium and that the inhibifion was found to
be mediated by ammonium assimilation products {13].
Our results in Fig. 3 also give further support for nitrate
uptake inhibition by ammonium. However, it is not cer-
tain whether the inhibition of nitrate uptake by ammo-
nium has any connection with the process of ammonium
assimilation. We found no effect of methionine sulfoxi-
mine, an ammonium assimilation inhibitor, on the re-
lease of nitrate uptake from ammonium inhibition (data
not shown). There exists the possibility that the effect of
ammonium on nitrate uptake observed in A. halophytica
was through stimulation of nitrate efflux rather than
inhibition of nitrate influx. A recent study in barley roots
demonstrated increased nitrate efflux upon exposure to
ammonium [6].

The uptake of nitrate by A. kalophytica was depen-
dent on the presence of Na*, as illustrated in Fig. 2. This
finding agrees with a previous study in Anacystis nidu-
lans R2 {17]. A preliminary study using monensin, a
dissipator of the electrochemical potential for Na™, also
supported the requirement of Na* for nitrate uptake by
A. halophytica (unpublished results). Not only is nitrate

CURRENT MicrorioLoGY Vol. @ (2003}

uptake dependent on Na™, but the uptakes of other sol-
utes also require Na* as coupling ions in a number of
organisms, most notably in alkalophilic and halophilic
bacteria [19]. Stimulation of glycine betaine uptake by
Na™ has also been shown in A. halophyrtica [12].

The kinetics of nitrate uptake inhibition by nitrite
showing low K| value suggests that the inhibition is of a
competitive type, i.e., both nitrate and nitrite are taken up
by the same uptake system. This is in agreement with
previous studies in other cyanobacteria; for example,
Synechococcus sp. PCC 7942 with a nitrate-nitrite bispe-
cific transporter [10], Aracystis nidulans R2 [16). How-
ever, a very recent study in a filamentous, heterocystous
cyanobacterium, Nostoc ANTH, indicated the existence
of separate nitrate and nitrite uptake systems [1]. This
was based on the results of a chlorate-resistant mutant of
Nostoc ANTH, which lacked nitrate uptake activity but
retained nitrite uptake capacity. A nitrite.specific active
transport system has also been reported recently in Syn-
echococcus sp. PCC 7942 [11]. Whether A. halophytica
contains a nitrite-specific transport system remains a
subject of further study.

To investigate the relationship between nitrate as-
similation and carbon dependence in A. halophytica, we
tested whether the interruption of CO, fixation affected
nitrate uptake. It turned out that pi-glyceraldehyde,
which is an inhibitor of CO, fixation, caused a reduction
in the nitrate uptake (Fig. 5). This indicated the strict
dependency of nitrate uptake in A. halophytica on active
CO, fixation. This is logical, since CO, fixation will
provide carbon skeletons as acceptors of ammonium
arising from nitrate. The same phenomenon of a positive
relationship between nitrate uptake and CO, fixation was
also observed in Synechiococcus sp. PCC 7942 [18]. Both
nitrate uptake and CO, fixation require energy for the
process. Although the source of energy for nitrate uptake
in cyanobacteria remains unsolved, the Na*-dependent
active transport or the Na*/NQ;~ symport system has
been suggested which relies on Na® electrochemical
potential as a driving force [8]. This would obviate the
need for the nitrate uptake process to compete for an-
other energy source, ATP, which as a result would be
utilized mainly for CO, fixation. Consequently, in terms
of energy requirement, the process of nitrate uptake and
CO, fixation will proceed without conflict. This indi-
rectly reinforces the contention that nitrate uptake in
cyanobacteria is Na* dependent, at least in A. nidulans
R2 and A. halophytica.

Overail results in the present study indicate that A.
halophytica showed a difference in V__, of nitrate up-
take between nom-stress and salt-stress cells, Other pa-
rameters tested did not elicit different responses between
the two cell types. Under salt stress, A. halophytica, in a
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short-term response, would utilize Na*/H™ antiporter to
extrude Na* out of the cytoplasm in exchange for H*
[21, 22]. Since the uptake of nitrate appeared to require
Na" as a coupling ion, the reduced nitrate uptake under
salt stress seen in Fig. 1 was not unexpected. However, in
a long-term response to salt stress, the uptake of nitrate
should proceed normally. The synthesis and accumula-
tion of an osmolyte glycine betaine can then finally be
responsibie for salt-stress protection in A. halophytica.
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Abstract

The uptake of [**C]choline by a suspension of exponentia-phase Aphanothece ha‘fé}gﬁ)gﬁ'ca under various conditions has been studied.
Salt stress was found to enbance the uptake of choline. The kinetics of choline tn_ansport?bllowed the Michaelis—Menten relationship with
apparent K, values of 272 and 286 uM, maximum rates of transport (¥ pay) of 1874md: 37 nmol/min/mg protein for unstressed and salt-stressed
cells, respectively. Choline uptake under salt stress was significantly reduced chlommphemcol—treated cells, suggesting that the activation
by salt stress occurred via an mduc:]ble transport system. This was com)borated by the existence of the periplasmic choline binding protein,
whose content was higher-inrcells grown under salt-stress condition. nxngenous]y pmwded choline significantly increased the growth rate of
cells grown under salt stress, although less efficiently than glycin The'presence of 1 mM choline in the growth medium conferred
tolerance to high salinity on 4. halophytica with the maintenafice "of high~growth up to 1.5 M NaCl. The uptake of choline was Na'-
dependent, sensitive to various metabolic inhibitors as well“4% thiol-reactive agents. The results of competition studies suggested that

N-methyl on one end of molecule and on the other end eJthcr am: aldehyde an alcohol or a neutral group were important features for

substrate recognition.
© 2003 Published by Elsevier Science B.V.

Keywords: Choline uptake; Salt stress; Cyanobacte;gia'

1. Introduction

High salinity in soils and in, aqueous environment is an
important physical factor that affects growth and survival of
living organisms. In bacteria, salt stress can trigger the flux
of water across the_cytoplasmic membrane. Thus, to aveid
dehydration under high salinity or lysis under low salinity
growth conditions, bacteria must posses active mechanisms
that allow them to adapt to changes in the concentration of
salt in the environment [1,2]. Among these mechanisms,
one of the most ciearly established systems is the accumu-
lation of organic compatible solutes or osmoprotectants like
amino acids, sugars and betaines under conditions of high
concentration of salt [2]. Such accumulations increase the
cytoplasmic osmolarity without disturbing cellular metabo-
lism [3]. The most universally adopted compatible solute is
glycine betaine, which can be accumulated during salt stress

* Corresponding author. Tel.: +66-2-2185424; fax: +66-2-2185418.
E-mail address: iaran@sc.chulaac.th {A. Incharoensakdi).

0304-4165/03/$ - see front matter © 2003 Published by Elsevier Scieace B.V.

doi:10.1016/50304-4165(03 Y00052-7

or osmotic stress by a large variety of bacteria mcluding
cyanobacteria [4-6].

For the cyancbacteria, the type of compatible solutes
synthesized or accumulated in the cells has been used to
differentiate the degree of tolerance to external salinity. For
example, strains with low salt tolerance (max 0.7 M)
synthesize sucrose or trehalose, strains with moderate salt
tolerance (max 1.8 M) synthesize glucosylglyceroi and
strains with high salt tolerance synthesize glycine betaine
7).

The accumulation of glycine betaine . s either via
transport from the environment or viz biosynthesis from a
two-step oxidation of choline with betaine aldehyde as an
intermediate [4,6,8). Choline itself can serve as an osmo-
protectant in an organism provided that the organism
possesses both choline uptake and choline oxidation activ-
ity. Mutants of Escherichia coli defective in their ability to

convert choline to glycine betaine cannot grow at elevated - ¢

osmotic strength [8]. The uptake of choline collowed by
two-step oxidation to glycine betaine is thercfore an impor-
tant element to confer tolerance to osmotic stress in micro-
organisms. The uptake of choline has been studied in a large
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number of bacteria [9-11] but so far no suck study has
been teported for cyanobacteria. Most of studies for the
uptake of compatible solutes in cyanobacteria were done by
Hagemann's group using a moderately halotolerant Syne-
chocystis sp. PCC 6803, which accurnulates glucosylgly-
cerol in response to salt stress [12,13]

Aphanothece halophytica is a high salt tolerant cyano-
bacterium capable of growth in media containing NaCl
concentration as high as 3.0 M [i4]. The natural habitat of
A halophytica used in the present study is in Solar Lake,
Israel. Previously we have shown that exogenously pro-
vided choline could confer salt tolerance on 4. halophytica
via the accumulation of glycine betaine (6]. Glycine betaine
transport bas been shown to be increased by A. halophytica
grown in media of elevated osmotic strength [13]. This
paper describes the influence of salt stress on choline uptake
in A. halophytica. Evidence for the existence ol a periplas-
mic choline binding protein is also presented for the first
time in cyanobacteria.

2. Materials and methods
2.1. Chemicals

[methyl-'*C]Choline (58 mCi/mmol) was obtained from.
the Radiochemical Centre, Amersham, England. Dinitro-
phenol and potassium cyanide were obtained from E. Merck
AG, Darmstadt, Germany. Acetylcholine, betaine aldehyde,
chloramnphenicol, N-ethylmaleimide, glycine betaine, grami-
cidin D, phosphorylcholine and sodium p-chléromercuri-
benzoate were purchased from Sigma Chemical Co., St.
Louis, USA, Sodium arsenate, sodium fluoride, sorbitol and
glycine were obtained from BDH, England. All reagents
used were of analytical grade.

2.2. Growth conditions.for A. halophytica

A. halophytica cells were grown photoautotrophically in
BGy, mediun supplemented with 18 mM NaNO; and Turk
Island sait solution as described previously at an trradiation
of 60 uEm™ s [16]. Cotton-plugged 250-mi conical flasks
confaining 100 ml of medium were used and shaken on a
rotary shaker at 30 °C. The concentration of NaCl in the
growth medium was adjusted by adding an appropriate
amount of NaCl to the medium, ie. 0.5 M for unstress
and 2.0 M for salt-stress conditions, Cell growth was
followed by menitoring OD+s.

2.3. Transpart assays

Cells at late log phase were harvested by centrifugation
(8000 x g, 10 min), washed twice with 50 mM Hepes—
NaOH buffer pH 7.5, and suspended to a concentration of
ca. 0.1 mg cell protein/ml in the same buffer containing
either 0.5 M NaCl (unstress) or 2.0 M NaCl (salt-stress).

The uptake experiment was initiated by adding [methy!-

'“Cicholine with a specific activity of 0.1 pCi/umoi at a
final concentration of 50 uM or otherwise stated. The cell
suspension was incubated at 37 °C with shaking at 200
rpm. Aliquots were withdrawn at 1-min intervals and
rapidly filtered through HAWP cellulose nitrate filters
{0.45-um pore size; Millipore). The filters were washed
twice with 3 ml of buffer (same osmolarity as the assay
buffer) and the radioactivity trapped in the cells was
determined by counting with a scintillation counter. The
rate of choline uptake was linear for at.léast 3 min depend-
ing on cell density and choline. concerrtration. Inittal choline
uptake rates were determined from the linear increase of
uptake and are expressed as nanomoles of choline taken up
per minute per milligtam protein as determined by the
method of Bradford [I7] usig bovine serum albumin as
a standard. In inkiibitory assays, the cells were preincubated
with the m}:ubitor for 307tin at 37 °C before the addition of
[methyl-** ]cholme In competition experiments, cells were
added to a mixture of labeled substrate and unlabeled
analogs. Unless otherwise indicated, al! data are averages
oﬁ'dupli'catc assays of two independent experiments whose
values differ less than 10%.

2.4. Assay of periplasmic hinding protein

Cells at late log phase grown either under normal growth
conditions (0.5 M NaCl) or salt-stress conditions (2 M
NaCl) were collected by centrifugation (8000 x g, 10 min)
and washed twice with 10 mM Tris—-HCI, pH 7.6 containing
either 0.5 M or 2.0 M NaCl. Periplasmic proteins were
released by osmotic shock according to Neu and Heppel
[18]. Cells were resuspended in 20 ml of plasmolysis buffer
containing 10 mM Tris—~-HCI pH 7.6, 0.5 or 2.0 M NaCl, 1.0
M sorbitol and | mM EDTA and shaken gently for 30 min at
room temperature. Cells collected after centrifugation were
resuspended i1 10 ml of cold deionized water, frozen at
— 80 °C for 30 min and thawed at 37 °C for 30 min. After
centrifugation the supernatant was centrifuged once more to
remove remaining cells and used as pedplasmic proteins
fraction. Choline binding activity was detected by non-
denaturing polyacrylamide gel electrophoresis (12%) using
50-ug periplasmic protein mixed with 10 uM [methyl-
"*Clcboline with an incubation at 20 °C for 30 min. The gels
were quickly dried on Whatman 3 MM paper and autoradio-
graphed with X-OMAT S Kodak films during 14 days.

3. Results

3.1. Profection against growth inhibition at high salt
concentration by choline and glycine betaine

Growth of 4. halophytica was retarded in the medium
containing 2.0 M NaCl when compared to that containing
0.5 M NaCl {Fig. 1). The addition of either | mM choline
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number of bacteria [9-11] but so far no such study has
been reported for cyanobacteria, Most of studies for the
uptake of compatible solutes in cyanobacteria were done by
Hagemann’s group using a moderately halotolerant Syne-
chocystis sp. PCC 6803, which accumulates ghicosylgly-
cerol in response to salt stress [12,13]

Aphanothece halophytica is a high salt tolerant cyano-
bacterium capable of growth in media containing NaCl
concentration as high as 3.0 M [14]. The natural habitat of
A. halophytica used in the present study is in Solar Lake,
Israel. Previously we have shown that exogenously pro-
vided choline could confer salt tolerance on A. halophytica
via the accumulation of glycine betaine [6]. Glycine betaine
transport has been shown to be increased by 4. halophytica
grown in media of elevated osmotic strength [15]. This
paper describes the influence of salt stress on choline uptake
in 4. halophytica. Evidence for the existence ol a periplas-
mic choline binding protein is also presented for the first
time in cyanobacteria,

2. Materials and methods

2.1. Chemicals

[methyl-"*C]Choline (58 mCi/mmol) was obtained from .

the Radiochemical Cenire, Amersham, Engiand. Dinitro-
phenol and potassium cyanide were obtained from E. Merck
AG, Darmstadt, Germany. Acetylcholine, betaine aldehyde,
chloramphenicol, N-ethylmaleimide, glycine betaine, grami-
cidin D, phosphorylcholine and sodium p-chléromercuri-
benzoate were purchased from Sigma Chemical Co., St
Louis, USA. Sodium arsenate, sodium fluoride, sorbitol and
glycine were obtained from BDH, England. All reagents
used were of analytical grade.

2.2. Growth conditions for 4. halophylica

A. halophytica cells were grown photoautotrophically in
BG,; medium supplemented with 18 mM NaNQ; and Turk
Island salt solution as described previously at an irradiation
of 60 uEm? ™! [16]. Cotton-plugged 250-mi conical flasks
containing 100 ml of medium were used and shaken on a
rotary shaker at 30 °C. The concentration of NaCl in the
growth medium was adjusted by adding an appropriate
amount of NaCl to the medium, i.e. 0.5 M for unstress
and 2.0 M for salt-stress conditions. Cell growth was
followed by monitoring OD+.

2.3. Transport assays

Cells at late log phase were harvested by centrifugation
{8000 x g, 10 min), washed twice with 530 mM Hepes-
NaOH buffer pH 7.5, and suspended to a concentration of
ca. 0.1 mg cell proteinyml in the same buffer containing
cither 0.5 M NaCl (unstress) or 2.0 M Na(l {salt-stress).

The uptake experiment was initiated by adding [merhyl-
1Clcholine with a specific activity of 0.1 uCi/umol at a
final concentration of 50 uM or otherwise stated. The cell
suspension was incubated at 37 °C with shaking at 200
pm. Aliquots were withdrawn at l-min intervals and
rapidly filtered through HAWP cellulose nitrate filters
(0.45-pm pore size; Millipore). The filters were washed
twice with 3 ml of buffer (same osmolarity as the assay
buffer) and the radioactivity trapped in the cells was
determined by counting with a scintillation counter. The
rate of choline uptake was linear for at least 3 min depend-
ing on cell density and choline concentration. Initial choline
uptake rates were determined from the linear increase of
uptake and are expressed as, nanomoles of choline taken up
per minute per milligram protein as determined by the
method of Bradford, [17) using bovine serum albumin as
a standard. In inhibitory assays, the cells were preincubated
with the inhibitorfor 30°min at 37 °C before the addition of
[methyl-'*Clcholine In competition experiments, cells were
added to a-mixture of labeled substrate and uniabeled
analogs. Unless otherwise indicated, all data are averages
of duplicate assays of two independent experiments whose

‘ -valites differ less than 10%.

- 2.4: dssay of periplasmic binding protein

Cells at late log phase grown either under normal growth
conditions (0.5 M NaCl) or salt-stress conditions (2 M
NaCl) were collected by centrifugation (8000 x g, 10 min)
and washed twice with 10 mM Tris—HCl, pH 7.6 containing
either 0.5 M or 2.0 M NaCl Periplasmic proteins were
released by osmotic shock according to Neu and Heppel
[18). Cells were resuspended inn 20 ml of plasmolysis buffer
containing 10 mM Tris—HCI pH 7.6, 0.5 or 2.0 M NaCl, 1.0
M sorbitol and | mM EDTA and shaken gemtly for 30 min at
room temperature. Cells collected after centrifugation were
resuspended in 10 ml of cold deionized water, frozen at
— 80 °C for 30 min and thawed at 37 °C for 30 min. After
centrifugation the supernatant was centrifuged once more to
remove remaining cells and vsed as periplasmic proteins
fraction. Choline binding activity was detected by non-
denaturing polyacrylamide ge! electrophoresis (12%) using
50-ug periplasmic protein mixed with 10 yM [methyl-
'4Ccholine with an incubation at 20 °C for 30 min. The gels
were quickly dried on Whatman 3 MM paper and autoradio-
graphed with X-OMAT S Kodak films during 14 days.

3. Results

3.1. Protection against growth Inhibition at high salt
concentration by choline and glycine betaine

Growth of A. halophytica was retarded in the medivm
containing 2.0 M NaCl when compared to that containing
0.5 M NaCl (Fig. 1). The addition of either 1 mM choline
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Fig. 1. Growth promating effect of choline and glycine betaine on salt-
stressed A. halophytica. Cells were grown under unstress condition, 0.5 M
NaCl (Q), under salt-stress condition 2.0 M NaCl (@}, in 2.0 M NaCl plus 1
mM choline (4 ), in 2.0 M NaCl plus ! mM glycine betzine (W).

or glycine betaine alleviated the inhibitory effect. Glycine
betaine showed a stronger protcction than did choline.
Growth under 2.0 M NaCl medium confaining glycine .

betaine was even faster than that under normal growlh“' 3

conditions. Optimal stimulation of growth under salt stress
was obtained at 1 mM choline and no stimulating? ffect
was observed at higher than 10 mM choline. {da' not
shown).
The growth rate of 4. halophytica under.

0.8

Growth rate (1/day)

NaCl (M)

Fig. 2. Effect of choline on growth at high salinity. Cells were grown in
media containing various concentrations of NaCl in the presence (@) or
absence (O) of 1 mM choline. Growth rates were monitored by measuring
ODys0 and were expressed as (doubling time)”'.

halophytica was inhibited at higher than 0.5 M NaCl in the
absence of choline. The protective effect of choline against
high salt concentration was observed when NaCl was
increased up to 1.5 M. At higher than 1.5 M, the growth
rate of A. halophytica decreased even in the presence of
choline. Nevertheless, it is clear that up to 3 M NaCl the
growth rates were higher in the presence than in the absence
of choline.

3.2. Kinetics of choline uptake

B
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Fig. 3. Kipetics of choline uptake assayed under unstress condition, 0.5 M
NaCl\Q} or salt-stress condition, 2.0 M NaCi (@). (A) Substrate-saturable
initiai rates of choline uptake. (B) Lineweaver — Burk plot of the initial rates
of choline uptake. The points shown are the means of three independent
experiments, and the [ines drawn are those derived from regression analysis
of the data.
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Michaelis—Menten kinetics. The line of best fit was per-
formed by using a least-squares linear regression. The
apparent affinity constant (K,) values of 272 + 24 and
286 + 28 uM and the maximal velocity (e values of
18 £ 1.5 and 37 + 2.2 nmolmin/mg protein were obtained
for unstressed and salt-stressed cells, respectively.

3.3. Na" dependence of choline uptake

Iu order to test whether salt stress affects choline uptake,
the cells initiafly grown m 0.5 M NaCl containing medium
were extensively washed with 50 mM Hepes—NaOH buffer
pH 7.5 to get d of residual NaCl. As shown in Fig. 4
choline uptake rates increased with increasing NaCl con-
centration in the assay medium. In the absence of NaCl,
only marginal choline uptake was detected. In order to test
whether an osmotic stress confributes to the increase of
choline uptake, we measured choline uptake by incubating
the cells with varving amounts of NaCl together with an
appropriate amount of sorbitol so that the final osmolarity
was equivalent to 4 osM. It was found that the rates of
choline uptake were higher in cells with osmotic stress than
thase without osmotic stress, i.e. compare upper curve with

lower curve of Fig. 4. Nevertheless, it should be noted that

in the absence of Na', choline uptake for 4. haelophytica
with osmotic stress was not different from that without
osmotic stress. This indicates that the activity of. eficline
uptake is not caused by an osmotic stress. Stimulatory effect
of osmotic stress could be observed under the condition that
adequate Na™ was available, Le. for 4. halophytica higher
than 50 mM Na® was needed (Fig. 4).
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Fig. 4. Effect of different NaCl concentations an choline uptake in the
presence and absence of osmotic swress. Loitial choline uplake rates were
determined in the presence of various NaCl concenirations without osmotic
stress (O) and with osmetic stress (@) in which the osmotic strength of the
reaction puixture was kept constant at 4 osM by adding appropriate
cancentrations of sorbitol.

Table 1

Inkibition of chaline uptake by unlabeted analogs®

Compound Inhibition (%6} K (uM)®
Acetylcholine 78 118
Phasphoerylcholine 2] 329
Betaine aldehyde 88 i0l
Glycine betaine 17 365
Giycine 18 353

*A. halophytica was grown in nommal 0.5 M NaCl. Cells were
incubated for 3 min in a mixture containing 50 uM [methyl-'*Clchotine and
5 mM unlabeled inhibitor. Data are given as the percent inbibition of the
uninhibited uptake rate which was 1.3 nmolfmin/mg protein.

® Infibition constant (K} was determined from measurements a1 four
concentrations of substrate apd four concentrations of inhibitor. Each value
is the mean of three independent experiments (SE was within 9%).

3.4. Specificity of choline uptgke

The spemﬁmty of choline uptake in A. halophytica was
studied by addition of 100-fold excess of various com-
pounds intoxthe assay medium and following their initial
choline uptake:rates (Table 1). The choline analog, acetyl-
choline, acted as an effective competitor for choline whereas

‘phosphorylcholine did not. Betaine aldehyde, differing from

choline by having ap aldehyd=-grouvp instead of an alcohel
group, showed strong inhibition of choline uptake. How-
ever, glycine betaine and glycine with a carboxyl group
were poor competitors for choline uptake.

We further assessed the transporter specificity through
competitive inhibition by measuring the choline uptake rates
at various substrate and inhibitor concentrations. The plot
between inhibitor concenfrations and the slopes obtamed

from double reciprocal plots yielded the approximate value -

of inhibition constant (K;) as shown in Table 1. It was
evident that acetylcholine and betaine aldehyde with strong
inhibition had high affinity to the transporter. In contast,
phosphorylcholine, glycine betaine and glycine had low
affinity to the transporter which subsequently led to weak
inhibition. '

3.3. Effect of various inhibitors on choline uptake

N-Ethylmaleimide and sodium p-chloromercuribenzoate
which modify the protein structures were effective inhibitors
of choline uptake (Table 2). The inhibitors for ATP for-
mation, sodium arsenate and sodium fluoride also reduced
choline uptake, although sodium fluoride was less efficient.
The interference of the electron transport by potassium
cyanide and of the generation of proton motive force by
dinitrophenol resulted in effective inhibition of choline
uptake. Gramicidin D that collapses Na™ gradients also
showed considerable inhibition of choline uptake.

3.6. Induction of choline transport by salt stress

Because salt stress led to an increase in initial choline
transport rate (Fig. 4), we therefore investigated whether
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Table 2

Effect of metabolic inhibitors on the inital rate of choline uptake®
Inhibitor Concentration Percent

inhibivon
N-Ethylmaleimide 0.50 =M 97
Sodium 0.50 mM 94
p-chloromercuribenzoate

Sedium arsenate 1.00 mM 95
Sodium fuoride 1.00 mM 63
Potassium cyanide 1.00 mM 83
Dinitrophenol .00 mM L)
Gramicidio D 1.00 pg/ml 74

* 4. halophytica wes grown for 30 min in normal 0.5 M NaCl. Cells
were preincubated for 30 min in the presence of the indicated inhibitor
before the addition of 50 pM [methyl-'*C]choline. Data are given as the
percent inhibition of the uninhibited uptake rate which was 1.3 nmol/min/
mg protein.

protein synthesis was involved in the stimulation of choline
transport by salt stress. Choline transport was faster in
stressed cells than in unstressed cells (Fig. 5). However,
preincubation of the stressed cells with chioramphenicol
(100 pg/ml) resulted in a significant decrease of choline
transport. This suggests that the stimulation of transport by
salt stress observed in the absence of chloramphenicol

appeared to he dependent on de novo protein synthesis of -
either a transport protein or protein(s) regulating the activity=

of preexisting transport protein(s). Choline fransport of

unstressed cells in the presence of chloramphenical was .

not significantly different from that in the absenee of
chloramphenicol, suggesting that the constitutive, ,choliné
uptake was not affected by chloramphenicol... Th - ohserva-
tion that the increased choline transport Wwis not cm‘rpletely
abolished in the chloramphenicol-treated cclls ‘under salt

80

60

Uplake of [“C]choline
{nmol/mg protein)
o
=3

20

0 1 A
0 20 40 60

Time (min)

Fig. 5. Effect of chloramphenicol on choline uptake. Choline uptake was
assayed under unswess contitdom, 0.5 M NaCl (O), under salt-stress
condition, 2.0 M NaC, (@), ia 0.5 M NaCl plus 100 pg/ml chlorampheaicol
(4}, in 20 M NaCl plus 100 pg/ml chloramphenicol (). In all cases,
preincubadon for 30 min prior to the addition of jabeled choline to initiate
the uptake was done.

stress could be ascribed to the possibility that chloramphe-
nicol used at the concentration of 100 pg/ml could not
completely inhibit protein synthesis. Indeed we found that
virtually no choline transport occurred when cells were
treated with 500 pg/mi chloramphenicol {data not shown).

3.7. Evidence for periplasmic choline binding protein

To analyze the existence of a choline binding protein,
periplasmic fractions from unstressed a.nd salt-stressed cells
were subjected to nondenaturing polyacrylamxde gel electro-
phoresis m the presence of [methy—"‘C]b oline. One single
radicactive band was detected I'm' ceﬂ§ nder unstress and
salt-stress conditions with én;m:- mtensc band observed for
the latter (Fig. 6; lanes 2 #od 3).7The sample containing only
[methy—“C]cbohne but Wlthout Periplasmic protein showed
no band (Fig. 6; lam: .

To verify that.the. P plismic fractions obtained by cold
osmotic shock used 1o this study contained periplasmic
proteins and not cytoplasmlc proteius, we checked for the
marker: enzyme “activities [19]. With identical amounts of
protem uscd high activity of alkaline phosphatase was

j__detecfed in'the periplasmic fractions whereas none was

o in the total protein fractions. On the other hand,
the pemﬁc activity of isocitric dehydrogenase which is a
cytoplasmic marker enzyme accounted for less than 7% of

“that by the total protein fractions. These results demonstra-

ted that the periplasmic fractions were not comaminated
with cytoplasmic proteins. Furthermore, we also checked

Fig. 6. Existence of choline binding protein from periplasmic fluid as
revealed by autoradiography of nondenaturing ge! electropharesis, Lane 1 is
sample without periplasmic proteins. Lages 2 and 3 are samples of
periplasmic proteins from cells grown under unstress (0.5 M NaCl) and salt-
stress {2.0 M NaCl) conditions, respectively,
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whether the cells depleted of periplasmic fractions were able
to take up choline. Only low level of *C-choline could be
detected in the periplasm-depleted cells after 30-min incu-
bation, representing less than 5% of that by intact celis, This
indicates that a choline binding protein was required for
choline uptake and it was localized in periplasmic fractions.

4. Discussion

The results presented in this study clearly demonstrate
the existence of a transport system for choline in A
halophytica. Exogenously provided choline could be trans-
ported into 4. halophytica and could serve as a growth
promoting substance when the cells were grown at high
external salinity (Figs. 1 and 2). The protective role by
choline against inhibition of growth at high salinity was not
as effictent as that by glycine betaine, suggesting that
choline per se is not an osmoprotectant. This was supported
by our earlier observation that the transported choline was
cfficiently converted to betaine aldehyde and finally to
glycine betaine in 4. halophytica under high salinity [6].
Glycine betaine is also shown to be more efficient than
choline in the stimulation of growth of the moderate

halophilic bacterium Halomonas eiongata over the range’

of salinity from 0.5 to 2,0 M NaCl [20].

The transport system for choline in 4. halophytica is an
active transport. This conclusion is based on the following
three lines of evidence. First, the kinetic data: iﬁdlc'ate that
choline transport is substrate-saturable and shows & M:chae-
lis—Menten relationship (Fig. 3A), observations. whith sup-
pon the involvement of a transport protein.-Second, the
existence of a pertplasmic choline binding protein was
demonstrated with increasing content in cells grown under

336G high salinity conditions (Fig. -6). This binding protein is
7 presumably a transport protein for cheline since the

increased transport activity under salt stress is due to an
increased synthesis of transport protein (Fig. 5) rather than
an activation of the existing transport protein. Third, choline
transport is highly inhibited by various energy generation
inhibitors including inhibitors, which modify protein struc-
ture (Table 2).

We have shown here that Na* was required for optimum
transport activity of choline as only marginal level of
choline uptake could be detected in the absence of Na',
regardless of whether the cells were under osmotic stress or
not (Fig. 4). Specific requirements of Na® for transport
activities have been well documented in marine bacteria
[21]. Very recently we have also shown that nitrate uptake in
A. halophytica s dependent on Na® [22]. An increase of
NaCl concentration resulted in higher choline uptake rate in
A. halophytica. It seems likely that the rate of transport was
affected by the concentration of NaCl providing Na* as a
coupling ion for transport and Na® and Cl” as sources of
osmotic stress. In view of the fact that osmeotic stress alone
without Na" caused only modest choline uptake (Fig. 4), it

is likely that the primary role of Na* is to act as a coupling
ion. The result showing the inhibition of choline transport
by gramicidin D (Table 2), a reagent which collapses Na*-
gradients, suggests an involvement of Na®-gradients in the
transport of choline by 4. halophytica. In addition, dinitro-
phenol, an uncoupler disrupting the proton motive force,
was a potent inhibitor of choline transport. Taken together, it
may be that an Na™ -gradwnt is created in exchange for the
protonn gradient. Indeed, A halophytica has recently been
shown to contain an Na*/H" antiporter with a major role for
salt stress protecnon [23].

Previously, Na*-activated glycme betaine fransport in A.
halophytica has been reported [15]. As 4. halophytica is a
halophilic cyanobacterium, itsmormal growth medium con-
tains about 0.5 M NaCl. However; it can adapt to increasing
external salinity by, synthesri and accumulation of glycine
betaine [6,24]. Itis apparcnt that 4. halophytica can rely on
either the synthes:s ot ‘the uptake of glycine betaine to
osmoregulate agamst high external salinity. However, the
latter process “is preferable due to the fact that de novo
synthesis is energetlcally more expensive than the transport

process [25].

Choline transporter seems to be distinct from glycine
hetaine transporter in 4. halophytica since glycine betaine
was'a poor competitor for choline transport (Table 1). It
appears that N-methyl groups on one end of the molecule

« and an alcohol or aldehyde group on the other end are

important for the affinity to the choline transporter. The
charge of the molecule is also important in the recognition
by the choline transporter because the most effective com-
petitors are positively charged (acetylcholine, betaine alde-
hyde), whereas zwitterionic compounds closely related
to choline (phosphorylcholine, glycine betaine) are less
effective.

The data in Fig. 3B revealed that the choline transport
system of 4. halophytica had a low affinity for choline (K,
272 pM) which is in contrast to a rather high affinity for
glycine betaine transporter (K, 2 pM) [15]. The levels of
choline have been estimated to be in nanomolar range in
coastal seawater [26]. The data on the levels of glycine
betaine in seawater were not available. In general, the
amount of glycine betaine available in the environments
depends on many factors including the level of organic
material, the rate of microbial degradation + dead cells and
the atmospheric conditions. Presuming .. . the level of
glycine betaine in seawater is very low, it is therefore likely
that the functional glycine betaine transporter rather than
choline transporter may play a role to allow 4. halophytica
to thrive in coastal seawater. However, choline transport in
A. halophytica could clearly protect cells against high
salinity stress provided that sufficient concentration of
choline is available as shown in Fig. 2. There remains a
possibility that the physiological role of this transporter is to
transport choline for the supply of carbon and nitrogen
sources under certain conditions. Corynebacterium gluta-
micum, a gram-positive soil bacterium, has previously been
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shown to contain a specific proline carrier, Put P, which is
not involved 1n osmoregulation but is responsible for proline
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