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CHAPTER |
INTRODUCTION
1.1 Polyamines

Polyamines are major polycationic compounds ubiquitous in all living organisms;

prokaryotes, eukaryotes, parasites, plantsggogmals including human (Bagni and Tassoni,

2001; Berger et al., 1984, Bour /. osoya et al. 2005; Igarashi and

polyamines are triamine < N aoctane), tetramine spermine
.\__- .
escine (1,4-diaminobutane)

(Figure 1). Table 1 e 4 i , = » %1 presented in plants and
'y ' : '.,\

microorganisms, for instegfc g Fdiaus Vo lopane and cadaverine (1,5-

-ected in bacteria, algae, fungi,

et
animals and higher plants (Niits ‘ﬁ 1993). In the extreme thermophilic
=l AJ

bacteria Thermus thert {¥%pk 1) which some linear and

-

k N I-! -
branched pentamines, o = ween isolated (Table 1).

Caldopentamine was presen .ed in conS|derabIe amount espeC|aIIy in bacterial cell grown

at extremely hlglﬂ%r&! ’3 %Haﬂs@)wogﬂﬂ ﬁ protonated at normal

cellular pH; therefore their biological #inction is thgsbinding to anigpic molecules such
as DNA, %Mﬂlﬁfﬁﬂlﬁm&nngsm ﬂ&asull as enzymes
whose activify are directly regulated by polyamines (Carley et al., 1983; Cohen, 1998;
Feurstein and Marton, 1989; Tadolini et al., 1984). Hence, polyamines have the ability to
stabilize macromolecular structures, polyamines act as regulatory molecules in many
fundamental cellular processes including cell division, differentiation and proliferation,

cell death, DNA and protein synthesis and gene expression (Alcazar et al., 2006; Childs



et al., 2003; Kusano et al., 2008; lgarashi and kashiwagi, 2000; Seiler and Raul, 2005). In
plants, Polyamines have been implicated in many physiological processes, for example,
organogenesis, embryogenesis, floral initiation and development, leaf senescence, fruit
development and ripening, and abiotic and biotic plant stress responses (Alcazar et al.,

2006; Bagni and Tassoni, 2001; Bouchereau et al., 1999; Galston and Kaur-Sawhney,

1990; Kumar et al., 1997; Kusano gt J 4Malmberg et al., 1998; Walden et al.,

é/ enting chlorophyll, protein, RNA

breakdown in leaves and bv.. méj ror awnthesis and mitotic activity in

1997). Polyamines are able to i N
protoplasts (Kaur-Sawh ). In Escherichia coli,
polyamines play an iniguort; 4 _ \ rom the toxic effects of oxygen

(Chattopadhyay et al., 2C€3

Polyamines accumulater lls, either due to very high
extracellular amount or to dere #& a s @ ntrolling polyamine homeostasis,
they induce the toxic effects. Fore =2 -s‘ cumulation can lead to inhibition

of cellular growth ;f 7 .EJ' and Tabor, 1985). The

addition of spermidine to I 11 culttrcS*ENEESIFVISA celdl] results in a decrease in cell

growth accomparﬁd ﬁﬁ i‘wy ﬁ)—? et al., 1993). High
intracellular spermigie contents mcrease its oxidative produc s n ucmg DNA damage or
o o QG DAY TV Y o v

spermidine Eauses decreased protein synthesis and cell viability during the stationary
phase of growth in E. coli (Fukuchi et al., 1995). Consequently, the regulation of
polyamine level must be a very fast, sensitive and precise manner. There are four
different polyamines reulation strategies consisting of de novo biosynthesis, degradation,

conjugation and transport (Bouchereau et al., 1999; Urdiales et al., 2001).



1.1.1 Polyamines biosynthesis

The pathways of polyamines biosynthesis have been established in many organisms
(Bagni and Tassoni, 2001; Cohen, 1998; Wallace et al., 2003). An overview of the
general pathway is given in Figure 2. The synthesis essentially starts from two amino acid

molecules, L-arginine and L-methionine. In higher plants and bacteria, the biosynthesis

can be initiated directly by the deca 4 ‘. either ornithine or arginine, catalyzed
by the enzymes omithine Cia (,24.1.1.17), which gives rise to
- — '_ 'ﬁ—
4.1.1.19) to yield agmatine,
which is subsequently coriver " 3 \ N oE Slocum, 1991). In mammals
and fungi, ODC reaction on' gfc 4 # ‘ ) ,' ‘-.\;__ ‘Spermidine and spermine are
\ 1 e
synthesized by the sequent’#F - ’ ’ ,\ ~group on to putrescine and

ymes spermidine synthase (EC

2.5.1.16) and spermine synthg, ( ipc®ively. An aminopropyl group is
transferred from the decarboxydadea’t =4 ionine, which is synthesized from

methionine in two ;f 7 /Itransferase (EC 2.5.1.6)

and S-adenosylmethionin ,I lecarboxyiasdevio e, EC ',a 1.50), respectively. (Bey et

al., 1987; Kushad ﬁ ﬁ W %wer related compounds
have been found ingglants, including cgverme (ca d;ia]mln WhICh derlved from lysine
o R Y YRV TV - oot
Legumlnoseae and in the flower of Arum lilies (Slocum, 1991). Interestingly, the model
plant Arabidopsis thaliana had no gene coding for ornithine decarboxylase (ODC)
(Hanfrey et al., 2001). All other polyamine biosynthesis genes have been assigned in A.

thaliana which consisting of two genes (ADC1 and ADC2) for arginine decarboxylase

(Watson and Malmberg, 1996; Watson et al., 1997).



1.1.2 Polyamine conjugation

In nature, polyamines often occur as free molecular bases, but they can also be
associated with small molecules like phenolic acids, called conjugated forms (Bagni and
Tassoni, 2001) and also to various macromolecules like proteins, called bound forms

(Martin-Tanguy, 1997). The most common amine conjugates, i.e. polyamines and

aromatic amine conjugates, covalent'y.% I~4hydroxycinnamic acids have also been

shown to occur at high levels® ~ ' éuy, 1985) and are thought to be
- = o '. ﬁ

as water-soluble or as water-
insoluble forms. In the fo: | N N 'iphatic amine is linked with
a phenolic cinnamic acic® J 7"“" ‘ \OC JlVlded into two classes. In
the first, each terminal &irgfc#f '“‘f fi ? €":s bound to cinnamic acid,
ine is linked to cinnamic acid

(Figure 3). These amine conju 00 hut they do not normally exist in

=

shoots. In the root of tobacco, inczZia) s < 4 luble and water-insoluble conjugates

have been shown befo ;— ;, and occur in shoot apices

upon floral initiation (Ha\ ange e pranes gibf polyamine conjugates has
i¥

been elucidated in tobacco cdllg (Negrel, 1989.4They are conjugated by the formation of

o amic e o ) €4 kR AL L et catony
ST In e dg o

non-specific§putrescine caffeyl-CoA transferase. Therefore, the synthesis of the water-
insoluble polyamine such as di-p-coumaroylputrescine, di-p-coumaroylspermidine, di-
feruloylputrescine and di-feruloylspermidine has not been elucidated (Martin-Tanguy,
1997). Furthermore, posttranslational covalent linkage of polyamines to protein is
catalyzed by a class of enzymes known as transglutaminases (EC 2.3.2.13) (Margosiak et

al., 1990).



1.1.3 Polyamine degradation

The major pathways of polyamine degradation are depicted in Figure 3. Polyamines
are oxidatively deaminated by the action of amine oxidases, including copper diamine
oxidases (DAO; EC 1.4.3.6) and flavoprotein polyamine oxidases (PAO; EC 1.5.3.3).

PAO catalyzes oxidation of secondary amino groups of spermidine and spermine, but not

other polyamines. With the formass 4 inobutanal and N-(3-aminopropyl)-4-

aminobutanal, respectively, aies — (1 pnz‘.‘ 1,3-diaminopropane and H,0,
- - '_ 'ﬁ—
(Cona et al., 2006; Federicm Se . Spermine oxidase (SMO), a

FAD-dependent amine Ux'y -conversion of spermine to

Wy
,

N N
spermidine with accompan ‘-\u\-\_ and H,0, (Wang et al.,
\ 1 Ny

2001). DAO catalyzes the ¢ ,\\\' Ips in many biogenic amines,
including mono-, di-, an cadavarine is most preferable
substrate of DAO producing rr cC®:omitant production of NH3 and
H20,. Diaminopropane can be o= =2 ,e koo whereas pyrroline derived from

4-aminobutanal can ;f 7 :id (GABA) (Hausman et

al., 1997) in a reaction c; I lysed Dy pyrecanne ucnyroger , > (PDH) (Flores and Filner,
1985). The GAB y ﬁw% %ﬂr o succinate, which is
incorporated into rebs cycle hus this ay ensurest e recycllng of carbon and
e QRN T AU YINE AR e s
pathway 1n31ud1ng y-aminobutyric acid (GABA), hydrogen-peroxide ammonia and
aminoaldehydes produced during the degradation of polyamines also have biological

significance as they trigger programmed cell death or apoptosis in certain cell types.

Furthermore, decrease in polyamine levels due to catabolism may also be involved in
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regulating polyamines and driving cells to the apoptotic pathway (Seiler and Raul, 2005;

Thomas and Thomas, 2001).

AULINENINYINS
ARIANTANNIINGIAY
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atrakis{3-aminopropyl)
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Figure 1 Structures of. ' ’ ~ohen, 1998 and Oshima,
18
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Table 1 Common and uncommon natural occurring aliphatic polyamines*.

Trivial name

Systematic name Chemical structure

1,3-Diaminopropane
Putrescine

Cadaverine
Norspermidine (caldine)
Spermidine
sym-Homospermidine
Thermine

Spermine
Thermospermine
Homospermine

Caldopentamine

Homocaldopentamine

Homopentamine

Caldohexamine

. =

1,3-Diaminopropane NH,(CH,)sNH,

1,4-Diaminobutane NH,(CH,)4;NH;

1,5-diaminopentan NH,(CH,)sNH,
DA, NHA(CHI)INH(CH)aNH,
—_— octane _z NH,(CHy)sNH(CH,)4NH,

nofng H,(CH,)sNH(CH,),NH,

H2(CH2)sNH(CH,)sNH(CH;)sNH,
2(CH;)sNH(CH,)sNH(CH;)sNH,
2(CH;)sNH(CH,)sNH(CH;)4NH,
Ha(CH2)sNH(CH,),NH(CH,)sN H;

L\
: .I - \ NH,(CH,)sNH(CH,)sNH(CH2);
e

triaz_ap a(*

1,16-Diam;i e
L

NH(CH_)3NH,

ecane NHz(CH2)3NH(CH2)3NH(CH2)3

£ 2H)NH,

X

2(CH2)4sNH(CH2)4,NH(CHy),

=)-Diamino-4,8,12,16- =*-(CH,)sNH,

SR\ )1 ) )21 T 111 o
AT UM INEINEL

N*-Aminopropyl-
norspermidine
N*-Aminopropyl-

spermidine

[NH2(CHy)3]sN

[NH>(CH2)3]oN[NH2(CHy)4]

*(Bagni and Tassoni, 2001)



Arginase

L-Arginine . L-Ornithine

Arginine
decarboxylase
co;

Agmatine

A Sw

H,O urea

Ornithine
i carboxylase

Agmatine
iminohydrolase Methionine
NH,* : ™
. =t "% Methionine
N-carbamoyl- - : :

= - ' o adenosyltransferase
putrescine “y

" S-adenosyl-methionine

S-adenosylmethionine
decarboxylase
co,

. Decarboxylated
. Jadenosylmethionine

Figure 2 Pathways of 008). Plant pathways are

indicated by green bold‘ TOW

i

Tllicate bacterial and animal

pathways, respectively. ¢

AULINYNTNYINT
RINNTUNRIING1AY



10

Diamine

oxidase
s —
[Putrescine| =" 4.amincbutanal
J-acetamidopropanal ~ T —————____ o ”
Q’:" 0,H,0  H,0,, NH,

Aldehyde
dehydrogenase

Y -aminobutyric acid

4-aminobutanal

1,3-dlaminopropane

N-+{(3-aminopropyl)-
4-aminobutanal

Figure 3 Pathways of PO mii

IR TN TN

et Jll, 2008). Plant pathways are

indicated by green bold af'qegs. Blue and rggr arrows indicate bacterial and animal

o el 8 A NENTNENG
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1.1.4 Polyamine transport

Polyamines are protonated molecules carrying positive charges on each nitrogen
atom at physiological or cellular pH. Many authors have compared these molecules to
Ca®* and Mg?*, but they differ from such cations in the homogeneous distribution of the

charge along the carbon chain (Seiler et al., 1996; Wallace et al., 2003). For that reason,

many researchers in the last decade.ty% 4 their efforts on the quest for polyamine

carriers. Polyamine-specifiC Cigs Wi Zd in prokaryotes and eukaryotes
- — '_ ﬁ

and can replenish polyami s kosynthetic enzymes (Seiler et

al., 1996). The transport ur LATP binding cassette]-type

transporters (Higgins, 1992} %0 bacteria, yeast, parasites and
W

animals (lgarashi and Kashi: ), 1984 Tassoni et al., 2002).

1.1.4.1 Polyamine tra

F iras
The genes encoding 3¢
BN

orter subunits have been identified in

E. coli. This transportq ™} o tnergy-dependent process.

- [

1 i. |~! . .
The genes encoded the & V . = rdine and cadaverine were

I
l

identified and clarified the %;opertles (Kashlwagl et al., 1990) (Figure 4). There are two

polyamine uptakeﬂ%ﬂvﬁ‘}h'ﬁaﬁgw W Eﬂ ﬂ "ﬁe (ABC) transporters.

Those are the spermldlne preferential uptake systemegonsisting of PtA (ATPase), PotB
and PotC%rmzl]fan‘iajﬂr;wv uma’a mﬂtgtajiﬂ protein), and
putrescine-sbecific uptake system consisting of PotF (a substrate binding protein), PotG
(ATPase), and PotH and Potl (channel-forming proteins). Spermidine uptake was not
observed in E. coli in which any one of the four proteins was disrupted. However,
transformation of an intact gene corresponding to the one disrupted restored spermidine

uptake activity. Thus, all four proteins are in dispensable for spermidine uptake (Furuchi
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et al., 1991). Two other polyamine transporters belong to non-ABC type transporter,
comprising single proteins each with twelve transmembrane segments, are PotE and
CadB, which function as antiporters of putrescine/ornithine and cadaverine/lysine
(Kashiwagi et al., 1991; Kashiwagi et al., 1997; Kashiwagi et al., 2000; Meng and
Bennett, 1992; Soksawatmaekhin et al., 2004 and 2006; Watson et al., 1992). PotE and

CadB catalyzed both the uptake at ra.\ | g<cretion at acidic pH of putrescine and

cadaverine, respectively. These i g tant for cell growth at acidic pH
because they can help neutra’ 3 inf S— make membrane potential for
I., 2004). The spermidine
excretion protein (Mdt% 7 4 uu. ie segments was recently
A was increased by spermidine
stimulation/induction. Polyar #f #F _, lmed by feedback inhibition of

Ve

there is no antizyme or equivale. /i

biosynthetic enzymes and po. iteri B by polyamines themselves, and

axisting in E. coli (Kashiwagi et al.,
2002a; Tabor and Tes i+ !:.‘, transporter PuuP was

v e glitrescine utilization pathway

i¥

identified as one of the | 2INS™N

in E. coli K12 (Kurihara et af. &005 and 2009) g

AUEANENTHEING

1.1.4.2 Polyagjine transpor yeast
ARTREATRHLNIINHAE o o
5). Two po@amlne-preferentlal uptake proteins, DUR3 and SAM3, consist of 12 or 16
transmembrane segments. DUR3 catalyzed the uptake of polyamine together with urea,
whereas, SAM3 was found to catalyze the uptake of polyamines together with
S-adenosylmethionine, glutamic acid, and lysine (Uemura et al., 2007). The K, values for

putrescine and spermidine of DUR3 were 479 and 21.2 uM, respectively, and those of
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SAM3 were 433 and 20.7 uM, respectively (Uemura et al., 2007). Cell growth of a
polyamine-requiring mutant was completely inhibited by disrupting both DUR3 and
SAM3. The results indicated that DUR3 and SAM3 are major polyamine uptake proteins
in yeast (Uemura et al., 2007). Moreover, exogenous polyamines were also taken up by

amino acids transporter, GAP1 and APG2 (Aouida et al., 2005; Uemura et al., 2005) and

transporter of 4-aminobutyric acid_ i\ | 4lar membrane, UGA4 (Uemura et al.,

2004). Besides, four genes encii Y l' é proteins, TPO1 through TPO4,

were found in S. cerevisias ' y e 1). TPO1 and TPO4 showed

their recognition on put=#€:: : nie*whereas TPO2 and TPO3
r \'« .x".‘"

recognized specifically 0 < g £ = \..' function served as a pH
0 % o, N
- L y \‘-

dependent-polyamine transrgfv g fFaic =) g * polyamines uptake showed
. AN

appropriate condition at pH 2 4 Y f - % %etion effectively occurred at pH

5.0. These might be dued to ovill at acidic pH, which suitable for

TPO1-4 function on polyamines. 228274 24 or as PotE and CadB. Additionally,

TPOS5 which is a p ;f - .n‘:ld' was recently found in

S. cerevisiae (Tachihara ‘| al., 200 01 exifihal putrescine increased the

level of TPO5 mRNA in S. dEuexisiae, in agree@ith that of MdtJ1 in E. coli.

1.1.4.3 Po|y@iutﬂsg)m]ﬂr i tj w EJ’] ﬂ j’
RTINS IUARTITE TR

been reportdll, for instant on leishmanial cells, L. infantum promastigotes (Balafia-Fouce
et al., 1989; Kaur et al., 1986; Reguera et al., 2005). This organism is able to uptake
putrescine by a saturable, concentration- and energy-dependent, specific carrier but not
for higher polyamines, spermidine and spermine, other analogous polyamine such as
MGBG, or basic amino acids. These results were conclusively confirmed in Leishmania

donovani, the etiological agent of visceral leishmaniasis, in which a second polyamine
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carrier was described, in this case for spermidine (Kandpal and Tekwani, 1997). The
influx of this latter polyamine was found to be over seven times more effective than the
uptake of putrescine, a diamine found not to share this mechanism, unlike spermine,
which was observed to significantly inhibit spermidine uptake. Spermine, in turn, was
completely not taken up by the putrescine transport system, but only moderately by the

spermidine carrier. These findings wag.\ p 3rted in Trypanosoma cruzi (Gonzalez et

al., 1992), Leishmania mexice ~ .- ' # zdlez and Algranati, 1994) and
Crithidia fasciculata parasi* e -—n these all cases, putrescine
uptake recognition was Sy 5 S Se 0™ spermidine, spermine and a
AN
number of variable lengd™ui- 4 4 \ _ o polyamine transporters of
parasites is their proton ot 4 § F-4 2.5 N\ uP the substrate. The fact that
sodium ionophores, uncodpl £ JF i 1e ) r‘up reagents, were found to
inhibit polyamine influx sig ' sarc WS studied suggesting that the
mechanism involved is coupled tf

achemical gradient (Balafia-Fouce et

al., 1989; Kandpal a\ ‘cular characterization of

Y]

Wi togiksearch. None of genes with

i¥

polyamine transporters | (0 (O7ae

this putative function has beegsidentified befogerin any of the major genome databases.

p— A bk &LTKI AL Tedonanive vansorer
N N f‘l“'ﬁ’“mmﬁ”f"‘) g ey

1.1.4.4Polyamine transport in mammalian cells

Polyamine transport mechanisms have been recently studied in mammalian
cells (Hoshino et al., 2005). The mammalian polyamine transport activity is also acutely
controlled by cell cycle events and hormonal stimulation (Lessard et al., 1995). Two

polyamine transport systems have been proposed in mammalian cells. The first model
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proposed a role for the heparin sulphate side chains of recycling glypican 1 (GPC1) in the
transport of spermine, and assumed that GPC1 recycling was a basis of polyamine
transport (Belting et al., 2003). In the second model mechanism, polyamines were
transported into cells through unidentified membrane transporters/carriers driven by a

membrane potential. The polyamines then were sequestered into vesicles by proton

Soulet et al., 2004). In additior® Y v # sport mechanisms that also act as

wamine levels, two additional

mammalian mechanisms . , OSaa®et al., 2003). The polyamine
r \ x

uptake into rat liver mit&Tiic; y J PEEY \ \ pulyamlne uniporter which is

dependent on membrane otr ¥y ., L \\ ni pH (Tominello et al., 1992).

Uptake and excretion are Cate g #Faad _, : olyamine transporter (Sakata et

catalyses both the uptake and EXCAT ,;;p ;

al., 2000). A similar reversal. cebbserved in E. coli PotE, which

2 (Kashiwagi et al., 1997). In animal

cells, excess polyaminé ;— =4 /hich are better substrates

I"! ‘

for excretion than the po | MITcS B9/ p(lamines are better substrates
W i¥

for uptake than acalpolyanﬁrm (Seiler, 1987 )gr

INEINT

1.1.4.5 Polyagjine transporY]n cyano acterla

PRADIATAUHRITREAR B s

PCC 6803 (hereafter Synechocystis). Synechocystis is able to regulate the polyamine
uptake, putrescine and spermidine into its cells (Raksajit et al., 2006 and 2009). The
optimum activity of putrescine uptake was occured at pH 7.0 whereas that of the
spermidine uptake was at pH 8.0. The increase of the external osmolality generated by

either NaCl or sorbitol at 10 - 20 mOsmol/kg upshifts caused an increase of putrescine
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and spermidine uptake with 1.5 - 2.0 fold (Raksajit et al., 2006 and 2009). This suggests
that cells required polyamines to better thrive against osmotic upshift. The genome of
Synechocystis contains potD gene (slr0401) that encodes a periplasmic substrate-binding
protein (PotD-like protein) of the polyamine transport system (Kaneko et al., 1996;

Igarashi and Kashiwaki, 1999). The sequence identity between E. coli PotD and

Synechocystis PotD is 24%, but the vam active site are more conserved and
share a sequence identity of : »010). The sequence identity of
Synechocystis PotD to E. c2! (18%) is considerably lower

than to E. coli PotD (Brea: ction of PotD on polyamine

transport remains unclear’.

Altogether, the imp #fo: "W living cells is far from clear,

since all organisms have en,

levels for their metabolism. M#5t f%
e AJ

Gamines and maintain optimum

n e polyamine uptake were carried

out deeply in E. coli d

research group focusi 4

i, £999) and some from our
i) of the useful tools on

Molecular Biology stud

several kinds of ﬁﬁﬁﬁ%ﬁﬂ“ﬁﬁﬂ"fﬁ?m mostly in living

organism as show ifliTable 2.

ammmmummmaﬂ

.s the genome sequence dataae Accordingly, genes for
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SPD-preferential PUT-specific Polyamine exporter SPD excretion PUT transporter
uptake system uptake system ®1 I "AD/Lys system (PuuP)
(PotABCD) (PotFGHI) 1 \anger (MdeJI)

) PUT
Out SPD
OO
SPD

ATP ADP+P| ATE,

Figure 4 Polyamine transp: N Noli. ATPase (A, PotA and G,

PotG), the substrate-binding p #eij T f )tF), channel-forming protein (B,

PotB: C, PotC: H, PotH and |, Pasda-

(i -

(Igarashi and Kashiwag 7 Y|

PUT, putrescine; CAD, cadaverine

iR
i 4 f dF

AuEINENINEINS
ARIAINTANMINGAE



18

SPM

Figure 5 Polyamine transpa 2 e Polyamine uptake is mainly

catalyzed by DUR3 and SANV¥. : es is mainly catalyzed by TPO1

and TPOS, located on_eithefghis====" ¢ ar post-Golgi secretory vesicles.

Putrescine uptake into 'y’;‘ A Ind Kashiwagi, 2010).
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Table 2 Genes related to and involved in polyamine transport*

Bacterium or archaeon Size of Number of Genes suggested to be
chromosome genes linked to polyamine
(kbp) annotated transport
Archaea

Archaeoglobus fulgidus potABC
Bacteria

Bacillus subtilis blt

Borrelia burgdorferi potABCD

potABCD, potFGHI,
potE

Escherichia coli

Haemophilus influenza - potABCD, potD, potE

Mycoplasma genitalium potABC
Mycoplasma pneumoniae potABC
Rickettsia prowazekii § ; — = potE
Synechocystis sp. PCC 6 ‘3 potD

Treponema pallidu o 1138 @ 1031 POtABC
‘\lﬂ 2 L
*|garashi and Kashj 9 ifle

s

IR TN TN
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1.2 Photosynthesis system in cyanobacteria

Cyanobacteria perform oxygenic photosynthesis. Light reactions of photosynthesis
convert solar energy into chemical energy in the form of ATP and NADPH, and release
oxygen as a by-product. The light reactions are catalyzed by four multiprotein complexes,

namely photosystems | and Il (PSI and PSII), cytochrome bgf complex (Cyt bef) and ATP

cyanobacteria, PSII is ~ > ' # xtramembraneous phycobilisome
antenna. The phycobilisom2 S aater-soluble phycobiliproteins

carrying linear tetrapyrrcs 5 ' seible light in 450 - 660 nm

however, PSI can obtain part JF ite== B sor¢ Mfrom the phycobilisome antenna

through a process called state tran° ,;;p 7 and Emlyn-Jones, 2005).

1.2.1 Polyamine and -‘V{- ]

,s are known as stabilizing

}|
Generally, polyamis ®*ors of biomembranes and

macromolecules thﬁ}f’jlwﬂ ﬂ%{wﬂsrﬂﬁzoooy Exogenous di-

and polyamines hd¥ the ability to ret%rd protein d&radatlon |nh|b|t chlorophyll loss,
stabilize CQ) ﬁl’]ﬂa \aﬂn%ﬂdeu Wa'tq @ mtél/'}ﬁ r&ja and minimize
the rise in nbonuclease activity normally accompanying senescence of detached leaves
maintained in darkness (Beigbeder et al., 1995; Besford et al., 1991 and 1993; Duan,

2000; Shih et al., 1982).

Polyamines could act as regulators in adaptation of the photosynthetic apparatus

and consequently protect photosynthetic machinery in an ozone-polluted environment
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(Navakoudis et al., 2003). During loss of viability either of cereal protoplasts due to
osmotic shock or during dark-induced senescence in leaves, there is a rapid increase in
arginine decarboxylase and a massive accumulation of putrescine (Flores and Galston,
1984). This is in sharp contrast to dicotyledons where osmotic treatments lead to
increases in spermidine and spermine with a decline in putrescine and in the activities of

ornithine decarboxylase and arginina ) rdase (Tiburcio et al., 1986). When oat

leaves exposed to 0SMOtIC Stresim IR #/ing rise in the activities of RNase
- d '_ ﬁ
and protease, and a loss of - 27: Kaur-Sawhney and Galston,

1979). Treatment with th ] N o or retarded these processes
4 \ x
(Kaur-Sawhney and Galst™ : . \ nu \nduced DNA synthesis and

\

limited protoplast mitos!S (' g # I" urthermore the three main
polyamines were found™ tc 4 _, v ‘ |ar\0|d membranes and with
photosynthetic subcomplexes - t7' ' £LO9° 8 Dornemann et al., (1996) noted

fﬂ

changes in thylak0|d -bound poly: 7 ,;;p @loroplast development. Correlations

between polyamines a%i= ‘'rvations in synchronized

Y]

oxim il for the membrane bound

i¥

cultures of Scenedesmu: | biige

polyamines and the photos/gshetic rate appgar at the same point of the cell cycle

wroen BB NDTTINGINT
PRTRAPTE U VT o

thylakoid mgmbranes and the light reactions of photosynthesis indicate that polyamines
are likely to interact directly with photosystems. Spermine at relatively low concentration
was reported to enhance or restore the loss of photochemical activity both in vivo and in
vitro (loannidis and Kotzabasis, 2007; Subhan and Murthy, 2001). However, some other

studies have shown that exogenous polyamines added to isolated PSIlI submembrane
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fractions were able to interact with the luminal side of PSII, which led to the loss of
photosynthetic activity at high concentration of polyamines (>1 mM) (Beauchemin et al.,
2007a and 2007b). It was reported that exogenous polyamines can penetrate to the
luminal side of thylakoid membranes (loannidis et al., 2006). Thus, polyamine can

interact with hydrophilic portions of proteins and the extrinsic polypeptides of the oxygen

evolving complex. This interaction r. xtrinsic proteins of PSII leading to the

ét et al., 2007).

loss of PSII activity (Beauche

AuEINENINEINS
ARIAINTANMINGAE
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chloroplast stroma

*@ **@*

ferredoxin-NAC 7. |

"~ ferredoxin ATP synthase
900000 90000000

;t{

00000000

Figure 6 Simplified scheme § o, 1 function of the photosynthetic

light reactions and eletron trapsids<2% akoid membrane. Light energy is

converted into chemical y

5% ] iers ATP and NADPH by

four major protein comp, [eS in Ui tryreneera i mran 1amely photosystem 1 (PSI),

photosystem 11 (P rjﬁ gi m ﬂi ﬁ
(http://upload. W|k|r1||3 la.org/wikipedia’commons/1/ oid_ membrane png)

qmaﬁﬂimumwmaﬂ


http://www.thefullwiki.org/Chemical_energy
http://www.thefullwiki.org/Adenosine_triphosphate
http://www.thefullwiki.org/NADPH
http://www.thefullwiki.org/Photosystem_I
http://www.thefullwiki.org/Photosystem_II
http://www.thefullwiki.org/Cytochrome_b6f_complex
http://www.thefullwiki.org/ATP_synthase

24

1.3 Cyanobacteria

Cyanobacteria can be classified as the Procaryota, Division of Cyanophyta and
Cyanophyseae class. They are also diverse group of oxygen-evoluting photosynthetic
bacteria and also major contributors to global primary production (Bryant, 2003; Ting et
al., 2002). Cyanobacteria can be found in terrestrial, freshwater and marine environments

I er-saline lakes (Rappka, 1988). Their

phylogenetic position in the bacs < N . é)scure, although recent analysis of

ranging from dim caves to hot sprig.\

zam-positive bacteria (Xiong et

al., 2000). Morphologics ‘-.\ rsellular to filamentous forms.

Some species of filamen&us 7 A \\\ eu cell type called heterocysts,
b — " \\ " .\.. Y
- L y "
akinetes or hormogonia (% F Foo(ch ? ‘, =988; Tomitani et al., 2006).
M, Y
/ { -#‘.‘ o
Cyanobacteria have a cell ‘wa' PITE -‘Worane, a peptidoglycan layer and

outer membrane, which are o = ox . Mal surface layer, the glycoclayx

layer (Figure 7A and B) (Gantt _,-g-;:'i and Hansel, 2000). The glycoclayx

=~ sponsible for maintaining

I"! ‘

oLy gikernal osmotic pressure. The
i¥

protects the cell from c§ i,
their cell shape and abilit Of UWe
W

outer membrane consists of « lijd layer and a popolysaccharide layer and porins, which

et T ST STV T TR e

called thylaRoids in which the photosynthetic and respiratory electron transfer reactions
located in.
1.3.1 Synechocystis sp. PCC 6803
Synechocystis is an unicellular, non-nitrogen (N,)-fixing cyanobacterium and a
ubiquitous inhabitant in fresh water (Figure 7C). They divide by binary fission at two or

three successive planes. Based on their GC contents, many cultured strains of
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Synechocystis can be classified into three groups; the marine group, the low GC group
and the high GC group (Holt et al., 1994). Strain PCC 6803 belongs to the latter group,
whose members, including PCC 6714, have been mostly isolated from freshwater.
They also have the propensity to utilize glucose (Rippka et al., 1979). A phylogenetic tree

based on 16S rRNA sequences suggests that high GC content species are more closely

| yicellular spherical cyanobacterium with

gas vesicles, than to other Syri " ¢ éda et al., 1999). There are four

substrain cultures of Synf‘ L PIC’ —

related to Microcystis aeruginosa, W54

_GT (glucose-tolerant) and

‘Kazusa’), all of which v T AL SN S™ein 6803, which was isolated

from freshwater in Califc®iia, (/L 4 : I; 971) shown in Figure 8.
" . % N
: ‘ N
The complete nuctcot 42§ Foac =iy ’ wus announced in 1996. This

was the first photoautotropni i 10 - %enced. Sequencing was carried

ATl
out using a clone-by-clone stra. vk s vs Bl map of the genome, resulting in

a highly accurate sequence. The _.-g;; ", as originally deduced to be 3,573,470

bp lon Figure 9). % :—':- Kaneko et al., 1996).
plong (Figure 9). & “, )

Srpop i organisms for genetic and
i¥

Consequently, Synechocy‘ 5 haS™e

physiological studies of @hatosynthesis fogstwo major reasons; it is naturally

v oy W) SUENANG I e o g
eI g 18y

Synechocysti cells has several features that make this strain particularly suitable for
studying stress response at the molecular level (Glatz et al., 1999). There is unequivocal
evidence that in higher plant cells exposed to heat stress, the photosynthetic apparatus is
irreversibly damaged prior to impairment of other cellular functions (Berry and
Bjorkman, 1980). The general assembly of photosynthetic membranes in cyanobacteria

is similar to that of higher plant, therefore Synechocystis might serve as a powerful model
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for studying the molecular mechanisms of stress response and long-term adaptation
(Jantaro et al., 2003; Lehel et al., 1993).

Cyanobacteria owe the ubiquitous distribution to remarkable capacities to adapt to
varying environmental conditions. A few data are available regarding adaptation of

natural populations, most studies having been performed on a few model strains selected

for specific adaptive capacities to a ¢ zpnmental or stress factors as well as for

' )1). Therefore, S hocystis i
éi ). Therefore, Synechocystis is a

solving agricultural problems (
useful tool in the study of t ist] - »0f cyanobacteria (Joset et al.,

1996).

AUEINENINYINS
ARAIN TN INAY
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UL ININITNYINS
Figure 7 Ultra strulure of a cyanobacts,nal cell. (A) Illustrates the compartmentallzatlon
o e oA ARHG] B e BARNU AR 1 ©
Scanning Electron Microscope Image of Synechocystis cultivated with CO, limitation and

excess light.

(www.cyanosite.bio.purdue.edu/images/images.html),
(http://www.flickr.com/photos/blueridgekitties/4619195795/),
(http://www.pnas.org/content/103/30/11358.full)


http://www.flickr.com/photos/blueridgekitties/4619195795/
http://www.pnas.org/content/103/30/11358.full

Fresh water in Oakland, California (isolated by Kunisawa in 1968)

v

Berkeley strain 6803: “sporadic” motility; (Stanier et al., 1971)

1 bp insertion in spkA: (kamei et al., 2001)

PCC 6803
motile|(Rippka et al., 1979)

PCC-P/PCC-N
Positive/negative phototaxic
(Yoshihara et al., 2000)

i liams, 1998)

%Y 203 insll 1473-5:

' )
5 %1 kin pilC:

g et a "u, 0Uu; Okamoto unpublished)

By} genome sequence:
= 1996)

WL strain _
1 bp replacement in pic=y
(Hihara and Ikeuchi, 19 L)
Hiharaetal., 1998) = —

s (MEANININGNG,
IR TN TN
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1.4 Acclimation to changing environmental conditions

All organisms have some capacity to adapt to environmental stress, but the extent of
this adaptive capacity varies widely. Heat, cold, high pressure, and acid or alkaline
conditions can all produce stress. There are 2 routes to adapt easily to environmental

stress. First, environmental conditions induce regulation of metabolic pathways

employing existing cellular composa Leexposure to the stress, for example,
may enable bacteria to synthagg — - _ : : w them to continue functioning
under the stressing conditism . ( Wity to deal with the stressing
\ WoNadety of conditions. Second, to
resist environmental stress i ' , ‘-.\__ that live in extremely acidic
conditions can pump out # ' 4 ,\ re able to function in these
jons we consider normal. Most
of earlier studies relating to sti#£s peiione as the external symptoms of
abiotic challenge become acutes f’f".'..,-i 999) but their precise molecular

L.

mechanism of action ;f 7 001).

Cyanobacteria mLt acclimate to changing lig U intensity, osmolarity, and

temperature in thﬂeﬁrﬁiﬁ?jﬂ Eww %jﬂlﬂﬂﬁ ﬂﬁsion of distinct sets of

genes, as shown nﬁkynechocysﬂs (Mu ‘ata and SUZUkI 2005). nght is not only energy

o RPN IRTUNRAIN VR o 0.

2002; Hubschmann et al., 2005; Hihara et al., 2001). Acclimation to changing light
conditions involves several mechanisms such as state transitions, phototaxis, changes in
PSII/PSI ratio and chromatin adaptation (reviewed by Mullineaux, 2001). The
responsiveness of photosynthesis genes to white light has recently become obvious in

studies of Synechocystis global gene expression profile (Huang et al., 2002).
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Transcriptional levels of a polyamine biosynthesis gene (ADC) were observed to remain
unchanged under light-to-dark transition in Synechocystis (Jantaro et al., 2005). However,
the up-regulation of carotenoid biosynthesis has been detected as a respond to light stress
in Synechococcus 7942 as well (Schafer et al., 2006). Although, the osmotic stress

generated by NaCl or by sorbitol induces similar changes in the expression of some

genes, other genes are specifically re; +gby NaCl or by sorbitol (Kanesaki et al.,

: é_orbltol have different effects on

' 006). These regulations were

(Shoumskaya et al., 2005)
SN
acavation of the transport.

ievels was increased after
"\
e "W/stis (Jantaro et al., 2003). Non-

=

is known to influence polyaminesZ75 . A

optimal temperature, either Ib\ ' : .ah effective abiotic factor, which
nté (Bouchereau et al., 1999). The
expression of certain % '— ;‘ vas perceived as distinct
signals through the histidi ! KITNaoes

AULINENINYINS
IR TN TN



3500 O

\ @%ﬁw AR U by, c{;%@,
Z,

/4 @ 500
3000 %}" \‘i\§\ | % @
s %\ ‘ i Yy 3

-

Figure 9 The cellular genome Ui difly to Cyanobase
(Www.kazusa.or.ijCya Syl N ’
e :‘

Vi 5

0

AULINENINYINS
ARIANTANNIINGIAY

31



32

OBJECTIVES OF THIS RESEARCH

1. To determine the binding ability of Synechocystis PotD encoded by potD (slr0401) to
polyamines: putrescine, spermidine and spermine.
2. To examine the function of PotD in polyamine transport in detail through

Synechocystis potD mutant.

3. To study the effect of external p 2!l growth and photosynthesis system.

4. To study the effect of osra ‘ /’ {| growth, polyamine uptake and

photosynthesis system.

AU ININTNEINS
IR TN TN



CHAPTER I
MATERIALS AND METHODS
2.1 MATERIALS
2.1.1 Equipments

Autoclave ; -30, Hirayama Manufactering

Balances ' P RaRange® GWB, USA
f —

Centrifuge

C-18 column F 7 ;_ iNe ;il-®ODS-35um i.d., Japan

Electrophoresis BATEIN® 1 xi Cell, USA

French press cell disrun “ PORATION, USA

]
|
’

!
i

¥

Geiger co er RADOS RDS-120 Universal Survey

ﬂuﬂﬂﬂ&ﬂﬁﬂﬂﬂﬂi
=AW aﬁﬂﬁﬁmmwmﬁ‘ﬂ

GENE pulse apparatus BIO-RAD, USA
HPLC Hewlett Packard series 1050, Japan
Laminar flow BVT-124 International Scientific Supply, Thailand

Light source unit Prekeo S250 Zeiss IKON, Japan



PCR apparatus PERKIN ELMER DNA Thermal Cycler, USA
pH meter ORION model 420A, USA

Power supply BIO-RAD POWER PAC 1000, USA
Scintillation counters LS6500 Multi-Purpose Scintillation Counter,

COULTER, USA

‘ /JﬁTFORM SHAKER, USA

Shaker

Spectrophotometer WSYS™2 USA
Ultracentrifuge i Aaes QW 8 OPTIMA™ L-100XP,
Vortex F 7 : 5 Séientific Industries, USA
Water bath _ ST a2 BRAUN, USA

2.1.2 Chemicals P

ooy H 8 INUNINY VDI,
s fRARIRTRIN T VIREY

5-Bromo-4-chloro-3-indolyl phosphate (BCIP) Sigma, USA
Acetic acid BDH, England
Acetone Merck, Germany

Acrylamide Merck, Germany

34



Agarose Invitrogen, USA
Agmatine Sigma, USA
Amiloride Sigma, USA
Ammonium persulfate Merck, Germany

Brilliant blue Sigma, USA

é' Sigma, USA

Bromophenol blue

BSA (Fraction V) igma, USA

Carbonyl cyanide m-chlor~ WSaigma, USA

Chloramphenicol gma, USA

Chloroform A Vlerck, Germany

Dithiothreitol Sigma, USA

AT )
Dimethylformamide (DMF) ; ol Siama, USA

EDTA /. na UsA
|

i H ¥

Ethanol Merck, Germany

cvisom vromiod] W i}l EWI?W B LEhusa

e AR AINTUNRIINBAE

Glycerol Ajax Finechem, Australia
Glycine Sigma, USA
Glyoxal Sigma, USA

Gramicidine D Sigma, USA

35
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Isoamylalcohol Sigma, USA
Isopropanol Sigma, USA
Mercaptoethanol Sigma, USA
Methanol Lab Scan, Poland

Metylene blue Sigma, USA

1/’- Sigma, USA

N,N-dicyclohexylcarbodiimide
N-2-hydroxyethylpiperazir=®
N’-2-ethanesulfonic acid (' Wsigma, USA
N-ethylmaleimide gma, USA

Sigma, USA

Nigericin
Ouabain | Sigma, USA
p-ChloromercurisulfonigAcid S AV A Siama, USA

p-Nitro blue tetrazoliun . E, na, USA
; T

!
i

Phenol Merck, Germany

S——— 17 i}l El NINYD3..

P ARG TN INBIRE

Putrescine- 1 4-**C dihydrochloride Sigma, USA
Pyridoxal-5-phosphate Sigma, USA
Silver nitrate Sigma, USA

Sodium arsenate Sigma, USA
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Sodium bicarbonate BDH, England
Sodium chloride APS, Australia
Sodium citrate Sigma, USA
Sodium dodecyl sulfate Sigma, USA

Sodium fluoride Sigma, USA

é' Sigma, USA

Sodium thiosulfate

Sorbitol igma, USA

Spermidine trihydrochlori! Saigma, USA
Spermidine-8-**C trihydr; gma, USA

Spermine tetrahydrochlori—' 4 ~igma, USA

Sucrose Sigma, USA
TEMED B1O-RAD, USA
Y )
Toluene , England
Tris base USB Corporation, USA

Titon X100 ﬂuﬂ?ﬂﬂﬂ?wglﬂEUSA
e QW AINTUNRITNBTRE

Urea Sigma, USA
Valinomycin Sigma, USA

Xylene cyanol FF Sigma, USA



38

2.1.3 Kits and suppliers

1 kb DNA Ladder BioLabs, New England, England
DyNAzymeTM DNA Polymerase kit FINNZYMES, Finland
ECL Western blotting detection GE Healthcare, USA

Horseradish peroxidase conjugated

#-pmega Corporation, USA

[ ﬁi orperation, USA

Milipore Ultrafree-DA

Ni Sepharose column kit ~emcience, USA

Nylon membrane filters 0

Parablot NCL membrane

\

PCR amplification kit I\x as, Germany

L

Prestained Protein Ladder, 16 Wo0s Itas, Germany

Whatman 3MM paper atianal, England

2.1.4 Organisms Y ’

)
.,l i |
¥ ¥

The two organisms, nqm&ly Escherichia £9" and Synechocystis sp. PCC 6803 were

seaneissunf] WE INENINEINT
A TR AN TR

Biochemistr§, Department of Biochemistry, Chulalongkorn University, Thailand.

2.1.4.1.1 Strain Topl0 (F- mcrA, A(mrr-hsdRMS-mcrBC, ¢80lacZAM15
AlacX74 deoR recl araD139 A(ara-leu)7696galU galK rpsL (Strr) endAl nupG) was

used for DNA manipulation.
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2.1.4.1.2 Strain BL21 (DE3) (F- ompT hsdS(rBmB) gal dcm(DE3)) was used

for PotD expression.

2.1.4.2 Synechocystis sp. PCC 6803 wild-type strain (Williams, 1988), is glucose
tolerant, and was obtained from the Laboratory of Plant Physiology and Molecular

Biology, Department of Biochemistry and Food Chemistry, University of Turku, Finland.

N-1 Easid“_A"' and pUC4K Vector were used

‘\‘-_

2.1.5 Plasmids

The three plasmids, nas

in this study. Circle maps ar =

2.1.6 Oligonucleotides +

Amplified
Target
Name fragment
gene
length (bp)
forward-potD = CGTGATGA-3’
potD _ o
D) ' 1,150
(slr0401) | reverse-po ; -

"l
»

2.2 Methods: polﬂ*ﬂ ﬁﬁ%&f 7] %jw EJ,] ﬂ ﬁ

2.2.1 Expression of recombinant anéhocystis

RARNAS BRI NYIA Y

The régombinant plasmid potD was constructed as described by Raksajit (2007),
briefly, potD gene was amplified by using the pair of specific primer as shown in 2.1.6,
and then ligated into pET-19b. After that, the recombinant plasmid, namely pPETPOTD,
obtained was transformed into the expression host. The expression hosts used in this
experiment were E. coli strains BL21 (DE3). A single colony was picked from the spread

plate recombinant plasmid and then inoculated in 10 ml of LB containing the 100 pg/ml
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of ampicillin in 125 ml Erlenmeyer flask. This innoculated culture was incubated at 37°C
with shaking overnight. Consequently, 1 ml of cell culture was inoculated in the 500 ml
of LB medium containing 100 pg/ml of ampicillin. When the optical density at
600 nm (ODsgoy) reached 0.6 - 0.8 (approximately in 2 - 3 hours), isopropyl-g-D-

thiogalactopyranoside (IPTG) was added into the culture flask with the final

concentration of 0.1 mM. One millili3 ' J-gedium was collected after induction at 5
hours-induction. The pellet wa<® . Mol v fuglng at 5,000 x g at 4°C for 10
min, and subsequently anal: = 7 G E = cllets were washed twice with
aiieouffer. After that, sonication
\ pulse was done in order to
»n
“\\ 00 x g, 4°C for 20 min was
performed. The centrifuge | ns were then analyzed by 15%

(w/v) SDS-PAGE.

2.2.2 Purification of the recom! {ﬁ.?-"_,,-@“; 20tD (rPotD)

3
" ol ——— -

As recombinant & A in the pellet fraction as

inclusion bodies, the pelle® - as then subjected forward to ph. ification by a prepared Ni®*

affinity chromatoﬁ;%cﬂ’rﬂg %mwmrl ?gestlons for insoluble

proteins (His GraviqrapTM kit, GE Hea}thcare England) Briefly, anSIOIl bodies were
weshed w&ﬁ-fm WU RN ';fgd‘n N (appENDIX
G). The msoluble proteins were removed by centrifugation. Subsequently, the clear
solution was applied onto a Ni**- column equilibrated with three volumes of washing
buffer. The rPotD protein was eluted by elution buffer containing 500 mM instead of 20
mM imidazole (APPENDIX G). The purified rPotD was analyzed by 15% (w/v) SDS-

PAGE.
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2.2.3 Protein refolding and immunological analysis of rPotD

The rPotD was refolded by dialysis overnight at 4°C against dialysis buffer
(APPENDIX G). The dialyzed protein sample was then centrifuged at 13,000 x g, 4°C for
20 min to remove unfolded or aggregated proteins and analyzed by 15% (w/v) SDS-

PAGE. The concentration of rPotD protein was determined by Bradford’s method

4 arotein was estimated using standard
ké goblotting analysis. Briefly, the

protein from SDS-PAGEsm y . Ww/lidene fluoride membranes

(Bradford, 1976). The molecular =

markers and its specificity i

(Immobilon-P; pore size, u.Z ectroblotting. Immunoblotting
. . e \'\ \ . .
was performed by using 2484 F % = “MaIaHis tag monoclonal antibody
\ 1 Ny
(Amersham Biosciences, L' a polyclonal rabbit immune
PotD serum. The immunobl¢ ™ anti-rabbit immunoglobulin
G, horseradish peroxidase con;, a icMgainst rabbit immunoglobulin in

a1:10,000 dilution (GE Healthcasfee iz’ 24 wcted by the manufacturer.

2.2.4 Affinities for pol &4 R )

i Fit
I “
|

Binding assay was carrled out as descrlbed prewously (Kashiwagi et al., 1993).

One milliliter of ﬁ %@’rﬂ %eﬁ}%ﬁ WOEJJ’})ﬂ ?jned tPotD protein, 50

mM HEPES- KOH pH 7.5, 30 mM KCland 50 uM gagh radioactivelgdabeled polyamine
*c putre%ﬁfl;ﬁ ﬁiﬂ Ew yrm '1«/} nﬂlﬁ/ g-lof 2 mCi/umol
were incubated at 37°C for 5 min. The reaction was stopped by rapid filtration through a
filter (cellulose nitrate membrane, pore size: 0.22 um, Millipore, USA). The filter was
rinsed with 5 ml of cold buffer (50 mM HEPES-KOH pH 7.5, 30 mM KCI). The
radioactivity was counted with a liquid scintillation counter (Beckman Coulter

Multipurpose Scintillation Counter LS6500, USA). All binding experiments were
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repeated at least twice with triplicate samples. The assay of competition experiments by
substrate analogs was done by adding 20 fold excess of unlabeled analogs to the assay
mixture. The apparent dissociation constants (Ky) and the maximum binding (Bmax)
parameters were calculated from Scatchard plots as described previously (Kashiwagi

et al., 1993). The effect of external pH on polyamine binding was assayed at different

| -4 for buffer pH 4.0 - 6.0, 100 mM Tris-
'.'//for buffer pH 9.0 - 11.0.
—

-PotD

pHs where 100 mM potassium aceté’gy

HCI for buffer pH 7.0 - 8.0, an R
2.2.5 Docking of polyamis

Spermine, spermidir: into the homology model of

Synechocystis PotD (Branr’ yaWGOLD 3.2 (Jones et al., 1995
and 1997). Prior to the doc! fic . H\\ he Synechocystis PotD model
was removed and hydrogen: ystis PotD model in Sybyl 8.0
(Tripos International, St Louif puirescine docking experiment, the
conserved water molec " in 5.in the E. coli PotF (PDB code

1A99) crystal structurdds R ‘ model prior to adding

hydrogens. Ten independs ‘l genetlc algorlthm runs with “‘ default docking parameters

were made in GCF?WHM?WIEJIW?WE}#‘lﬂC? model was restricted

within 15 A radiu8from the OD2 atgm of Asp206 in the spermldlne and spermine
docking eﬂ wq aﬂa ﬂ ﬁtw N%Ia g)%&l '}ﬁr&}ed at the OD2
atom of Asp295 The docking was stopped if three docking solutions were within 1.5 A
rmsd. The docking results were visualized and examined with Bodil modeling and
visualization environment (Lehtonen et al., 2004) and figures were prepared with PyMOL

(DeLano, 2003).
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2.3 Methods: characterization of Synechocystis potD and potD::Km" mutant
2.3.1 Mutant construction

The potD gene of the wild-type was interrupted with a kanamycin resistance (Km")
gene cassette to construct the knockout mutant recombinant and transformed it forward to

Synechocystis segregation.

2.3.1.1 Culture condition_ W é
S -
Axenic cells . Cy 0 —— Synechocystis were grown

photoautotrophically at 30 ' ' 7.6 mM NaNOs as nitrogen

source buffered with 24 ippka et al., 1979) under

continuous illumination U | » \ c®% tubes. The incident light

W

intensity in the growth ched S/ /s. Growth of liquid cultures

®

was monitored by measuriny ) nm (ODy7s0) with a Spectronic

Genesys' "2 spectrophotometer.
e

3

2.3.1.2 Genomic ‘ “":". _i’"d

Two milli: ; r of exporenuaiy growing didures of Synechocystis was

extracted genomltﬁ!ﬁ ﬁ ﬁeﬂcngw gg'i]gn\ ﬁooo x g for 10 min and

resuspended in 400441 of TE-Buffer pH 7.5. Half volume of glass bead 8 ul of 10% SDS
o 0 QIRAR AT RN T YR v o
vortexing 1 m|n for 3 times, cool on ice between intervals. The lysate was centrifuged
(10,000 x g, 10 min, room temperature) to remove major amount of polysaccharides, and
the clear supernatants (containing total DNA) were transferred to a new microcentrifuge
tube. After that, one volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added,

vortexed and centrifuged at 12,000 x g, room temperature for 10 min. Kept viscous
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supernatant in new microcentrifuge tube, added 1:1 volume of chloroform:isoamyl
alcohol (24:1) and then centrifuged at 12,000 x g, room temperature for 10 min.
Transferred supernatant in new microcentrifuge tube, added 2 volume of absolute ethanol
and incubated on ice for 30 min, then centrifuged at 12,000 x g, 4°C for 10 min. Pellets
were kept and added 70% ethanol (v/v). After gentle mixing by inversion, the mixture

was centrifuged at 12,000 x g, 4°C ) J 4Washed pellets were air dried at room

temperature. One hundred pl o9 ~ 4 # suspended and then checked by
monitoring concentration at N ( 200 11g/ml) while the purity was

checked by the absorbanc . N N 2ussell, 2001). DNA sample

L ‘ \4 er pH 8.0.
RN

73
#dd

£, e
dpy

The sIr0401 se OIS 1" periplasmic binding protein D
of Synechocystis (PotD) (Kan€ Z= g s arplified from the genomic DNA

using Pfu DNA polyr

convenience of clonin@

J as added to 5'-end of the reve.;-potD primer after the stop

gane gsoecific primers. For the
.fd ‘end of the forward-potD
primer and a BamHI site

codon. Pfu-basedﬁ”rﬁiﬁaw %ﬁwsrﬁﬁ?nditions as shown in

APPENDIX D. ThébCR products were ‘Ihen fractlonated ona0.8% (W/v) agarose gel.
zgammmmmamma d

A potD gene was purified by plasmid purification kit. The gene was tailed
with an adenine nucleotide and ligated to the pGEM-T Easy vector, called pGEMPOTD.
The pGEMPOTD plasmid was transformed into E. coli Top10 using electroporation. The
transformants were selected using the blue white screening on the ampicillin agar plates.

A single white colony of E. coli harboring a pPGEMPOTD was grown in 1.5 ml LB broth
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containing 100 pg/ml of ampicillin and incubated at 37°C overnight. The pPGEMPOTD
was prepared by a minipreparation method as described by Sambrook and Russell (2001).
Briefly, a single-colony of E. coli TOP 10, containing the pPGEMPOTD, was inoculated
into 2 ml of LB medium supplemented with 100 pg/ml ampicillin. The culture was

incubated overnight at 37°C, transferred into a 1.5 ml tube and harvested by

centrifugation at 5,000 x g, 4°C fopu | pellet was resuspended in 100 pl of

Solution I to which 20 pg/ml K% e e / # .ubated at room temperature for 5
min. The sample was place” 1 s ao0lution II was added, shaken
s vwesfollowed by the addition of

150 pl of Solution Il an 74 A _m. ifuging at 12,000 x g for 10

N

min, the supernatant was' o P L | ruuge tube and extracted with
: N

one volume phenol:chlorcior #F JF 1c ‘ %), and mixed by vortexing. The

sample was then centrifuged a‘ " 2iri e upper phase was transferred to

a new microcentrifuge tube. After f absolute ethanol was added to the

sample and incubated c. ;— irifuged at 12,000 x g for

10 min, the supernatant | dista _r V\" washed with 800 ul of cold

70% ethanol. The plasmid wégegollected by cegipifugation at 12,000 x g, 4°C for 15 min,

o 0 sy 1 B b H] A TLEL ) B s et
with Ndeladﬁmjlﬁ ﬁoﬁﬁmgﬂ wﬁeﬂlm \ﬁﬂlyzed by 0.8%

agarose gel§electrophoresis. After that, the selected clones were sequenced with an

automated sequencer by a commercial service (Macrogen Inc., Korea).
2.3.1.5 Plasmid construction of pPotD::KM"

A 1.15 kb DNA fragment containing potD gene was amplified by PCR with

specific primers and subsequently inserted into the pGEM T-easy vector as described
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previously in 2.3.1.4. The pPGEMPOTD was digested with BstEII getting the 5’ sticky end
and made the blunt end fragment by adding DNA Polymerase | Large (Klenow)
Fragment. Briefly, 50 pl of reaction was composed of 10 pg of BstEIl digested
pGEMPOTD, 1x of Klenow buffer, and 10 unit of the enzyme. The reaction was

incubated at 37°C for 20 min. After incubation, the reaction mixture was loaded to 0.8%

A suitable g% al ben | " inserted DNA in a mixture

#%: appropriate amount of PCR

! —
product (insert) used in ligatior. re
237 7

"1g equation was used:

3

ng of vector x kb ;r
kb size of vectq !

The 1 ﬁgﬁiﬂ i‘wﬂﬁ f 10xT4 DNA ligase
buffer, 1 unit ofa‘ E’ﬁ tEII" dTfest II‘E)MPOTD and 7 ng of

o QTR TR IME e o

microlitre offthe ligation mixture was transformed into the competent E. coli Top10.

EY Ing of insert

2.3.1.7 Electrotransformation

The competent cells were gently thawed on ice. Forty microlitre of cell
suspension were mixed well with 1 pl of the ligation reaction, and placed on ice for 1

min. The cells were transformed by setting the GENE pulser apparatus (Bio-RAD, USA)
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as follows: 25 pF, 200 Q of the pulse controller unit, and 2.50 kV. After one pulse was
applied, the cells were immediately resuspended with 1 ml of LB broth. The cell
suspension was incubated at 37°C with shaking at 250 rpm for 45 min. The cell
suspension was spread on the LB agar plate containing 100 pg/ml ampicillin and 100
pg/ml kanamycin, then incubated at 37°C for overnight. After incubation, colonies were

randomly selected for plasmid isolatipg

using EcoRI. The digester 4#5 4 = 1y » N agarose gel electrophoresis.
W Oately 2.41 kb for potD::Km'
mutation was selected. DN s & in: 5 AN \\ confirm the correct frame of

the vector and the inserted D

fr‘:. 7 3 ;
2.3.1.9 Natural transformat. cystis
(b A
The mue— S=4nto Synechocystis cells
‘ v... |-! "

according to Williams (1€ l ). ¥aie 71 D730 ~ 0.5) were centrifuged

i¥

the potD.

(5,000 x g, 5 min, 30°C). Téegell pellets werg esuspended in 1 ml fresh BG11. Forty

microliter of cell %ulﬂ ﬁslmqﬂni\we&leﬂ;fp]njof tubes. The 20 pg of
potD::Km’qlaﬁwf/ ac rﬁ eﬁﬂeﬁiﬁ.ﬁeﬁiﬁu Vﬁlls and mutant
plasmid Wasqincubateaoiﬁurs under darkness at 30°C, and sha@n'tube once after 3
hours. Consequently, 1 ml of fresh BG11 containing 0.4% glucose was added and
incubated with shaking at 30°C for overnight under light illumination at 30 umol
photons/m?/s. Cells were spread on BG11 containing 0.4% glucose and grown in chamber
at 30°C, light for 18 hours. After 18 hours, the transformants were plated onto medium

agar plates containing 20 pg/ml of kanamycin. After 3 days, transformants were
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transferred on fresh agar plates containing kanamycin at the higher concentration, 30 -
100 pg/ml. PCR amplification technique was used to confirm the complete segregation of

mutant by using the same primers that were used to amplify potD from Synechocystis

wild-type.
2.3.2 Growth study

The growth rates of Synechass /, /"tures were monitored under various
conditions as follow; BG11 n™ é 0.5 mM putrescine, spermidine
and spermine; the presence i N e presence of 300 and 700 mM
sorbitol. The Synechocyst » ‘ Ily in BG11 under various

conditions. In addition, ¥ 8 “%s grown in BG11l medium
. N

\ SNonditions. The initial of cell
)f 100 ml volume were grown
. f:r; ( # o .

in 250 ml Erlenmeyer flasks on & — at 160 rpm, 30°C under continuous

illumination of 50 pmol 2 i e f32d as the standard growth

)

conditions. Cells were . . Fmoni of 250 pmol photons/m?/s

for studying in the effect of .hlgh light mtensﬂz)on growth Two ml samples were taken

from a culture f|aﬂ %Ejy’;} %E}%Wa&jb’]rﬂ ﬁmg the optical density

at 730 nm with a Spectronlc Genesys' ¥ 2 spectr 'E'hdometer

FRIAINIUUAIINYIA Y

2.3.3 Extradgion and determination of cellular polyamine content

Synechocystis wild-type and mutant cells under various conditions were harvested
and broken the cells by 5% cold HCIO,4. After the extraction by 5% perchloric acid for
1 hour on an ice bath, the samples were centrifuged at 8,000 x g, 4°C for 10 min. The

supernatant and pellet fractions (represented as free and bound forms of polyamines,
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respectively) were derivatized by benzoylation reaction. One ml of 2 M NaOH was added
into 500 pl of 5% HCIO, extract firstly following by mixing with 10 ul of benzoyl
chloride. The mixture was vigorously vortexed and incubated for 20 min at room
temperature. The reaction was stopped by 2 ml of saturated NaCl. The benzoyl-
polyamines were separated by solvent fractionation with 2 ml of cold diethyl ether.

Taken 2 ml of the ether phase with by '} amines to a new tube and evaporated to

dryness, then redissolving in //wntlc polyamine standards were
prepared similarly as the s ‘ lyamines were then analyzed
by high performance lig 10w and Galston, 1982), using
1,6-hexanediamine as a \\\\‘~ viltered through a 0.45 pm
cellulose acetate membra . \ . erivatized polyamines were

reverse phase column (5 um; 6 ":" i IV-Vis detector at 254 nm. The

mobile phase was a gradient of 6042757 2 /] vater. The flow rate was 0.5 ml/min.

3

Chromatogram and stass'= Z 4the APPENDIX K.

2.3.4 Polyamine transpo l assay

2341P°'yﬁw*awﬂmwmm

Exponentlal cells were hawrested by cenggifugation (8,000 g, 10 min, 4°C),
washed tvﬂeﬁ&ﬁnﬂ ﬁﬁmum:l:J?mcﬂ;l@ (ﬂ’/o glucose and
suspended iﬁ the same buffer. The cell suspension containing 0.1 mg cell protein was
preincubated at 37°C for 5 min. The addition of 5 ul **C polyamine (Radiochemical
Centre, Amersham, England) with a specific activity of 2 mCi/mmol at a final
concentration of 50 uM was added to start the uptake experiment. The reaction was

incubated, then, the cells were rapidly collected on membrane filters (cellulose acetate,
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0.45 ul pore size; Millipore USA). The filters were washed twice with 1 ml of cold buffer
containing 1 mM specific polyamine to remove the adsorbed **C polyamine on the
membrane. The amount of amine adsorbed to the cell surface and the filter was less than
0.1% of the added amine under these experimental conditions. The radioactivity on the

filter was determined with a liquid scintillation counter. Initial polyamine uptake rates

were determined from the linear incig e pke and are expressed as nanomoles of

polyamine taken up per min peims S P '//he ionic and osmotic stress assay,
- . i

cells were preincubated With: D orbi S — ain at 37°C before the addition
of *C polyamine. For the ' ' Sic ™logues, cells were incubated

| - a"\ "'\,‘_ i
with a mixture of labelle&™S : AN\ s uibeled analogues for 30 min
%, __\-

at 37°C before the addit®on By (2= N 0Nt intensity assay, cells were
. L R Y

stood under darkness or 110 + g #F 2 _ - ‘ ) before adding **C polyamine.

Exponentis ce k. acifigeactivity of 2 mCi/mmol at

a final concentration o

v | ]
A :lls were washed twice as

i

described in uptake ass&s®

containing either ﬂnﬂlﬁ%} WH%WMM4% glucose or 50 mM

sodium acetate buﬁ‘vr pH 6.0 contalnlnq,o 4% glucose Cells were coUted by membrane
filters eveﬂl%ﬂ@ Pﬂ1 g}ﬁ m%%'aeavma&hqi a Fl_latlon counter.

2.3.5 Western blot analysis

14C polyamine- Ioaded cells Were incubated in the buffer

2.3.5.1 Isolation of total membrane and soluble protein fraction

Soluble protein was isolated essentially as described by Gombos et al.

(1994). Forty milliliter of the exponential phase of wild-type and mutant Synechocystis
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cells under various conditions were harvested by centrifuged at 4,000 x g, 4°C for 8 min
and washed twice with washing buffer (50 mM HEPES-NaOH pH 7.5 and 30 mM
CaCly). The pellet was resuspended with 200 ul resuspention buffer (50 mM HEPES-
NaOH pH 7.5, 30 mM CaCl,, 800 mM sorbitol and 1 mM e-amino-n-caproic acid). The

cell pellets were broken by vortexing them in the presence of glass beads (150 - 212

microns; Sigma, USA) 1 min for 6 l 1 ice between intervals. Unbroken cells
and glass beads was removed h® "'{ . x g for 5 min. Centrifuged again,
7 : gentrifugation at 18,000 x g for
Na®d pH 7.5, 600 mM sucrose,
30 mM CaCl, and 1 M giyci: J E _ W8C- Al steps were performed in

dim light at 4°C. Isolatedne g5 JF JFak (ol \\ with thylakoids but apparently

2.3.5.2 Immunoblotting

0l

P vere transferred from the

Fifty micr ele protein fractions were

loaded into a 15% (w/

gel onto polyvinylidene . orlde (PVDF) membrane (Im. .obllon P; Millipore, USA).

et 6 GBI B oo

have been transferl%l to the membrane‘completely Membrane was wmedlately placed
into the kaﬁﬂfa ﬁﬂﬁm uwla Qdﬂoﬂﬂ akﬂuth shaking at
4°C for 1 hour Subsequently, the blotted membrane was washed twice with TTBS buffer,
each wash for 5 min (Tris base buffered saline, 0.05% Tween-20) and incubated with
1:5,000 of primary antibody (polyclonal anti-PotD, Biomedical Technology Research
Center, Chiangmai University, Chiangmai, Thailand) in the Antibody Binding Buffer

(Tris base buffered saline, 0.05% Tween-20 and 1% skim milk) with shaking at 4°C for
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overnight. After incubation, the blot was washed three times 5 min each. The blot was
incubated with a secondary antibody conjugated horseradish peroxidase (1:10,000) for
one hour with shaking at 4°C. After incubation of the secondary antibody, the blot was
washed three times in TTBS, each wash for 5 min. The blot was developed by addition of
substrate for chemiluminescence horseradish peroxidase. The signal was detected with

X-ray film (Fuji, Japan) and quantifie

“gmetric evaluation by using the Geliance

Cell was cultivated i # ), I Wwith each polyamine, NaCl or
sorbitol. The cell culture 4. : N % and resuspended with fresh

BG11 medium to the final ‘ 4 i wphyll a per milliliter prior to

PSII activity was measured tion under saturating light intensity

gL )B) at 32°C. The 0.5 mM
Y )

with Clark-type oxygef A
. 37
DCBQ (2,6-dichloro-p-i7 =51 acceptor and 0.5 mM

W ¥

ferricyanide added to keep ihe acceptor in OX|d|zed form. Photosynthetic capacity was

s PRI &mwmmm

instead.

ammmmummmaﬂ



CHAPTER 111
RESULTS

3.1 Polyamine binding activity

3.1.1Expression of recombinant Synechocystis PotD (rPotD)

The recombinant Escherichig =3) cells harboring pETpotD were

grown at 37 °C in LB medius g 10Lz_picillin. Protein production was

induced by isopropyl--D fter induction, one millilitre

of culture medium was colle \ A/hole cells and a crude extract
from sonicated cells were N S PAGE (Figure 10). The
induction of an approxim 4 \ \ occurred after 1 hour of
induction by IPTG and gradt ‘. NS R of induction. The result shown

in Figure 10 illustrated tha re oC¥tis PotD (rPotD) protein was

J-—J

expressed in Escherichia coli ""*‘ med itself as an inclusion body.

X
. -

3.1.2 Purification, refo

The rPotD-i ﬁ m fer_The insoluble proteins
were removed bya«n mdﬂﬁ g]ntl ed onto a Ni?*-column
ethbratWG‘]/ar;asﬂ Tﬂ?&\llﬁ WWU@TG \Et collected and
dialyzed exﬂenswely against dialysis buffer to remove the imidazole and NaCl. The
purified rPotD was analyzed by 15% SDS-PAGE. Recombinant purified PotD was
analyzed by immunoblotting analysis using a monoclonal antibody raised against His-tag

at a dilution of 1:3,000 and a secondary antibody conjugated anti-rabbit immunoglobulin

G at a dilution of 1:5,000 to confirm the molecular weight and purity. After incubation of
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antibody, immunoblotting membrane was developed by addition of substrate for
horseradish peroxidase. During exposure for 20 min, the signal corresponding to the
specific antibody-antigen reaction was apparently visualized. An analysis by
immunoblotting with anti-His monoclonal antibody and polyclonal PotD antiserum
indicated that the rPotD had an apparent molecular mass of 43 kDa corresponding to the

size of the predicted rPotD (Figure 17

AU ININTNEINS
IR TN TN



55

rPotD(43 kDa)

molecular weight markerJ? olgriell extracts of non-induced

cultures after growing overry@, lanes 2 - 5, yhole-cell extracts of cultures kept 1, 2, 3

o stours Bl Bl ) ELYI,‘M ek} 3c
ama\mimummmaa
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(kDa) M 1 2 3
83.0 mmm .

475
<«rPotD(43 kDa)

+

Figure 11 Coomassie-stai! D eluted fraction from Ni

chromatography purificatior & ' inddd&= <= 3 Al ysis. Lane M, molecular weight

markers (in kilodaltons); lane ®d with buffer containing 500 mM

imidazole; lane 2, Ni**-nurifisg SOV aaclonal anti-His antibody; lane 3,
Ni?*-purified rPotD p !; ~ rum against the purified
rPotD. -

|
! v ) A¥

AU ININTNEINS
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3.1.3 Affinities for polyamine binding

The binding of varying putrescine, spermidine or spermine concentration to rPotD
was saturable (Figure 12A). Scatchard plots showed linear transformation of the binding
of all three polyamines to rPotD demonstrated in Figure 12B. The values of the

dissociation constant (Kg), calculated from the reciprocal of the slope for putrescine,

spermidine and spermine in vitro a .3 UM, respectively. The maximum
binding (Bmax) Values, the X- ' .plot of putrescine, spermidine
and spermine were 0.74, 1757 - icopectively (Table 3). The data
indicate that the three pol \\ binding stoichiometry based

on the molecular mass for 4

3.1.4 The effect of pH on r,

Polyamine carries a net [# “i‘

affect its binding. The binding "“'*‘- "“ 3.50 MM potassium acetate buffer

, vi¥ further tested whether pH could

pH 4.0 - 6.0, 50 mM .V;" Y} mM Tris-HCI buffer pH

9.0 - 11.0. The result sh J ed that the chianyes 1n the poddimine binding capacity as a

function of exterrﬂw ﬁsﬂeﬂrﬂ%{w y,aieﬁuﬁainding of all types of

polyamines to rPot@) displayed an optlmum at pH 8. 0 However, there was the reduction

aonon QAR T SRR o

the rPotD ha‘!i the highest binding capacity for spermidine at all pH values analysed.
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1.0

e o o
> o o)
L]

Polyamine binding
(mol/mol PotD)

o
(N

mol PotR/n

2ound/Free

AU unaweing”
o RAAIATURA THYARE o e

(A) binding. (A) Different amounts of each polyamine were added to give different

i 0

external polyamine concentrations. The data represented three independent biological
replicates. (B) Scatchard analysis of the data. The line drawn is derived from regression
analysis of the data. Kq and Bnax Were obtained from the reciprocal of the slope and the

intercept on the X-axis, respectively.



Table 3 Parameters for rPotD binding to different polyamines

Kq Bmax
Polyamine
(uM) (mol/mol)
Putrescine 0.74 £ 0.05
Spermidine 1.42 +0.40

Spermine S 0.13+£0.03

AULINENINYINS
ARIANTANNIINGIAY
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Polyamine binding
(mol/mol PotD)

Figure 13 Effect of external / 2rmidine (M), and spermine (A)

binding. The binding assa TET O gifferent pHs. Asterisk indicates
statistically significant y ) 3).

|
,I " dF

AU ININTNEINS
IR TN TN
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3.1.5 Effect of NaCl and sorbitol on polyamine binding

Since polyamines had been reported that have protective mechanism inside the cells
against environmental stresses. Therefore, we further assessed whether osmotic stresses
generated by NaCl and sorbitol affect polyamine binding. The presence of 10 mM NacCl

showed the highest capacity binding for the three polyamines. However, increasing of

NaCl concentration from 50 to 25 \ I L_the binding capacity (Figure 14A).

Similarly, the highest bindinc™

of uooéamines was at 10 mM sorbitol.

Increasing of sorbitol conceiiu 2 00| s esdlted in decrease of polyamine

\ ight osmotic stress generated

by either sorbitol or NaCl =4 [ g | Sapacity of rPotD.

binding capacity (Figure 17,

3.1.6 Specificity of polya A

ner are specific interactions between

Experiments were carried u
. T o N
the rPotD and polyamines. As&4 L ON ading of each radioactively labeled

polyamine to rPotD wil V. EY' JIly related to polyamines,

including L-arginine, L-¢ i! aragine, L-Qiutaiine acid, L-lydde, and L-ornithine. Binding

L) fﬂ?]"fﬁeﬁ"m g e e

42%, respectively.qBinding of * spermlne to rPotD was |nh|b|ted by non-labeled
putrescmeﬂir“ Qrad@ef]agj mdu% '](gew%,l "f alﬂ binding of
Yc putrescme to rPotD was inhibited by non-labeled spermine and spermidine 38% and
58%, respectively. These results proved that rPotD is able to bind specifically to the three

polyamines putrescine, spermidine and spermine.
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o
o

©
N

Polyamine binding
(mol/mol PotD)
o
IS

0.0

Polyamine binding
(mol/mol PotD)
o
I

ﬂ) 0 0 100 150 2
A saliiiAThen et

Figure 14 Effect of external NaCl at various concentrations of 0 - 250 mM (A) and

00

sorbitol at various concentrations of 0 - 200 mM (B) on putrescine (®), spermidine (m),
and spermine (4A) binding. The data are means from three independent experiments with

vertical bars representing standard errors of the means, n=3
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Table 4 Effect of polyamine analogs on specific binding activity of Synechocystis rPotD.

Polyamine binding (%)

Analog 4C putrescine  **C spermidine 14C spermine
None 100 + 2
Putrescine 61 + 3°
Spermidine 42 + 42
Spermine -
L-arginine 93+2
L-asparagine 9% +5
L-glutamic acid 97 +3
L-lysine 92+4
L-ornithine 93+5

% statistically significant dlﬁe nces (Student’ U -test, P <0.05, n = 3) with reSpeCt to the

oot e GBI AB YT RIARG . e

percent binding aclilvity relative to the control (100%) for putrescme spermidine and

e @Wﬂeﬁﬁmﬁw’l‘?ﬂ B
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3.1.7 Docking of polyamines into the homology model of Synechocystis PotD.

Putrescine, spermidine and spermine were docked into the Synechocystis PotD
model to examine differences in the binding of the three polyamines. The binding modes
of spermidine and putrescine were also compared with their binding to the preferred

periplasmic substrate-binding proteins in E. coli, PotD and PotF, respectively (Pistocchi

et al., 1993). The binding mode of = _ ; '1|ne in Synechocystis PotD was very

.lcture of E. coli PotD as well as

"'"r cied complex of Synechocystis

similar to the binding mode i
to the binding mode of speiiii
PotD and spermidine. E. _ | hare the conserved residues
(Asp206, Glu209, Trp267 4 ) - _ N Sciystis numbering), which are
involved in the bindiné | :1_‘_. AN _Additionally, Leu40 binds
spermidine through hydrop g e 7 \W269 and GIn270 bind the N1
nitrogen of spermidine. The VO 7 site’ cavity in Synechocystis PotD is
large enough to accon nod el ast 2f the docked polyamines.

Based on the docking ri X nldlne does (Figure 15B).

An additional residue, Gl ‘I Was found to interact with th . "\14 nitrogen of spermine. A

conserved water rﬂeﬂeﬂ E'J:cvrﬂ w3 Wﬂ 4'11ﬂ ?B structure 1A99) has

been shown to be mportant for putreS(}ne binding (Vassylyev et al. 1998) and, thus, it
was adde(Q tiqaq@ha ﬂh@sﬂ%f&ﬁﬂ Qtanwﬁf] an&jascme docking.
Putrescine Was docked to the model in a similar binding mode as in the crystal structure
of E. coli PotF (Figure 15C). Synechocystis PotD residues Leud0, Glu209, Trp267,
GIn270, Trp293 and Asp295 are involved in binding putrescine, while Asp206 and
Asn269 are too far away to be able to bind. Glu209 interacts with N2 atom of putrescine

via water molecule.
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A AspZOG“
Glu209

1 Trp267

o synqhm IS O TN DI Hor s

interactions are shown as sticks and the conserved residues colored magenta. The

polyamines are colored cyan.
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3.2 Characterization of Synechocystis potD and PotD::Km"Synechocystis knockout
3.2.1 The potD gene amplification

The potD gene of Synechocystis was amplified from genomic DNA using specific
primers, designed from the complete sequence data in cyanobase (Kaneko et al., 1986).

PCR amplification was performed by 5

bgturation at 95°C for 5 min, 29 cycles of
denaturation at 95°C for 30 mir

min, and the final extension a ' \ i " oduct was electrophoretically

3.2.2 Construction of a pC g bin: Akid containing the potD
‘ed using PCR purification kit

(Qiagen, USA). The purified PL . @

LT T ) )
t A°4 e as transformed into the E. coli

A-*easy vector were ligated together

by ligase for overnigh

Top10 cells. The recons V _r"‘ late containing ampicillin

and X-Gal. The white = :onles were randomly selecte® o and cultured in LB broth

containing ampicﬂ‘l ﬁem wgﬂﬂlWﬂﬂﬂﬁlasmid extraction and

digestion with N@#I and BamHI reétrlctlon enzymes to prove the correction of
recombmaﬂ Mq ab&ﬂ ‘ﬁym ademqs’\geﬂr&y}ia/ H% agarose gel
electrophoreS|s The recombinant plasmid harboring potD gene was confirmed by double
digestion using Ndel and BamHI enzymes. Two bands of pGEM-T easy vector and potD

gene were observed at 3.0 and 1.15 kb, respectively (Figure 17).
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Figure 16 Agarose gel glectrg

-

a0tD 2ene. The PCR product was

-
-

AX Jbromide staining. M is a

separated on a 0.8% agy &

AULINENINYINS
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pGEMPOTD
4165 bp

3.0

115

=
-

\YF )
Figure 17 Agarose gel®«= "I cD gene in pGEM-T easy

vector (pGEMPOTD). (/—\) The constructlon of pGEMrOTD (B) The analysis of

pGEMPOTD. Larﬂ\u H/ﬁ}% E]Jﬂnﬁjkw %}’] ﬁﬁMPOTD and lane 2 is

the pPGEMPOTD dlgested with Ndel angl BamHI. Theydigested fragmgnts were separated

on 0.5 Bl QW i Ml VLA R 2
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3.2.3 Construction of a potD inactivation strain

The chromosomal potD gene of Synechocystis was disrupted by inserting a
kanamycin resistance (Km") gene cassette of pUC4K (Amersham-Bioscience, USA) into
the potD gene. Briefly, pPGEMPOTD was digested with BstEl as well as pUC4K was
digested with BamHI for overnight. These fragments then were made blunt ends by using

Klenow (Promega, USA). The restrictiog J e,activity was inactivated by heat at 65°C

for 20 min. The reaction was _-'_.f_'f n, #|EB: 3' - 5" exo-) and 1 pl of 2.5
mM dNTPs, incubated at 37 in these reactions were loaded to
0.8% agarose gel electrog* Ty N g2d from gel and purified by

™ rmed, transformed into the

Itures were subjected to plasmid
extraction and digestion with Ndel T iction enzymes to prove the correction
g et L
of recombinant plasm g :_‘ 1alyzed by 0.8% agarose
\~F ' |

gel electrophoresis to '-.-I TS " r:f ment. The analysis revealed

i¥

that the recombinant plagmig contained ag kanamycin resistance (Km") gene in

pPOTD::Km'". Tvvﬂ ua;&mws wn&’oq mm gene were represented
at 3.0 andﬁ a & ﬁ§ fﬁ aj Eltransformed to
Synechocystqs 0 ensure gene Knockout Is comp eely segre a ion, colony PCR was

performed by using specific primers. PCR products were analyzed by 0.8% agarose gel
electrophoresis as shown in Figure 19. The PCR result revealed that the DNA fragment

isolated from Synechocystis potD mutant was larger than Synechocystis wild-type strain.
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pPOTD::Kmr
5429 bp

Figure 18 Agarose gel.2lectss . The. DNA was separated on a

-

0.8% agarose gel and & 44 Y ) ining. Lane M is a 1 kb

DNA marker, lane 1 is J undigested prOID::Km', a Liane 2 is the pPOTD::Km'

Y INGNTNEIN
PRI TUAMINYAE
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Figure 19 Agarose gel electrg sing.chromosomal DNA of the

Synechocystis wild-typs V X Joduct was analyzed on a

0.8% agarose gel and the Jvisualized py ethidium bromicds#staining. Lane M is a 1 kb

DNA marker, Ianﬂiﬂﬁlﬁwjéfwgqﬁ ?D::kmr, 2.41 kb.
AAIAINTUNNIINYAY



72

3.3 Effect of external polyamines and environmental stresses on Synechocystis

growth comparing wild-type and potD mutant

Synechocystis wild-type strain and Synechocystis potD mutant (hereafter wild-type
and mutant cells, respectively) were grown in BG11 medium supplemented with various

concentrations of each polyamine; putrescine, spermidine or spermine. In BG11 medium

otD to the three major forms of
mine on growth, polyamines
were added to the mediuiii. ' ## "N W Ivi putrescine, both the mutant
and wild-type had increa y , | ."-h.ﬁ_ The higher putrescine
concentration resulted in the 3 \ h'\&x mutant strain showed strong
negative sensitivity to 0.4 an d with wild-type strain (Figure
21). Similar results were ¢ er see of spermidine (Figure 22).
Additionally, increasing the ex f’-?-"-*‘ spermine from 0.1 to 0.5 mM
resulted in decreasing ;tingly, the mutant strain
could not tolerate the exte J al speriiimehgee zo). |hese , sults suggest that the mutant

L) ) b e

Subsequently, #iis were grown in lhe medium contalnlng 250 and 550 mM NaCl. It
was obseer wqeabatﬂaﬁmla;‘ym ﬁ'@%ﬂfﬂcﬁ &]external NacCl,
whilst the mutant cell was slightly affected (Figure 24). The presence of sorbitol at 300
mM in BG11 medium strongly promoted the growth of wild-type whereas only growth
inhibition was observed in the mutant cell. Sorbitol at 700 mM significantly reduced the

growth of wild-type and mutant cells (Figure 25).
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Figure 20 Growth of Svnechas nt cells in the BG11 medium.
Solid line represents wi y X J; mutant growth. The data

|

are means from three in¥

o AN EN NGNS
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endent experiiients with vertidd bars representing standard
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3
—— BG11 WT -©=-=-BGl1 MT
—f— 0.1 mM put WT - 48--0.1 mM put MT
g 0.5 MM put WT = =p==0.5 MM put MT

|

Vv i¥

2
o
N~
Qo
@
1
0
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Figure 21 Effect of external putrgc T rowth of Synechocystis wild-type and
mutant cells. Differelgd 5240 BG11l medium giving
\y: h
different external putrescyj: C& T, The data are means from

three independent experimgnts, with vertical ggars representing standard errors of the

s FUSINYNTNEIN
IR TN TN
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—6—BG11WT --©-=-BG11 MT
0.1 MM spd WT =<==0.1 mM spd MT
j—t— 0.5 MM spd WT «=«==0.5mM spd MT

10

Figure 22 Effect of e> 'y: i Synechocystis wild-type

and mutant cells. Differesd amounts of sperimidine were a&dad to give different external

¢ Q/
spermidine conceprﬂ%j)ﬁ ﬁ WT? Wlmeﬂsﬁom three independent

experiments with vAiitical bars representi ‘pg standard errors of the means n=3.

amaﬁﬂimummmaﬂ
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—0—BG11WT =-<©--BG11 MT

= 0.1 MM spm WT = <4==0.1 mM spm MT
0.5 MM SpM WT = «p=«0.5 MM spm MT
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@
a)
@)
1
i
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Figure 23 Effect of EX' 'y: Y nechocystis wild-type and

mutant cells. Different .ounts of sperimine were add®d to give different external

e g g @ﬁoﬂ”ﬁmﬁ{ﬂ g prpg e e

experiments with vAiitical bars representi ‘pg standard errors of the means n=3.

amaﬁﬂimummmaﬂ
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—6—BG11WT -©--BGl1MT
=250 MM NaCl WT = =-=250 mM NaCl MT

2 —1
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3
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Figure 24 Effect of Na " V. R Jild-type and mutant cells.

. | . .
Different amounts of Na<# were addea to give different®&ternal NaCl concentrations

(250 and 550 mMﬂfﬂiﬂ auj rerj ﬂ Wﬂm‘lﬂ j)erlments with vertical

bars representing stihdard errors of the means n=

qmaﬁﬂimumwmaﬂ



78

—8—BG11WT
-©=--BG11MT
—3¢— 300 mM sorbitol \WT,
= ¥==300 mM sorbi %

—t— 700 MM 35

10

Figure 25 Effect of s 'y: AY Jitis wild-type and mutant

cells. Different amounts. .f sorbitol were aaded to gi%d different external sorbitol

v o 40P YOIy SRR e o

experiments with vAiitical bars representi ‘pg standard errors of the means n=3.

amaﬁﬂimummmaﬂ
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3.4 Effect of external polyamines on cellular polyamine contents

Total polyamine contents in the cells of Synechocystis wild-type and mutant grown
in BG11 containing 0.5 mM of each polyamine for 5 days are shown in Figure 26A. For
total polyamine contents, they are included both free- and bound-forms of polyamines.

The results revealed that mutant cell accumulated putrescine and spermidine with 1.2 and

3.1 fold compared to that of the Jr ectively. Additionally, the level of
spermine showed no differesgg -I : mutant. The cells cultured in
BG11 containing 0.5 mNM4 hj wve ~ punt of putrescine than that
without the polyamines aur’ ##® ‘ 1 Synechocystis wild-type and
mutant can uptake regular y ,' \ lntrlgumgly, the increase of
spermidine was sharp incr: Fg by % NN, cell compared to wild-type.
Likewise, 0.5 mM spermidir v # N 1 =7, the putrescine and spermidine

contents inside the cells were h t (M n that in wild-type. On the other

hand, the level of spermine = =2 .,-e‘i ells cultured in the presence of

putrescine and spermin' Ry Jspermine occurred in cells

oo nuIngs su‘ >sted that mutant cell where
potD gene was dlﬁ ﬁ}ﬁ ﬁ W rfe] spermine compare to
wild-type cell. ThugyPotD should be mvolved in the ransport 0 spermldlne and spermine,
e @GR NN T AT ]
FRIQNN n1INgIae

Slnce the addition of sorbitol had affected cell growth, the accumulated

grown with 0.5 mM sper: I 1e presenice.

polyamine amount was then determined. The enhancement of polyamine content was
established in mutant cultured in 300 mM sorbitol condition. Also, when the sorbitol
concentration was rose up to 700 mM, the apparent increase of polyamine was markedly

observed (Figure 26B).
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Cells were grown in BG11 medium containing 0.5 mM of each polyamine (A) and 300

mM or 700 mM sorbitol (B) for 5 days. The polyamines were extracted and analyzed by

HPLC. The data are means from three independent experiments with vertical bars

representing standard errors of the means, n=3.
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3.4 Polyamine uptake

In order to elucidate whether potD is involved in polyamine transport, the uptake
and excretion of polyamine were determined in Synechocystis wild-type and mutant at
interval time for 90 min. Synechocystis could immediately uptake *“C polyamine into

cells gradually and showed constant uptake after 30 min. The uptake activity of

=ime observed at start until going to

/éls mutant had about 50% lower

Ws-igure 27B). Additionally, the

putrescine in both strains was no

N\ -_- spermidine with 1.7 and 1.3

Changes in polyamine uptak ve observed when changing NaCl or

sorbitol concentration. [-My R4\ of polyamines, including

\,

putrescine and spermidl. Y 1 both Synechocystis wild-

type and mutant cells. Increz?lng NaCl concentratlon to 10 mM cells showed the highest

polyamine uptakeﬁ[ w‘ﬁj p’gbwmq fw Hf}tﬂ ﬁed the uptake activity.

However, the hlgher concentrations of % mM NaCl gasulted in dramgtic decrease of their
uptake. T@M aagrﬂnﬁ\mﬂ mva] Qpnﬂtnag&!} concentration
of sorbitol. fhe elevation of sorbitol concentration up to 20 mM promoted the polyamine
uptake. Nevertheless, the diminishing of polyamine uptake was detected when sorbitol
concentration was higher than 50 mM. These observations indicated that high
concentration of NaCl and sorbitol perturbed the uptake of polyamines in Synechocystis

cells.
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Figure 27 Time intervals of putrescine uptake (A) and spermidine uptake (B) by

Synechocystis wild-type and mutant cells. The data are means from three independent

experiments with vertical bars representing standard errors of the means, n=3.
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Figure 28 Effect of NaCl on putrescine uptake (A) and spermidine uptake (B) by

250

Synechocystis wild-type and mutant cells. Initial uptake rates were determined in the
presence of increasing NaCl concentration varied from 0 - 250 mM. The data are means
from three independent experiments with vertical bars representing standard errors of the

means, n=3.
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Figure 29 Effect of sorbitol on putrescine uptake (A) and spermidine (B) by

Synechocystis wild-type and mutant cells. Initial uptake rates were determined in the

presence of increasing sorbitol concentration varied from 0 - 200 mM. The data are

means from three independent experiments with vertical bars representing standard errors

of the means, n=3.
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3.4.2 Effect of amino acids on polyamine uptake

In order to investigate whether Synechocystis PotD binds specifically to polyamine,
the competitive substrates, such as amino acids, were added into the reaction and
measured for the uptake rate. The results showed that lysine and asparagine had no effect
on the putrescine, spermidine and spermine uptake. The presence of alanine, serine

including cadaverine, one of polyami

in plant, slightly inhibited all putrescine
and spermidine uptake rates. ws o /escine uptake rate was strongly

inhibited by 40 and 55% ne and spermine, which are

structurally similar to put; / . WS, respectively (Table 5). In
the same way, putrescins ™% inhibitions of spermidine,
respectively (Table 6). T /nechocystis cell has a high

specificity for polyamine ¢

AULINENINYINS
PRI TUAMINYAE
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Table 5 Effect of polyamine analogues on the putrescine uptake of wild-type and potD

mutant of Synechocystis.

Putrescine uptake® (%)

Analogs

9 mutant
None ,/’___g 100 + 3
Lysine 95+3
Alanine 84 +4
Serine ‘ Nz ¢ 83+3
Asparagin 4 92+3
Cadaverine 83+3
Spermidine 82
Spermi | ;' 77777777777 3 A3+

i |
|
-

+cots e s B A1 H B VES: o s

YC putrescine. T8 data shown aregthe means Qf three indepgndent experiments

QAN IR LA DRI o it v

0.14 + 0.02 8nd 0.13 + 0.03 nmol/mg protein for wild-type and mutant, respectively.
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Table 6 Effect of polyamine analogues on the spermidine uptake of wild-type and potD

mutant of Synechocystis.

Spermindine uptake® (%)

Analogs

9 mutant
None ’/’_—d 100 £ 4
Lysine 94 +4
Alanine 83+3
Serine | Yz ¢ 82+3
Asparagin / | 91+4
Cadaverine 85+3

Putrescine

Spermirds s 3

cats ere oL 8 DIIEITA T TN ARG srtoue v 0

YC spermidine. T”e data shown arggthe means &f three indepagdent experiments

QAR AFUHNAPAEIAG o e

0.28 + 0.04 8nd 0.17 + 0.02 nmol/mg protein for wild-type and mutant, respectively.
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3.4.3 Effect of metabolic inhibitors on polyamine uptake

We next determined the energy source for polyamine uptake by inhibitor
application. The results are shown in Tables 7 and 8 for putrescine and spermidine
uptake, respectively. The pattern of inhibitors tested had similar effects on both
putrescine uptake and spermidine uptake. The p-chloromercurisulfonic acid (PCMS),

which is the protein structure modif sy R ¥ #paly reduced putrescine uptake whereas

moderately inhibited spermidins / #The inhibitors for ATP formation,
sodium arsenate and sodiur’ 7 ly 3 — ptake activity. This suggests
. Bhe transmembrane potential
®™al gradient on polyamine
transport. Potassium cyar ' ; & ’\«.\\.' port chain, caused effective
inhibition on polyamine Pt & & aris H | . 0 Jmicidin D, which dissipate
proton motive force, coula s JFifics ' | scine, spermidine and spermine

uptakes. Carbonyl cyanide m-r‘ : azone (CCCP) and nigericin, an

e -*:
ionophore which abo i ‘ 1) and the proton motive
‘ V: |-!
force (Ap), respectively, --I 10V iyghine uptake. Moreover, the

1
i¥

inhibition of uptake rates qgcired in the preggnce of amiloride, a potent inhibitor of

many Na’ couplﬂtu&lt}m n@nﬂ-ﬂ ﬁ;ﬁter Reagents, which
interfere ﬁwﬂi ﬁﬁjﬂ rﬁj for a sodium
ionophore agd ouabal or an |nh| itor of the p as rane Na TPase, caused

an effective reduction onto polyamine uptake. The sensitivity of polyamine transport to
various types of inhibitors suggests that these uptake systems were ATP-dependent

requiring proton motive force.
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Table 7 Effect of metabolic inhibitors on the putrescine transport of wild-type and potD

mutant of Synechocystis.

putrescine uptake®

Inhibitors concentration

wild-type mutant
None 100+ 3 100 £ 2
Sodium fluoride 23+4
Ouabain 17+£3
DNP 30+4
Sodium arsenate 41 + 4
PCMS 10+£2
KCN 40+ 3
Nigericin 11+2
Amiloride 35+3
Gramicidin D 1002894 24 . 7 70+4
Monensin 42 £5
CCCP 19+4
Sodium ionophore | .«go uM Y, 63+5 61+2
Chlorampheniﬂ : | 2 )

cas o WA AT UHNBAIIBVE B o 0 0

e putresciﬂe to initiate the uptake as described in Materials and methods. The data
shown are the means of three independent experiments representing the percent of
putrescine uptake rate relative to the control rate which was 0.14 + 0.02 and 0.13 +

0.03 nmol/mg protein for wild-type and mutant, respectively.
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Table 8 Effect of metabolic inhibitors on the spermidine transport of wild-type and potD

mutant of Synechocystis.

spermidine uptake®

Inhibitors concentration

wild-type mutant
None - 100+ 3 100+ 4
Sodium fluoride 65+ 2
Ouabain 57+3
DNP 54+2
Sodium arsenate 63+4
PCMS 65+2
KCN 573
Nigericin 52+4
Amiloride 47 £ 3
Gramicidin D 81+3
Monensin 49 2
CCCP 55+2
Sodium ionophore 67 + 3
Chloramphenig 64 +2

- cos @ AR AT R A MBI R B o0

14C spermidine to initiate the uptake as described in Materials and methods. The data
shown are the means of three independent experiments representing the percent of
spermidine uptake rate relative to the control rate which was 0.28 + 0.04 and 0.17 + 0.02

nmol/mg protein for wild-type and mutant, respectively.
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3.5 Effect of light illumination on Synechocystis wild-type and mutant

3.5.1 Effect of light illumination on cell growth

Since light is a major cause of stress for photosynthetic organisms, we
further tested whether light had the effect on cell growth or polyamine uptake of cells.

Cells were grown in BG11 medium without or with 0.2 mM of putrescine or spermidine.

Both of wild-type and mutant grew., iy J'|_cultures were started with OD 730 at

0.15 under light intensity whia! é‘ﬂ umol photons/m%/s for 5 days.
= — 4
The seemingly slow gros ‘ i - utant was observed in all

was reduced. The chl a conten ## r th8 that of wild-type. Similar results

were noticed in cells cultured jpade A/t =4 aM putrescine. Growth rates in this

condition were not diff] V — IZ" reover, the amount of chl

a was significantly dlffe It after 2 Commm——T SLA ,, B). Interestingly, mutants

which grewn norrﬁﬂ(ﬁ ?li% er light intensity of 50
umol photons/m“/gycould not grow un er p otons le while wild-type

oo 58 0 VT QU N TR AR s oo

(Figure 32A and B). From all results subport the fact that, both Synechocystis wild-type

and mutant were sensitive to light intensity.
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Figure 30 Growth (A) and chlorophyll a content (B) of Synechocystis wild-type and potD
mutant grown in BG11 medium under continuous light intensity of 250 umol

photons/m?/s. The data are means from three independent experiments with vertical bars

representing standard errors of the means, n=3.
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Figure 31 Glowth (A) and chlorophyll a content (B) of Synechocystis wild-type and potD

mutant grown in BG11 medium supplemented with 0.2 mM putrescine under continuous
light intensity of 250 pumol photons/m?/s.The data are means from three independent

experiments with vertical bars representing standard errors of the means, n=3.
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Figure 32 G owth (A) and chlorophyll a content (B) of Synechocystis wild-type and potD

mutant grown in BG11 medium supplemented with 0.2 mM spermidine under continuous
light intensity of 250 pumol photons/m?/s. The data are means from three independent

experiments with vertical bars representing standard errors of the means, n=3
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3.5.2 Effect of light illumination on polyamine uptake

Cells were pre-incubated under darkness and light at either 50 umol photons/m?/s
(control) or 110 umol photons/m%s (high light) before determing polyamine uptake. The
results showed similar uptake rates for the two polyamines in both wild-type and mutant

cells. The uptake activity of pre-incubated cells up to 30 min under high light was

increased; however, the reduced acti cted at 45 min. The uptake activity of

/&to the control (Figure 33A). The

darkness-exposed cells was sli

results showed that cells pra_ aere able to uptake polyamine

N

better than cells pre-incu==® . It seems that light energy

during uptake was an im ainine transport system.

!
i

AuEINENINEINS
ARIAINTANMINGAE
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wild-type and potD mutant of Synechocystis. Initial uptake rates were determined under

normal light (50 pmol photons/m?/s), high light (110 umol photons/m%/s) and darkness.
The data are means from three independent experiments with vertical bars representing

standard errors of the means, n=3.
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3.6 Study of photosynthesis system
3.6.1 Effect of external polyamine on photosynthesis system

Synechocystis wild-type and mutant cells were grown in BG11 medium for 3 days,
then, adapted cells to BG11l medium supplemented with 0.5 mM putrescine or

spermidine. Consequently, cells were continuously cultured for 0.5 - 72 hours, harvested

cells to further measure both of \\1/ 1L (PSII) activity and photosynthetic
capacity. The results showed ™ : ;tiv“\/ oéﬂild-type strain was higher than

that of mutant strain in an - . "‘E i Figures 34 to 36. Rapidly

1\ extended up to 30 min. On
WO :

S38in. In the presence of either

increasing activity of PSII ¢
the other hand, the activit:

putrescine or spermidine, 2’ ktype strain was increased, the

PSII activity of mutant was

X —
be increased in the presence of iti

. LIRS i .
external polyamines are-g fa L EA maghinery.
L =

N,
*¥'system

otosynthetic capacity seems to

bernidine. The results suggested that

3.6.2 Effect of external ..

i i

Synechocystis  wild- -type., and mutant IIs were adapted to BG11l medium

supplemented W.tﬂsu&kf.mﬂ m;; Wb A Vhours. Both conditions

YWY 1011 1.

after 30 min (Figures 37 and 38). It seems that either NaCl or sorbitol had the ability to
induce the PSII activity and photosynthetic capacity at short time, whereas, slightly

inhibited at a longer time.
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mutant cells§open bars) measured in a Clark type oxygen under saturating light intensity
at 32°C. The relative PSII activity (A) measured with 0.5 mM DCBQ as electron acceptor
in the presences of 0.5mM ferricyanide. The PSII activity of wild-type and mutant that
corresponded to 100% was 178 + 3.5 and 166 + 4 pmol O, mg/Chl a/hour, respectively.
Photosynthetic capacity (B) was determined using 0.6 mM bicarbonate. The
Photosynthetic capacity of wild-type and mutant that corresponded to 100% was 125 + 3
and 113 + 4 pmol O,/mgChl a/hour. The data represent means + SE, n=3.
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Figure 35 Eﬁerﬂlouﬂr:; ntﬂen ' o y Ie]i(joxygen evolution of

Synechocystis wild-type (solid bars),alﬁi mutant cehﬁn bars) Masured in a Clark

type oxyga Wﬂeﬁrﬂ@l @meutnﬂg ﬂeflqta &Il activity (A)

measured v&th 0.5mM DCBQ as electron acceptor in the presences of 0.5 mM

4 72

ferricyanide. The PSII activity of wild-type and mutant that corresponded to 100% was
178 + 3.5 and 166 £ 4 umol O,/mgChl a/hour, respectively. Photosynthetic capacity (B)
was determined using 0.6 mM bicarbonate. The Photosynthetic capacity of wild-type and
knockout that corresponded to 100% was 125 = 3 and 113 £+ 4 umol O,/mgChl a/hour.

The data represent means + SE, n=3.
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Synechocystis wild-type (solid bars),alﬁi mutant cehﬁn bars) Masured in a Clark

type oxyga weﬂsatrgrfg] @meutnﬂg ﬂ@tﬁ Hll activity (A)

measured v&th 0.5mM DCBQ as electron acceptor in the presences of 0.5 mM
ferricyanide. The PSII activity of wild-type and knockout that corresponded to 100% was
178 + 3.5 and 166 £ 4 umol O,/mgChl a/hour, respectively. Photosynthetic capacity (B)
was determined using 0.6 mM bicarbonate. The Photosynthetic capacity of wild-type and
mutant that corresponded to 100% was 125 + 3 and 113 = 4 umol O,/mgChl a/hour. The

data represent means = SE, n=3.
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DCBQ as elgctron acceptor in the presences of 0.5 mM ferricyanide. The PSII activity of

saturating

wild-type and mutant that corresponded to 100% was 178 + 3.5 and 166 = 4 umol
O,/mgChl a/hour, respectively. Photosynthetic capacity (B) was determined using 0.6
mM bicarbonate. The Photosynthetic capacity of wild-type and mutant that corresponded
to 100% was 125 £+ 3 and 113 + 4 pmol O,/mgChl a/hour. The data represent means *
SE, n=3.
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Figure 38 Effect quigﬁpmﬂni 'ouaﬂealﬂﬁ;f Synechocystis wild-

type (solid baﬁand mutant cells ioiﬁ bars) meagssed in a Clarkﬂt-yﬁj oxygen under

saturating My ptelBY M T21CI oAb sl dUhER) FodsiEda with 0.5mm

DCBQ as elgctron acceptor in the presences of 0.5 mM ferricyanide. The PSII activity of
wild-type and mutant that corresponded to 100% was 178 + 3.5 and 166 = 4 umol
O,/mgChl a/hour, respectively. Photosynthetic capacity (B) was determined using 0.6
mM bicarbonate. The Photosynthetic capacity of wild-type and mutant that corresponded
to 100% was 125 £+ 3 and 113 + 4 pmol O,/mgChl a/hour. The data represent means *
SE, n=3.
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3.7 Excretion of polyamine by Synechocystis wild-type and mutant strains

When the polyamine contents were measured in cells cultured with or without
0.5 mM of each polyamine, overaccumulation of polyamines was observed (especially
spermidine). It was then tested whether Synechocystis can excrete polyamine using PotD

protein. The experiment was examined by using cell preloaded with each **C polyamine,

then, measured the remaining of . r p vinside the cells. No differences in
putrescine excretion between i _ zNere observed. The excretion of
spermidine in wild-type s* A
39A and B). The results 110" o 32N ur' spermidine excretion from

In addition to the ir, ‘_0|y ; @ \ “Mer acidic pH, we furthermore
studied whether external ph N geic ; ,; e %W ion. The reaction mixture pH

was adjusted from pH 7.5 to €X. '
L MIN

Synechocystis cell.

iIce”of polyamine excretion rates was

observed between wild-4 ingeexcretion rate at pH 6.0 in

wild-type cell had the 2 V r‘ nevertheless no difference
rate was observed in bot ‘l ralns under pH 7.5 (Flgure 40A The excretion of spermidine

in mutant cell haﬂwﬂ)meﬂrﬂwﬁw;ﬂq ﬂﬁype cell (Figure 40B).

The results reveald that acidic pH affected excretlon ablllty of polyamines in

srecosaf . | AINIUURIINGIA Y
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Figure 39 %emaining of preloaded **C putrescine (A) and **C spermidine (B) in

Synechocystis wild-type and mutant cells. The reaction of excretion was done at pH 7.5.

The data represent means + SE, n=3.
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Figure 20 & emaining of preloaded **C putrescine (A) and **C spermidine (B) in
Synechocystis wild-type and mutant cells. The reaction of excretion was done at pH 6.0.

The data represent means + SE, n=3.
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3.8 Immonoblotting assay on PotD protein

Synechocystis wild-type was grown in BG11 medium for 5 days. Consequently,
soluble and membrane proteins were isolated and subjected to immunoblot analysis.
Forty-three kDa of band corresponding to the predicted molecular weight of PotD protein

was detected in the soluble protein fraction but it was absent from the membrane protein

fraction (Figure 41).
3.8.1 Effect of external polv-""

We further studied ir#! on PotD expression by using

immunoblot analysis with stis wild-type was grown in

BG11 medium containine polyamine. The PotD level

was examined at 2, 24 ang \‘ urs of exposed cells, it was

found that the presence medium did not affect the

_ (aitns .+ % . :
Synechocystis PotD level. Howev ®of 0.5 mM putrescine resulted in a
LA

slight increase of PotD, ¥%y/q 0.5 mM spermine caused

— -3
-

. I't
the slight increase of PC = s showed the significantly

‘ i |

changed PotD level. PotD wasm moderately mcrsgsed about 1.3 fold by putrescine (Figure

42). Surpnsmgly,ﬁl%&] ’}m wglw ﬁL’] mgy elevated amount of
PotD about 2.7 g](Fl ur her han sults showe@4 clear decrease in
the amountqoﬁw ﬂD&yﬁ %mg QJ ﬁ ﬂ EJ ’l @ ngre 44). The
observations confirmed that PotD was involved in polyamines transport with preference

towards spermidine.
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Figure 41 Western blot ar

protein fraction probed with #OIYEEESS 2
__‘.,_‘ E‘}. ; :- _.

Vi Y

N="Wotein fraction and membrane

2 serum against purified rPotD.

Lane 1 is PotD protein ig.solul 2. orotain in membrane fraction.

AULINENINYINS
ARIANTANNIINGIAY
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Figure 42 Western kb — or 0.5 mM putrescine.
Synechocystis cells growng nagized. The mean values (+SE)

are calculated from the reSLﬁtﬂepresenting th@ﬁ independent biological replicates. The
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Relative protein
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]

Figure 43 Western bi{ 7% RY' ) or 0.5 mM spermidine.

Synechocystis cells growradr 2, 24 ana 120 1ours were anddzed. The mean values (+SE)

e e oy g e

top panel shows irfdhunoblotting anaIyS|s probed W|th polyclonal rabblt immune serum

aga'"stp“@W"PaﬁﬂiﬂJZ.Iiﬂ"l’mmaEI
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Figure 44 Western b
T

Synechocystis cells growr™

are calculated froﬂﬂﬁtﬁeﬁﬂiﬂtﬁ?ﬂdﬁqﬂ@ogical replicates. The

top panel shows irﬂ'nunoblotting analygis probed wién polyclonal ra*)yit immune serum

against puﬂeﬁMQﬂim uwf]q ﬂﬂf] a B

-
e

i,
)

"I or 0.5 mM spermine.

r 2, 24 and 120 hours were an zed. The mean values (xSE)
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3.8.2 Effect of external NaCl and sorbitol on Synechocystis PotD protein

Afterwards, we further estimated whether Synechocystis PotD levels were changed
under osmotic stress generated by NaCl and sorbitol. The amount of Synechocystis PotD
dramatically decreased at 2 hours when cells were incubated with 250 mM and 550 mM

NaCl compared to control. Nevertheless, it was interesting that the amount of PotD

4 =more, the small increase of PotD level

ence oi/é\laCI (Figure 45).

Likewise, two-hour €xp 770 - 'f-_.\'_"‘il sorbitol resulted in declined

remained relatively unchanged at 2

was observed after 120 hours iz

amount of PotD protein. A4 ; v‘ TR\ N erated the higher amount of

PotD than control. Cells -4 VI i ‘ ’ \ \ Ignlflcant increase of PotD
/ »\ \

level. The small amount ¢, @ \ %M sorbitol (Figure 46). The

changes of PotD level might, 210 ;: ice ¢ W\"¥:| and sorbitol.

F it

3.8.3 The combination effect of riine and environmental stresses on
A TN

PotD protein e

Y Y}
We thereafter esti 1 200 ringresence of 0.5 mM of each

i i

polyamine including either $@M NaCl or SQQ,mM sorbitol. Synechocystis cells grown

for 5 days underﬁ!nu&l i B Bhe JEdi@nowed no synergistic
tﬁﬁﬁé%ﬁ%ﬁﬂ%ﬁ%ﬁ%‘ﬁ“

or sorbitol
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CHAPTER IV
DISCUSSION

We have demonstrated that Synechocystis sp. PCC 6803 is capable of taking up
exogenous polyamines passing through ATP-binding cassette (ABC)-type transporter

although the mechanism of their interactions at the molecular level remains unclear

studied the in vitro binding capacity

Zg er to clarify the characteristics

e uptake have been identified

(Raksajit et al., 2006 and 2009). T
of polyamines to a binding pr

of polyamine transport. Sets ot

B
W

in the annotated genome ashi and Kashiwagi, 1999).

Unlike E. coli and othe: L \%aene encoding the binding

component subunit of Synr Mally linked to those encoding

the hydrophobic component #5: gest vz j (Ive olatory pathways controlling the

balanced expression of the trar'Sp @ enc (lgarashi and Kashiwagi, 1999).

: L bl /A , : .
The transporters in ¢ n0b Gl ool\vzeptide subunits but their

structure is not much S ) Jones. Moreover, the low

homology between the ‘I tD in E. coli and Synechocy..s subunits does not allow

identification of tﬂﬂﬁﬁiﬂﬂﬁﬂﬂ?ﬂﬁHence, it is necessary

to clarify the detai@of the transport ms,chamsm in SAnechocystls since it is not obvious
that the fﬂtw’a‘ afﬁ ﬂ Em u M '] ’a\%&}&a Hor attempts to
express the Synechocystls PotD, then the potD gene (slr0401) was amplified by using pair
of specific primers. The blastn sequence-alignment result showed 100% homology to

potD gene which was published in cyanobase (http://genome.kazusa.or.jp/cyanobase).

Moreover, this sequence also showed 5e-93 (85%) homology to periplasmic polyamine

binding protein of Cyanothece sp. PCC 7474 (ACC. No. PC001291). Consequently, potD


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Raksajit+W%22%5BAuthor%5D
http://genome.kazusa.or.jp/cyanobase
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gene was cloned and overexpressed in E. coli BL21(DE3) as a recombinant His-tagged
protein (rPotD). The SDS-PAGE gel showed an overexpression of the His-tagged PotD,
with an apparent molecular mass of 43 kDa, which is slightly higher than the theoretical
full-length native form of PotD (41 kDa) which is previously reported in other bacteria
(Shah and Swiatlo, 2006; Sugiyama et al., 1996a and b; Svensson et al., 2006). Because

most of the expressed recombinarf | gtein is accumulated intracellularly as

inclusion bodies, the high reco ' #)tD are routinely attained to allow
purification of the recombi”. ' '.‘eity (Balan et al., 2005). To
Wiad protein, the polyamine-
» \ umed in binding assays. It is

worth noting that the adcttio g # f"'je fi‘ ? ' uJ not perturb the biological

The rPotD is capable &t pe W permidine as well as spermine
although the affinity for putrescizd=s A2 wor than that for spermidine (Figure

12). The maximum ;, |idine and spermine were

0.74, 1.42 and 0.13 mc "*I nol rPOCTESECCaVEly. The ',« ita indicate that the three
polyamines bind t | n the molecular mass
for rPotD of 4300aThe seemlngl;ﬂow \Xies ofwaan 1 for putrescme and spermine
might be ﬂ Wé"t ﬂﬁtﬂ ﬁtﬁj)m Wn%tﬂgﬂrﬁ lE]lonlwashlng of
the membraﬂe before counting the radioactivity remaining on the membrane. Another
possibility is that during a refolding process a portion of the improper refolded rPotD was
incompetent to bind polyamines. Moreover, the K4 values for polyamine binding in this

report are different from those previously reported by Brandt et al. (2010) using Surface

Plasmon Resonance (SPR) method for binding studies. SPR is an optical method that
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measures differences in refractive index close to the surface of modified gold (Oskarsson
and Holmberg, 2006). The rPotD must be immobilized on the surface of modified gold
and as a result, the protein could not maintain its native form. In contrast, the binding
studies using radioactive polyamines are quite sensitive and the native form of rPotD was

maintained during the experiment. Polyamines can effectively bind to the binding site of

):ging of polyamines.

é g1t polyamines reveals that both

rPotD giving rise to reliable Ky valuepy

Comparison of the afgg ~
spermidine and spermine, according to the results of
docking experiments thar p!* agreement with those in E. coli
PotD which favors the binc ‘\\\ rather than putrescine (Kq =
100 uM) (Kashiwagi et al ‘l,i PotF shows a high binding
affinity to only putrescine (k {381 other polyamines (Vassylyev
et al., 1998). Likewise, TpPotL 0 un PotD homologue) also exhibits a
higher binding affinity. " S 2an saermidine (Kq = 430 nM)
(Machius et al., ;f : _fferent characteristics of

I s
.‘I T
1 i¥

polyamine binding sites a= ng different orgamsms

w4 B A GBI G e o o

to take up spermldlne than putrescineg(Raksajit et al., 2009). Simiarly in the current
study, rPoaqem &ﬂﬂﬂsﬁlmqu;magsmaaakﬂo compared to
those for spefmine and putrescine (Figure 13). The effect of pH on the binding activity of
rPotD indicates that the protonation state of the target amino acids involved in
polyamines binding of rPotD is optimal at pH 8.0. The specific spermidine binding to
plasmalemma vesicles isolated from Zucchini (Cucurbita pepo L.) shows pH-dependence

with a maximum at pH 8.0 (Tassoni et al., 1996). Furthermore, the dependence of


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Raksajit+W%22%5BAuthor%5D
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polyamines uptake on the extracellular pH was previously reported in Leishmania
(Basselin et al., 2000), sea water red alga Ulva rigida (Badini et al., 1994) as well as in
Wistar rats (Kobayashi et al., 1992).

Specific binding interaction of polyamines to rPotD performed using a series of
compounds structurally related to polyamines indicates the characteristics of polyamine

binding sites which bind specifica'lyy bizes. Amino acids such as L-arginine,

L-asparagine, L-glutamic > ' ¥ 0ssesses one positively charged
nitrogen atoms and one »: ¢ ‘s group, hardly competitively

inhibited spermidine bir=- AR Wibition (58%) of spermine
\.\ ‘t.
\ \ nuine binding activity (35%)

(Table 4). This lent furth& < ¥y .D to bind spermidine rather
! % )

than spermine. The less favo #f #F4 " _, ’ O (PotD might be related to the

four positively charged nitrog ! 2 tf indrance structure of spermine.
p y g o) fﬂ p

Previously, Igarashi (1999) demo 7RI A 9 ; R protein had a stronger binding and

uptake activity toward* -v+ =) the fact that spermidine

Ir‘

rot'ikprotein, whereas putrescine
i¥

interacted with Glul71, | 1253,

interacted with PotD at th€ gpsition occupigdr by the diaminobutane moiety of the

spermidine molec@’ u Ej ’J w EJ V] ﬁ w EJ’] ﬂ ﬁ
RN AITOS AT PR poro =

putrescme-p’eferentlal E. coli PotF, making it too small to bind the larger polyamines.
The conserved water molecule plays a special role in preventing putrescine from
protruding too deep into the binding cavity (Vassylyev et al., 1998). E. coli PotD seems
to lack the hydrogen bond network, resulting in more flexible binding cavity and, thus,

being able to bind both spermidine and putrescine, the latter with a lower affinity
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(Vassylyev et al., 1998). Regarding the binding preference, the binding cavity of
Synechocystis PotD is more similar to the binding cavity of E. coli PotD. The docking
experiments conducted with putrescine, spermidine and spermine showed that the binding
site of Synechocystis PotD is capable of accommodating all three polyamines (Figure 15).
The fact that Synechocystis PotD had more favorable interactions with spermidine than

with putrescine provides an explan

higher affinity binding of spermidine
from the present study reveal the
capacity of the rPotD of Syr‘ o | — 1O polyamine and the docking

results provide an explan = S Scsading.

The in vitro results 2f i bility of polyamine binding,
especially spermidine. In t . awwrize the function of PotD on
polyamine transport in Syne g ; S\ Nas inactivated by homologous
recombination to the targetl g \ jenesis method with kanamycin
resistance cassette. After potD s —“95" .a amplete segregation of potD mutant

was used in the furth 7.-‘:“ th wild-type and mutant

indicated that potD gene "*I 1 be INactvaEe e aianeousl ', iithout any effect on growth
under control gro ﬂ of gene response to
temperature in Syrq:hocys |s§sﬂmnt did Eln)ject the growth under normal
condltlonsﬂ W’(]’Wl‘i mw q‘ﬁgc%f qcaz spermidine at
0.1-03 ml\% resulted in slightly enhanced growth in both V\;EHLI;-type an?ljmutant. Such a
growth difference of wild-type and mutant cells was observed in the presence of 0.4 - 0.5
mM putrescine and spermidine. Greatly, the sensitivity to high polyamine concentration

was detected in mutant. The wild-type cells in the presence of 0.1 - 0.5 mM spermine also

showed faster initial growth than that lacking spermine. It should be noted that the growth
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of cells cultured with spermine can reach to early stationary phase at day 5" whereas
growth of cells cultured without spermine normally can reach to this phase at day 9. Our
results are in accordance with the finding that S. cerevisiae with disrupted TPO5 gene
involving in putrescine excretion was sensitive to high concentration of putrescine. It was

also observed that polyamine content in mutant is higher than that in wild-type (Tachihara

et al., 2005). The addition of spermisL iy li lacking spermidine acetyltransferase

# midine accumulation (Limsuwun

and Jones, 2000). In paraIIP' ace D <. ar spermine in growth medium

greatly inhibited cell gro==-=® TN S S®8y polyamine accumulation

(He et al., 1993). The to&Tit J /5 g - \\\o in E. coli and mammalian
- =" S
: ‘ N

cells that the overaccur? ¥ EE 'c:..nine inhibited the growth

(Fukuchi et al., 1995; He €L a2’ abie to disrupt several metabolic

functions within the cells 'b). 1hi toiri iosynthesis accompanied by an

"

irreversible dissociation of rib0’ g, g et al., 1978). Thus, there are two

[ 1
mechanisms to main =y". Firstly, when enzymes

x4

pdir gspermine will be acetylated.

i¥

involved in polyamine de 1 Adai !
W

That N'-acetylspermidine anfl AL-acetylspermiggrcannot interact to ribosome. Therefore,

the inhibition of @Mﬂﬂhﬂ Em jemﬂlgt]oﬂgpermidine/spermine is
) NCNIAELVE L [

the cells. Fof instance S. cerevisiae which do not exist spermidine acetyltransferase has 5
excretion proteins (Tachihara et al., 2005). Besides, E. coli containing PotE, CadB or
MdtJI is able to excrete putrescine, cadaverine and spermidine, respectively (Igarashi and
Kashiwagi, 2010). However, it has not been reported the excretion protein in
Synechocystis so far. It is worth noting that Synechocystis was capable to uptake

putrescine, spermidine into itself (Raksajit et al., 2006 and 2009).
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From all reasons, it is possible that reduction of growth in wild-type and potD
mutant cell is due to the accumulation of intracellular polyamines. The absence of
external polyamines in the medium, the accumulation of internal polyamines is increased
by mutant cells indicating that its accumulation was induced via polyamine biosynthesis.
Additionally, spermidine accumulated was higher than putrescine, indicating that

putrescine might be used as a subgi I:armidine biosynthesis (Figure 26). The

gadation or excretion. Our results
lyvamine was inhibited after 2
days, suggesting that cell: ' SOSaclyamine or were not able to

AW '
excrete polyamine. Thi¥ y J PR \ cliun of PotD in spermidine

transport

Growth rate of Synec g 4 '7; - ' mutant cells is also affected by
the osmotic stress, generating, pl."Whe slow growth was detected in
both NaCl-treated cells and sorhie2/ 4 24 2ared to non-treated cells. This was
similarly reported ;f 7 .EJ' Synechocystis was

normally grown in 550 m ,I NaCl. 1iicgronaiiale was de‘ rased in the presence of 300

AT T

The levels S8 putrescine and spgxmldlne accumulated in Synechocystls cells after
salt and o@ﬁ%@eﬁﬂtﬁ\ﬂét&l m ']n%twe&l qla H/ved that cereal
cells and protoplasts exposed to sorbitol not only accumulate putrescine and spermidine
but also activate biosynthetic pathway mediated by arginine decarboxylase (ADC) (Flores
et al., 1984). In Arabidopsis thaliana which has ADC1 and ADC2, some studies
demonstrated that ADC2 is responsible for induction of the polyamine biosynthetic

pathway by osmotic stress. No induction of ADC activity by the osmolyte sorbitol could
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be observed in the ADC knockout mutant, indicating a predominant role of ADC2 in
stress response (Soyka and Heyer, 1999). It seems that the accumulation of polyamine in
the presence of sorbitol enhancing the growth reduction in both wild-type and mutant

cells may result from the activation of polyamine biosynthesis.

Comparison of putrescine uptake between wild-type and mutant strain noticed

similar uptake pattern. Interesting'y ‘4 2211 showed a 50% lower spermidine
uptake than the wild-type cg Zpermme uptake in mutant cell
e —

occurred as well, but 20%ss e W type was detected (data not
show). It is likely that pot v , . ine uptake. This finding is in
accordance with the previc #r: y , ‘ ‘-\\.\_ that spermidine uptake
activity is decreased great! ' 5 ,\ (Kashiwagi et al., 1993 and
1996). Although, the spermi i /. -‘ 1 2 T\ t cells is decreased, it still had
the ability to uptake spermidi J®. ped®d that Synechocystis could have
other channels to participate ing = ,e As reported, there are six and ten
polyamine transporters .EJ' (Igarashi and Kashiwagi,

2010). | il

e w4 B BB AT IR s

spermine was detected at low conce#itration of gither NaCl or ggrbitol. Increasing
concentratai u;e]ia g\imlﬁ mm Mafkl ’;tm&a(ﬁ)aj cells required
polyamine te protect cells against osmotic stress. Mutant cells also were able to uptake
polyamines with lower activity compared to wild-type. This seems that PotD protein may
involve somewhat against osmotic stresses. The uptake activity of both wild-type and
mutant was reduced during darkness, while it was induced under light. Correspondingly,

Synechocystis incubated for 3 days in darkness showed marked decrease in the amount of
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the PotD protein. However, when cell was transferred from darkness to 30 min light
treatment, there was the up-shift of PotD level (Brandt et al., 2010). The observation

seems support an involvement of PotD under light treatment.

Light plays an essential role for photosynthetic organisms, nevertheless change in

light intensity affect somehow to them. The photo-oxidative damage directly affect to

PSII reaction center through pro* et al., 1981; Ohad et al., 1984).

cycle (Aro et al., 1993 anc.= ; . W2 high intensity light affected

on Synechocystis wild-type Lg® rne decrease in chlorophyll a
content by accumulation of ' #fv 4 F . 2 O N, reported that high polyamines
content are capable to prom i Vol - P \\ Polyamines act as a chelator,

therefore, it is possible that r gy s - H 4! bleaching in light is the same
phenomenon as chelator-induc, ingWKotaka and Krueger, 1969; Pjon,

1982).

The low moleci

-f" have ability to stimulate
‘I periods (Giersch, 1981; Pick ar Weiss, 1988; Sigalat et al.,

ATP synthesis during lig:

1988). Due to the Fﬁﬂﬁ ﬁ;ﬂuﬂw%jwrﬂ@rﬁﬁ capacity might accept

protons from PSII, ﬁyt bef, PSI and dellyer protons to ATPase. It has onIy recently been
demonstraﬂi quaﬂﬂ)ﬁ @ﬂd Hf%lﬂgg t%})&l;']ca‘tgcme (loannidis
etal., 2006) ‘The low amount of polyamines improves the photosynthetic functions under
stress. Besides the conjugation of polyamines with LHC polypeptides, polyamines are
likely to interact with extrinsic proteins and the hydrophilic part of intrinsic proteins of
PSII by electrostatic interaction. This could stabilize the conformation of proteins under

various stresses (Hamdani et al., 2011). The binding mode of amines with PSII proteins
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showed that spermine and putrescine form H-bonding with protein through polypeptide
C=0, C-N and N-H groups with major perturbations of protein secondary structure
(Hamdani et al., 2011). The high concentration of polyamines added to PSlI-enriched
submembrane fractions presented a significant loss of PSII activity. Polyamines can

induce major protein secondary structural changes and inhibit photosynthetic oxygen

evolution (Bograh et al., 1997). | with our results, addition of external
polyamine induced the photo% ~ > ' #rt time, thereafter, inhibition of
photosynthesis occurred, mes 1 wn). From all results, effect of

light on polyamine upts ; { zrissd effect of polyamine on

photosynthesis, we conciGue - J/7 _ et,wsary for Synechocystis cell
N
under light stress and for#Sic: ¥ 8 F ? \\
Salt stress is consid: g fLAE '..‘ enmental factor that limits the

efficiency of photosynthesis. 7 - f "8t and salt stress on photosystem
I (PSII) in the Synechocystis a trong light induces photodamage
to PSII, whereas salt ;,— amaged PSII and did not
accelerate damage to I lirectly (Anavoraicv et al., ',a J2). As reported that NaCl-

exposed Spirulinaﬁl g“% a%wty which correlated
e

with the decrease |q|the quantum yie ectron transport (@PSII) Phycocyanin
content alﬂ (Wq ﬁr@ﬂa@ﬂ@&l«%ﬂ@l ﬁtﬂt’?lela rﬂ unchanged in
salt-stressed ceIIs (Lu and Vonshak, 2002). In contrast, both of photosynthetic capacity
and PSII activity of Synechocystis tolerated NaCl (Jantaro et al., 2005). Corresponding to
our present results, the external NaCl hardly affected on photosynthetic capacity and PSII
activity of Synechocystis wild-type, but it markedly affected on those activities in mutant

cells.


http://www.scopus.com/authid/detail.url?origin=resultslist&authorId=16945795300
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Moreover, Jantaro et al. (2005) reported that high concentration of sorbitol
completely inhibited photosynthesis system. The amount of the D1 protein of PSII, psbA
(encoding D1) and psaA (encoding PsaA) transcripts were decreased under severe
osmotic stress. Similar to present findings, the photosynthesis system of Synechocystis
wild-type was unaffected by sorbitol stress. Conversely, those activities were moderately

decreased by mutant cells. This g '} 5 function of PotD might involve in

Polyamine analogs bited neither putrescine nor
spermidine uptake in Syriech w200 and 2009). Therefore, we
further tested that whethe ,"\_.ﬁ the polyamine uptake in
Synechocystis lacking potD 4 : b \ .h\\ the uptake of polyamine by

mutant cells was not inhibit = iR T , in the presence of inhibitors

which inhibited the energy-p, l' h™¥ild-type and mutant cells were

similarly affected by these inhjpisdaaai/s /4

3

The results of &4 A Jat spermidine was more

effective than putrescine .. the induction ot PotD in Synec v;ystis. In E. coli, spermidine

v ko shon ﬂﬁ‘i'ﬂﬁﬁﬂrﬂ??ﬁ?m e puesene

(Tachihara et al., 281)5) The TPO5 pro&eln had a role in the excretlon of polyamine with
higher caﬂlw’}@ﬁﬂ@mm %q @%&V}a Hcrease in PotD
content by spermldlne is necessary for the acclimation of cells to external spermidine
during which the uptake and accumulation of spermidine can be detected, since high
intracellular spermidine is inhibitory to cell growth (Tachihara et al., 2005). We found

that the increase of PotD is beneficial to the cells due to the ability of PotD to excrete
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spermidine to the medium. This would enable the cells to maintain a low level of

intracellular spermidine when exposed to high external concentration of spermidine.

The potD gene encodes periplasmic binding protein involved in preferential
spermidine transport which has 24% homology to potD gene in E. coli. The role of E. coli

potD is not related to spermidine excretion (Kashiwagi et al., 1996). However,

ccumulate polyamine inside its cells.

é—r ived in polyamine excretion. As

reported in E. coli, when"car: P accumulate in cells, they are

Synechocystis with perturbed pot™

It is then possible that Synec,‘_

excreted to medium by Pot' _ ‘ . Beside, spermidine content
in E. coli cultured in the rgfe s £ J2 = AR "% decreased and excretion of
spermidine from cells w7 #fe fFed % I NN et al, 2008). Therefore,

Both wild-type and mutant did

! =
not participate in putrescine eXcr @

. Z WA TN - :
decreased by 40% in muant g — BTN vasgore efficient to polyamine

l/, spermidine excretion activity was

excretion. A small inci -;‘ ‘as observed in wild-type

}|
cell, but not in mutant ‘.al. There was a reduction of ®fermidine excretion activity

ranging from 40 Wwﬁﬁewﬂwijwuﬂﬁﬂ aen the mutant did not

excrete spermldlneﬂt higher rate at pI—‘L 6. At this pH wild-type exhlblted excretion at
higher ratalrwméaﬂﬁm NM ']@ %eEquaa E\]nd that mutant
cell had spermlne excretion activity lower than that of wild-type. S. cerevisiae, TPO5
excretes putrescine effectively and less in spermidine. The excretion of **C putrescine
was faster in wild-type cell than disturbed TPO5 mutant cell but no difference in
spermidine (Tachihara et al., 2005). Our results are reasonable to support that

Synechocystis PotD plays a role in spermidine excretion. However, although PotD in
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E. coli is related to polyamine uptake, there is no report about the role of E. coli PotD for
polyamine excretion. In our studies, this response did not agree with the result
demonstrated by Kashiwagi et al. (1996) in E. coli. We suggested that differences in the
organism species might be responsible for this discrepancy. Synechocystis PotD belongs

to ABC type transporter and has only 24% identity to E. coli PotD (Brandt et al., 2010).

The type of PotD was confirmed by u§ ‘grmatics program, indicating that PotD is

éto transport polyamine by itself,

 We have tried to identify the

periplasmic binding protein.
suggesting that the other pro*:
candidate proteins for Pcs : ] ‘~ > genome, but the similarity
"‘m ‘existence of Pot ABC in
Synechocystis needs furfficr g \ :. ut this polyamine transport
raie (Figure 47A) and ATPase
subunits or it might share the #fha

f&

(PotA) with another ABC transpors= N ,u

s (PotB and PotC) and ATPase

B) (Incharoensakdi et al., 2010).

2

\Z ="
T

Future perspectlves The results | have obtained |n thls thesis indicated the role

of PotD for polﬂnu 8’3 MW%'%Mﬂﬁﬁudme However, the

interaction of PotD Wlth other proteinsds still unclegg, Further workggn identification of

oseprocle POV S Mk hohiab Kbk & £



128

A B
® pPut? ® pPut?
| Spd?
\ 1 A spm?
Periplasm | 4 Periplasm
Plasma ‘ [ H“ \‘ \‘ ‘
siiciabrane m L ‘\ [PotB 2}(Pot H ‘ ‘
PotA ? PotA ? )2 ATP
Cytoplasm ADP +P;

Figure 47 The proposed pc chocystis sp. PCC 6803. (A)

i - dve n transmembrane and ATPase

PotD is substrate-binding pr,
subunits, (B) PotD is substrat#pi i chi®night share the channel-forming
proteins (PotB and PotCl.an SOV, ARC transport system.
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CHAPTER V

CONCLUSION

The characterization of a polyamine-binding protein in cyanobacterium Synechocystis

sp. PCC 6803 has been investigated by inactivation of potD gene by insertional

mutagenesis. Interestingly, the reduction of spermidine uptake and excretion was
4 actively. However, putrescine uptake

é per putrescine or spermidine on

2d. Although, wild-type and

observed by 50% and 60% in mi:t i
activity was not altered. Furigg
growth of both wild-type

mutant cells showed simiia* all was more sensitive to high

N
",

concentration of putrescine SR Next, the effect of osmotic

,
\\ (e and growth were examined.

stresses generated by NaCl \

The putrescine and spermidi ot B SR Ny Sither NaCl or sorbitol up to 10

ATl
mM. Furthermore, the presen® r it n BG11 resulted in the growth

stimulation in wild-type and _gef= A2 mutant cells. The effect of light

L.
i E————— -

intensity on polyamine fy")\. The high light intensity

stimulated the putrescine ,I d spermidinie apane aclvity b'_‘ - and 2.5-fold, respectively.
Furthermore, inhiﬁo fﬁ? ighli }64 rﬁdﬁ %nechocystis, both wild-
type and mutant qalj e grﬁ’ﬂﬂu aﬂtﬂ was completely inhibited by
combinati@ mfﬁﬁﬂﬁﬂimi% ﬂ"rﬁgw m‘gﬂ Furthermore,
the effect of%dlyémine bn hhbtbsynthétic systém Was alsb i:o:nside>red.' The finding can be
concluded that the external polyamines induced both PSII activity and photosynthetic
capacity within 30 min but decreased sequentially after one hour in both wild-type and

mutant cells. Additionally, the effect of either polyamines or NaCl or sorbitol on the PotD

protein level was examined. The PotD levels of Synechocystis cells grown in the medium



130

containing either 0.5 mM putrescine or spermidine led to an increase about 1.6 and 2.8
fold, respectively. The purified rPotD demonstrated a similar binding characteristic for
putrescine, spermidine and spermine with a preference for spermidine. The polyamine
binding capacity on rPotD revealed that the discosiation consant (Kg) and maximum

binding (Bmax) Values for putrescine, spermidine and spermine were 13.2, 7.8 and 8.3 uM,

respectively and 0.74, 1.42 and 0.13
between PotD and three polyam . ' éesence of NaCl and sorbitol up to
10 mM induced the polyamiz : [resd — atration of both higher than 50
mM reduced the binding=€Cr ‘ N .,.v;ition experiments provided
evidence that exhibited Sper,
docking of these polyamiiies
all three polyamines are a " gl ’ 'rsris PotD. The overall results

support the role of PotD in mec 5 " & in Synechocystis sp. PCC 6803.
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APPENDIX A

BG-11 medium

BG-11 medium (1 liter)

Solid medium Liquid medium

H20 967 ml

Becto-agar -

100 x BG-FPC* 10 ml

189 mM Naz2COs 1mi

175 mM K2HPOa4 1ml

6 mg/ml Feric ammoniurr, 1ml

citrate

1MTES -

30% Naz2S203.5H20 -

1 M HEPES-NaOH, pH 7.5 20 ml

Vi Y |
100xBG-FPC* 1 X , e metal mix (1,000 ml) **
106 ek 1000 ml
FHJ%J%%‘I{I NIHLIAT

NaNO3 1496 g H3803 2869

weo QRN T NNAGNINAE o

CaCl2.2H209 0.36¢g ZnS0a4.7H20 0.221¢

Citric acid 0.065 g NazMo004.2H20 0.390 g

0.5M Na-EDTA 55.4 ml CuS04.5H20 0.080 g
Co(N0O3)2.6H20 0.049¢

*After autoclaved, add 10 ml of ** Sterile filtrate, store at 4 oC

1000xTrace metal
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APPENDIX B

LB medium

LB medium (1 liter)

Liquid medium

Bacto tryptone 10g
NaCl 59
Yeast extract 59
Agar -
All compositions ) dfc 4 i ‘0 of distilled water; and then

the mixture was adjusted t¢ " total volume of solution was

then adjusted to 1 liter with Myas sterilized by autoclaving at

15 Ib/in? for 15 min.
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APPENDIX C

Bradford protein determination

Bradford stock solution Bradford working buffer

95 % ethanol 100 mi distilled water 425 ml

) % ethanol 15 ml
/ hosphoric acid 30 ml

88 % phosphoric acid 200 ml

Serva Blue G 350

Stable indefinitely at room™® .._H stock solution 30 mi

-,

woough Whatman No. 1 paper,

Assay %00m temperature.
1. Prepare protein solution “#f’ P b\ Sor several week, but may
tube. % be refiltered.

and vortex.

-

3. Read ODsos within 1678
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APPENDIX D
PCR amplification protocol

PCR amplification mixture

10x PCR buffer* 5.0 ul
5 mM dNTP mix 2.5 ul
Primer 5” (5 pmol/ul) 5.0 ul
Primer 3’ (5 pm¢ 5.0 ul
DyNAzyme N 0.5 ul

DNA ul

MQ-wate 'y J 7 t ul

Total \ ul
** DyNAzyme™Il is a thef '. VY Z 4 u half-life of 2.5 hour at 96
OC.
Program running PCR

95°C »} . <= ration time)

(7 Y|
95°C 1 woenil ration time)
55°C 1.00 @min (Annealing time) 34 cycles

72%”8’3 wﬂmﬁﬂ ﬂ’]ﬂie)
RIAN TN TIN YT

for ever
* 10x PCR buffer
100 mM Tris-HCI buffer pH 8.8 at 25°C
15 mM MgClz, 500 mM KClI

1 % Triton X-100



APPENDIX E

Alkaline lysis reagents for plasmid extraction

Solution I (100 ml)

1.0 M Glucose 5.0 ml
1.0 M Tris-HC! 2.5 ml
0O5ME 2.0ml

After autoclave o Of NS = i=d and stored at 4 °C

potassium 0TI Ik 147 g

- -
wv.
Autoclave d =

TEﬁHﬁfﬁmmwmm

5mI1MTr|sHC3J pH 8.0

QW']MFW@ANWI’MEI']@H

Autoclave and store at room temperature
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APPENDIX F
Polyacrylamide gel electrophoresis

Stock solutions

50% (w/v) Acrylamide, 1.33% (w/v) bis-acrylamide, 100 ml

Acrylamide 509

N,N’-methylz gle 1.33¢g

'é'olume of 100 ml and stirred

18.15 ¢

Mowly. Added distilled water to

0.5 M Tris-HC}

Tris (hydegda et 24 i 6.05g

Adjusted ,; ' 5% 1. Added distilled water to

the total volume ou il 00 ml.

“HYE ﬂ?f%’WtT“fﬁ“ﬁ”
q Wﬂﬁ“&ﬂﬁw URIINHIR tl

10% Ammoniumpersulfate (APS), 1 ml
APS 0.1g

Distilled water was added to make a total volume of 100 ml.



0.5% Bromophenol blue

Bromophenol blue 0.05¢

Distilled water was added to make a total volume of 100 ml.

20% v/v Glycerol

Glycerol 20 ml

Distilled water was ad<.% total volume of 100 ml.

15% Separatin
11.5ml
15.0 ml
26.8 ml

1.0 ml
300 pl

TEMELS o ' 30 pl

6% Stacking gel LFtm/s =4

[~ .,j-"[ 50ml

socllcrylanmes il 24m

dF

AfaenIneng,
RINEIUUNINY 6§

TEMED 20 pl

4.1 ml
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Laminii solution 50 ml

0.5 M Tris-HCI pH6.8 13.8 ml
50% glycerol 20.0 ml
20% SDS 10.8 ml

Distilled water was added to make a total volume of 50 ml.

Solubilizing buffer

Laminii 900 ul
100 pl
5ul
* The ratio of ' i Zr ) N 5l Mixture was incubated at

4. min, samples were loaded
into the gel.
Electrophoresi fbuffzes. - - W ris, 192 mM glycine)

Tris (hydradaza/ s /A ane 304

-

¥1 1449

\v:‘ li,‘

LD bkeh () (et i
AAIAINTUNNIINYAY
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APPENDIX G

Protein purification buffer

washing buffer elution buffer dialysis buffer (refold)

50 mM Tris-HCI pH 8.0 50 mM Tris-HCI pH 8.0 50 mM Tris-HCI pH 8.0

500 mM NacCl 0.1% Triton X-100

20 mM imidazole v.//’ 0.5 mM PMSF
0.1% Triton X-100
0.5 mM PMSF

8 M urea

AU ININTNEINS
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APPENDIX H

Chlorophyll a content determination

1. The 900 ul of 90 % methanol was added into the microcentrifuge tube.

2. 100 pl of cell suspensions was added.

3. The mixture was then:
Incubate the mi

5. Centrifugation__
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APPENDIX |

Thylakoid isolation reagents

Stock solution

1 M HEPES-NaOH, pH 7.5, 100 ml

HEPES 23.83 g

Adjusted pH t ) _/-d slowly. Added distilled water

Adjusted pH t 4 - N slowly. Added distilled water

0.5 M Q!
(7

Ca(jiy

i 4 f

Added dlstllldiaater to the totalgwolume of 100 ml.

AULINENTNEINT

OmI

qmaﬂmmumwmaa

Added distilled water to the total volume of 100 ml.
2.5 M sucrose, 100 ml

Sucrose 85.6¢9

Added distilled water to the total volume of 100 ml.



10 mM gamino-n-caproic acid, 10 ml
gamino-n-caproic acid 13.1 mg

Added distilled water to the total volume of 10 ml.
5 M glycinebetain, 100 mi

Glycinebetain 67.69

Added distilled we 1e of 10 ml.

0.5 M CaCl;

Distilled wate
Resuspension buffe!

0.5 M HEPES-NaO

0.5 M Cd

-

2.5 M s
11

10 mM a-amlgo n-caproic aC|d

|

¥
10 ml

oif UHINENTNYIG
Stﬁgﬁ“‘iaﬁﬂituuwrmmaa

O 5 M Tricine-NaOH, pH7.5 10 ml
2.5 M sucrose 24 ml
0.5 M CaCl, 6 ml
5 M glycinebetain 20 ml

Distilled water 40 ml
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APPENDIX J

Western blotting reagents

10X TBS (Tris-buffer-saline)

200 mM Tris-HCI buffer pH 7.5

5M NaCl

TTBS

Transfe
L

Glycine g, 293¢

ﬂHﬂ’JVIEWI‘a'W 8103

QW?ﬁ%ﬂimuﬁﬁ’m{ﬁ"]ﬂﬂ

Methanol
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APPENDIX K

Standard curve of polyamines

<
=)
—i
X
»
X
2
<
E
ccs
(<5}
[
<

0

Area (mAU*s) x104

0 05 1 15 2 2.5
spermine content (nmol)

Figure 48 Standard curve of Putrescine (A), Spermidine (B) and Spermine (C).
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APPENDIX L

The electron acceptors for oxygen evolution measurement

Stock solutions

1. 250 mM DCBQ (1 ml)

45 mg

anol 1 ml

%12 mg

5ml
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APPENDIX M

Oxygen concentration of air-saturated water

Temperature (°C) Oxygen concentration (umol/ml)

0.442

0.386

0.341

0.305

0.276

0.253

0.230

0.210
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APPENDIX N

pPGEM-T easy vector

Xmn | 2009
Scal 1890 fae 71l
\ 1 start
1 ori Apal 14
' I
B@tZ | k|
Ncol 37
BstZ | 43
T Not | 43
Sacll 49
EcoR | 52
Spel | 64
coR | 70
Not | 77
BstZ | 77
Pst | 88
Sail 90
Ndel 97
Sac | 109
BstX | 118
Nsil 127
141
T spe
-
5 .. TGTAA TACE S =t - ACGTC GCATG CTCCC GGOCG OGATG
] TGCAG.CGTAC GASGE CCGGC GGTAC
] BsrZ | Meo|
DAGE CECCT GEAGS TORAS
- mmrclc_lmm
=
' e | Parl !

¢

qmaﬁﬂimwﬁﬂmaﬂ
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APPENDIX O

PET-19b vector

PET-19b sequence landmarks

Bpu1102 I(267)
T7 promoter 472-488 Eéfﬁ(lzi‘f’)ﬁ 2 BamH 1(319)
T7 transcription start 1471 Aat I1(5644) Hind 11i(29) :}:: Iltﬂsi:)'
His» Tag coding sequence  366-395 Ssp 1(5526)

Nco [(398)

Multiple cloning sites Xba 1(437)

(Ndel -BamH ) 319-335

Bgl 11{503)

- SgrA 1(544)
T7 terminator 213-259 Sph 1(700)
facl coding sequence 8751954 EcoN I(760)
pBR322 origin 3891
bla coding sequence 4652-5509

Drd 11(248)

Miu I{1225)
%_ Bel 1(1239)
_
S 11 | BstE 11(1406)
¢ Bmg 1(1434)
c§ Apa 1(1436)
NS

BssH 11{1636)
Hpa 1(1731)

BsaX 1(1884)
PshA 1(2070)

Eag 1{2293)
Nru 1(2328)
BspM 1(2408)

Bsm 1(2713)
Msc 1{2800)

Bgill = ot | rhs
AGATCTCRATCL \AATTAR TCTAGA L TTTTGT TTAACTTT AAGARGGAGA
Negl His+Tag

_Xno| BamH |
TATACCATGGGE ATCATCATCATCATCATCATCATCACAGCAGCGGCCATATCGACGACGACGAL AAGL CCTCGAGGATCCOGCTOETAACAAA
MetG yHi sHI sHisHisHishisHisHisHisHisSerSerGlyHis | leAspAspAsphsplysHistetleul| uAseProA lohlchsnlys

Bpul102 | Enterokinase

GCECGAMGGMGETG T I:TGEEJICCGCTGAGCMTAAETAGE
pET—?} clonmgfexpressmn region

ama\mimum'mmaa

T7 terminator
CCCTTGGGGCETCTAAACGGGTCTTGAGGGGTTTTTTG
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APPENDIX P

pUC4K vector

31 1552y Tasoa RS
Bam Hl{a&g 5 5"
EcoR | {1678)" EGO I (398§
|

PEAR3
1

FI‘HH’WIEWI‘J"W BN

ammnimum'mmaﬂ
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