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Abstract

Project Code: MRG5180101
Project Title : Potential of Polyamines against light stress in cyanobacterium

Synechocystis sp. PCC 6803

Investigator : Dr.Saowarath Jantaro  Chulalongkorn University
E-mail Address : saowarath@gmail.com
Project Period : 15 May 2008 —14 May 2010

This study has been focusing to understand the effect of light stress upon
polyamine biosynthesis and the regulations on their transcriptional and translational levels
of polyamine-biosynthetic enzyme under light stress, especially UV radiation, in
cyanobacterium Synechocystis sp. PCC 6803. To investigate the short term effect of
ultraviolet (UV) radiations on changes in pigments and polyamine contents, Synechocystis
sp. PCC 6803 cells after exposure to UV-radiation were extracted by dimethylformamide
and perchloric acid for pigments and polyamines determination, respectively. Cell growth
was slightly decreased after 1 h exposure to UV-A (11.0-13.0 W.m_z) and UV-B (1.2-1.3
W.m_z) radiations. UV-C (at 1.0-1.3 W.m_z) had little effect on cell growth despite the
decrease of photosynthetic rate by about 18%. UV-A and UV-B decreased the contents of
chlorophyll a and carotenoids whereas UV-C decreased chlorophyll a but had no effect on
carotenoids. Spermidine contents were unaffected by UVA,in contrast to the reduction of 25
and 50% by UV-B and UV-C, respectively. All three types of UV-radiation particularly
reduced perchloric acid-insoluble spermidine (which is classified to bound polyamines
associating to negatively charged-biomolecules). Importantly, putrescine and spermine
which accounted for less than 1% of intracellular polyamines were increased by about
three- to eight-fold by UV-B and UV-C, respectively. The changes in polyamines contents
by UV-B and UV-C were consistent with the changes in transcript levels of arginine
decarboxylase mRNA, but not with the protein levels. The decrease in the transcripts of

adc2 but not adc1 was observed with UV-B and UV-C treatments.

Keywords : Polyamines, UV radiation, Synechocystis
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1.1 HAIWIFBNLNYIVDY (Literature review)
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suasiududunnaidu (Spm) uazRaniadu (Put) Sudumiasdusiialaieiin (a3 1)
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1989)
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ANZLATUAINNRILIARON (Bouchereau et al., 1999) WU szauwafalwdwaiwdsznay



meluvainalnmInauanasadfTdaniznaaunaizadng (Santa-Cruz et al., 1997) L
MINALATUIIANIRIBFTENMNT (Geny et al., 1997), aaaluda, ANNLAN (Jantaro et al.,
2003) LazAU3a% (Roy and Ghosh, 1996) 1116 waataﬁmﬂﬂ&lLaqaﬁﬁauﬂ'&ﬂumasﬁa
E]m.lsz?gLﬂuuanﬁﬁl,awwa%ﬁﬂﬂwmaaéoﬁ%ﬁm woNIINATINUIN wodtafiuazdaniien
aahauﬁdLLsaﬁUﬂmﬁaﬂﬁEﬂ%aﬁﬂi:ﬁgau (Feurstein and Marton, 1989) v3ariunaalWaRaf
\{unya (Tadolini et al, 1985) uazdambornulsdunarosialagsivisenloias
(Carley et al., 1983) é'i'%aé’umﬁ‘%mvl,aaaummf:a:ﬁmméwﬁtyﬁ'ﬂumimuquuwmﬂﬁﬁ'}ﬁ
uazlassaivasTaluana (Jacob and Stetler, 1989) wonanil i:ﬁuwaal,aﬁuluﬁﬁ%gug\i
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Lﬂ?iﬂuuﬂaaﬂa"l,ﬂmaawaamﬁu{fuﬁmﬁaaﬁumnﬁtymamam‘*ﬁuﬁu (Aziz et al., 2001)
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maaﬂamsa%uﬁﬁa%i‘lugmwuiwLaqa’éai:ua:miﬂi:ﬂam%asﬁamzﬁdwﬁamsaﬁ’fiuua:
RNA (putrescine-RNA complex) ANRIAL (Miyamoto et al., 1993)

fwiuues Daindusy g i AYUeIRILIANBNNAILAUNITUIBININNEITING)

a g & et ﬁ 13 1 o ‘U a a
WazN I3 TN Lazdudunssnudalusindrnyvasmasadsuimasuanatunid

n' AAa p.{'uz 6 v Y a [ o c.i ] n' v L%
FoRTIaNFIATITAUEI laaaalnsUSuaInsilfsuutasdaroiiadanlagianianuidy
u&d AemsddsundasnaliiinanunaaunIanuAIalikedsnNLRs lelA ANty
uL&9Ngd (He et al, 2001; Jantaro et al., 2006b) LTWLALINUALNIUHIIRED (Smith et al.,
a L A & v a a ' ¢ & 'Y v a A A & A
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a . . = Aa d ' a Aaaa

aanGlausllif (Reactive Oxygen Species, ROS) Tailluinn hidamafadjizongedinaly
aaudsunluanafidndu wou 1sdu, Aauszniafiandan uazlungadungldiianisas
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v ™ ead A 6 a - ] A % A [ 6 a
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molweaagisuin soiunadioiuiaauaasunuinaoladssninuas mRNA  psbA-2 u
uadldsnununudssvesnnawrininnuinssauiawladanfaiuiasuandiasuas
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mUlﬁnﬂazn@é’uLﬁaaﬁ]wnLLaamwLﬁugo (Jantaro et al., 2006a) wanaNHluEHIHET o
\TasLAYY Scenedesmus obliquus WUINUSINmwaRLadndssuwuEnULHe Inanaoua el
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FOAARINUMTTDIABAINNIZNAGHTBIFILINGDY WLINMITANBIANNFURBTVDINT
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=

SNUWUT Synechocystis sp. PCC 6803 LHusuwuiusnvasdsfiziadmanlnlnlnsudign
LLamﬁﬂﬁuaﬂ'Nauyitﬁ (Kaneko et al. 1996; http://www.kazusa.or.jp/cyano; lkeuchi and
Tabata, 2001) &9fAfa Synechocystis sp. PCC 6803 futlluuduuuaiisdralunsinm
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1) WaANINATEINNIZNAAULIBINNUAILIdaTIRIATIZH YD IWD R LD
A = v a ) A &l @ o a
2) Wefnwnimuquizauiuuazszauldsuvesenlminnazdumisiiinedie-

a @ o A a
AU Ul@ﬂquﬂﬂ@uLuﬂﬂﬁnﬂLLaG%q
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21 MIWLARLLTAE e lBUUAN IS ELATNIINAABIRL IR LROILTad bronlu
uuAfli3e Synechocystis sp. PCC 6803 1ua113gas BG11 Ngmwnnil 27-30 adeioaifos
wazlanniansesnelduasviiadiedaiiasnainuity 40-50 lulaslualwnaude
ANTNATADIWN NUUATAAT OD (Optical density) NANNBIAAK 730 UIULNAT
WNoRaaUNIATWLAULAVAILTAR HRIINTHU zINULTAaNLIIY IwaInITRaIaInTIITES
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UV Al¥anueeanidass (UVLMS-38 EL SERIES UV LAMPS, UVP) 'laur UV-A fiea
§1IAEW 365 WLLUAT (ANNEULEITINAL 11.0-13.0 SadaaaT190a3), UV-B ianued
aaw 302 Wlwaas (@NUENLEIAY 1.2-1.3 Jadaaa13nawas) uar UV-C finnnuenn

ARK 254 W lWaas (ANUTULFIIAD 1.0-1.3 Taddaaauuas) Ngmnnil 30 aden
a & <
LralaE tUuian 1 T?IN\‘]

a ¢ 1a = 6 ' % {
2.2 myanziilsuimaaalsilaa ta wazuwalsnwoge snaLras w1 lwluaNTaNn
=3 dl U 1A a aa A o 6 1 s 6 8 6 1 a Aaa (% a
AU EUSHNT 1 TaRAAT (R UIULTRAWNAL 10 -10 Loasaalaaans) a28anT laLufa
Wasu'lud OMF)  wanlddnnualsiaIasugn annvuwsin luduwenlunasaioua3iien 4
= & A o o A o & o A
AIALTALTOR LAY 10 w1 maau1avlﬂa@ﬂsu1miam@qmm@l@mamms@@ﬂauum
1 3 ANNLIINAW Ad 461, 625 AT 664 W LLUAT Lmzﬁ’]mﬁvl,@i”lﬂﬁmammﬂ%mmnwi’mq
ARBLINAR 18 LazualsAuasdauaNnIsh 1 waz 2 (Chamovitz et al., 1993; Moran, 1982)
AVAIAL
UMD 1: [paalilas o] e lulasnsudeiiafans)
= 12.1 X ODggq — 0.17 X ODgys
n‘ a [ ] % 1 a aa
UMD 2: [alsfiuesd] (wihelulasnsudeladang)
= (Aygs — 0.046 X ODgg,) X 4

o . & A Aa d a =2 )

2.3 N139AA1 Oxygen evolution AULABATas kg lwwuafiFoNesyanisszes mid-
log 14811113 BG11 st ldduisniNatAu e uasnaulsaanainaisa 5,000xg Juiian 5

A ' = o a A & & eaa v o a6
W LLIEIWA T IAUSHN A aa LIRS NUUIIRRBLLTAaNHANNTNT U aIAa ISHAR
dyzanm 5 lulasniudafiadaas USunm O, evolution unTia ladradianinia Clark-type
AlTiuLATe97@ oxygen evolution (YSI 5300A, YSI Inc., USA) ualdussanniainy
Lﬁugammﬁ@ ﬁnﬂﬁulﬁwmia:mﬂmaw"lum%umu@lﬁﬁmwLﬁuﬁuq@‘ﬁﬂUwhﬁu 1
Faaluansad U lunrusiian 190NN ITUNIVBEIBLANATaWNLALINY NIIRILATIZRAL
WRINIRIE (whole chain photosynthetic electron transport activities) I@Elﬁ’lﬁqm%ﬁﬁ 30
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2.4 NMFANALALILATIZHNARLANY LALLNLIANAWLTAN ko1 Ll uaLTe 100 Ja8nTw

s £ 6 a L2 L% 6 & 6 a a an 1 3’ 3 &
VIRNANILNTIALL2IARINUNTY 5 tUaTLoue UIN1es 1 Vaaaed wazUyuwiIkDItduiian
1 12199 nnwsih ldduieninnuds 2,790xg Wuwiian 20 wf sruladesiuvasansanan
azanglaluniatlasnaasn wazainaznawfasInvaIgIInan azataluniailasaaasn



FagunToununwediodudase LLa:waaLaﬁuﬁﬁgﬂLLuuma@ﬂ@ﬁ” ANUEAL INTWITIFD
funnananadiadua183Tiwnlodiati (Benzolation) (Redmond and Tseng, 1979) wazld
81391933181 (internal standard) 10w 1,6-tantaulaodn amifuﬁwmimgﬁufwa&a
ﬁuﬁ"lﬁlﬂ%mezﬁﬁaﬂLﬂ%ﬂﬂﬂiNﬂﬂﬂﬁWmmamsnmgo (HPLC) lagldnaauit C-18 (4.6
x 150 Jafiuas inertsil” ODS-3, 5 lulasiuas i.d., GL Sciences Inc., USA) fidmasiasuin
UV-Vis  finnasninan 254 wiluwas uwaziiarissaioeaaniiiin 60-100  1lasifud

1 =

PRILUNIUDR:UN ﬁqmﬁgﬁﬁao 1WA 25 WAl EaaIINITAALNNY 0.5 aaaaTdawf

2.5 N15L@384 RNA ARInAAUAELwas e luhua s oa18nstwhanasnauaas
1 4,000xg tJuwaan 10 wAua? Avaznaweras Wusudslululnsawmainud anuuwnii
woaa lana RNA @283F Hot Phenol (Mohamed and Jansson, 1989) waniin lusnua lasf

RNase-free DNase (Invitrogen, USA)

2.6 Reverse transcription-polymerase chain reaction (RT-PCR) ANIFILATIZH cDNAS

lasn13in RNA 32839108 2.5 U5 5 lulasnsy snvunulnsives 3°  d3u1as 1
lulasaas Iﬂﬂl“ﬁ"’g@ Kit SuperScriptTNI lll First-Strand Synthesis System (Invitrogen, USA)
Taglwsiwasnlmiulnsiuassamiudu ade? Las adc2 @901

a

o o w a 2 I3 1
g i m@mu’mal—av[nm ﬂ'}]'l&lﬁl'l’lﬂl,ﬂﬁ

16S RNA  Forward-16S 5 -AGTTCTGACGGTACCTGATGA-3’ 521
Reverse-16S 5'-GTCAAGCCTTGGTAAGGTTCT-3'

adc1 Forward-adc1 5'-ATATTACCTGCGACAGTGATGG-3’ 315
Reverse-adc1 5'-GATCAAGGCTAACTCCGTATGAC-3’
adc2 Forward-adc2 5-ATATTACCTGCGACAGTGATGG-3’ 457

Reverse-adc2 5-TTAGCTGGTGTGGATGCCT-3’

i lvin PCR anaduaaueait
1) Initial denaturation 95 BIFLTALTER 5 W17
2) 30 79UVBY
2.1) Denaturation 95 aIFLTALTEE 1 W17
2.2) Primer annealing
2.2.1 lwswes ade?  50.7 asenimatiug 1 wf
2.2.2 lwswes adc2 64 psmuwalGos 1 W



223 wswas 168 56 asewaldoy 1 WA
2.3) Synthesis 72 ayenalTes 1 wn
INBWINIAN N PCR 3103239105070 cDNA dngaznlsataadianIniInids uas
% [ a s {d‘ U Y d‘ A ® .
AN NV ILDUNAAN AN bAeIELATR B Syngene Gel Documentation (Syngene,
USA)

2.7 nsanaldsdn dnaznewoas oo lunuafisoiuiio ldluanalysaulas
wprusasluimnasaia (@aulasain Primikiios and Roubelakis-Angelakis, 1999)
Usznausiy a13azans Tris-HCI Wadh 50 §adluans (Wiew 8.0), EDTA 1 Haaluans,
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US1Na3) uaz Triton  X-100 19udw 02  1wesidud mnuuladeiadaslunasanaassly
AUATEIW 111 AadSNNUATNOULTAR V‘hmimﬂ'ﬂéﬁmﬂ'%f'aawml,wu;mm W 20
Sufidanss uazringn 7-8 %9 lagnsuwinudanasanriumsagug annsiwin Ui
wenfiaanuiss 20,000 saUdawT ﬁqm%gﬁ 4 aseaados W 30 Wit iRuswlads

uwaIIRNALUIAL 1IN -20 avanLaldar

2.8 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 10
Tdsaumnannaas oo luuueiGafianalaanta 2.7 a50m 10 lalasnsy nauiu
TWiWaseda20819tuaaTEIw 4:1 aniwsi lduifwna 5 w19 198 SDS-
wasazasaluanldAo Separating gel 12 1Wasifud uas Stacking gel 5 La3tFue uazasyin
msugnlageiassnifionszuglWinfiasi 20 fasuowudidoian 1wnan 40 wifl antin
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Abstract To investigate the short term effect of ultravi-
olet (UV) radiations on changes in pigments and polyamine
contents, Synechocystis sp. PCC 6803 cells after exposure
to UV-radiation were extracted by dimethylformamide and
perchloric acid for pigments and polyamines determina-
tion, respectively. Cell growth was slightly decreased after
1 h exposure to UV-A and UV-B radiations. UV-C had
little effect on cell growth despite the decrease of photo-
synthetic rate by about 18%. UV-A and UV-B decreased
the contents of chlorophyll a and carotenoids whereas
UV-C decreased chlorophyll a but had no effect on
carotenoids. Spermidine contents were unaffected by UV-
A, in contrast to the reduction of 25 and 50% by UV-B and
UV-C, respectively. All three types of UV-radiation par-
ticularly reduced perchloric acid-insoluble spermidine.
Importantly, putrescine and spermine which accounted for
less than 1% of intracellular polyamines were increased by
about three- to eight-fold by UV-B and UV-C, respectively.
The changes in polyamines contents by UV-B and UV-C
were consistent with the changes in transcript levels of
arginine decarboxylase mRNA, but not with the protein
levels. The decrease in the transcripts of adc2 but not adcl
was observed with UV-B and UV-C treatments.
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Introduction

One widespread consequence of the global warming has
led to the ozone depletion caused by the greenhouse gas
chlorofluorocarbon [24] and halogens [37]. In general,
UV-radiations classified into UV-C (below 280 nm), UV-B
(280-320 nm), and UV-A (320-390 nm) are attenuated by
the stratospheric ozone layer [41]. With the depletion of
ozone layer, enhanced shortwave ultraviolet (UV)-radia-
tions in sunlight then could penetrate directly to the Earth’s
surface [8]. The detrimental attack of UV radiations
involves either direct DNA damage or indirect oxidative
damage from potentially reactive oxygen species (ROS)
[16]. Most plants are sensitive to increased UV-B radiation
due to the damages on structural and functional organiza-
tion of photosynthetic systems [2], electron transport
capacity [6], and light-harvesting complex [32]. On the
other hand, the growth and photosynthesis of most marine
phytoplanktons and aquatic organisms are inhibited by
UV-A radiation [10, 22]. Not only bacterial cells are
stressed by UV-C radiation, but also plants which bear the
morphological and anatomical changes such as leaf thick-
ening, necrosis of leaves, and inhibition of stem leaf
elongation [27, 31].

The molecular mechanisms in vivo to release the UV
stresses include, but not limited to, UV-absorbing com-
pound (mycosporine) accumulation [40], increase of anti-
oxidant enzymes and antioxidants [33]. The plant growth
regulators, polyamines, have also been widely studied
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against the environmental insults such as ionic and osmotic
stresses [20], drought and cold temperature [5]. Recently,
there were reports about the association of polyamines in
response to UV-B stress in a unicellular green alga
Scenedesmus obliquus [34], and the reduction of free
polyamines in Phaseolus vulgaris L. cv “Top Crop” under
UV-B illumination which might relate to the strategy of
cell adaptation [39]. Since the exact function of polyamines
in relation to environmental stresses was largely unknown,
polyamines were proposed experimentally to be a growth
regulator in plant [13], free radical scavenger [15], and
stress-related injury reducer [11].

In this study, we investigated the short-term effect of
each UV class (UV-A, UV-B, and UV-C) on a cyanobac-
terium Synechocystis sp. PCC 6803 with regard to the
extent of cell growth, photosynthetic activities, cellular
pigments, and especially the changes of polyamine levels
including transcription and translation levels of arginine
decarboxylase, the biosynthetic enzyme for polyamines.

Materials and Methods
Culture Conditions and UV Treatments

Liquid BG;; medium was employed to cultivate Synecho-
cystis sp. PCC 6803 cells at 30°C and bubbled with filtered
air under continuous white light of 40—50 pmol m~2 s™".
The optical density was measured at 730 nm to monitor cell
growth. Cells during mid-logarithmic growth phase with
OD730nm of 0.8—1.0 were collected and subsequently diluted
to OD730nm of 0.5 for the next step of UV treatments.
Cell suspensions were confined in an opened flat-bottom
chamber with 1 cm depth of medium exposed under UV
single lamps (UVLMS-38 EL SERIES UV LAMPS, UVP)
including UV-A at 365 nm (intensity of 11.0-13.0 W m_z),
UV-B at 302 nm (intensity of 1.2-1.3 W m~?) and UV-C at
254 nm (intensity of 1.0-1.3 W mfz) at 30°C for different
time intervals.

Determinations of Chlorophyll, Carotenoids Contents,
and Oxygen Evolution

Intracellular pigment contents were extracted in 1 ml of
dimethylformamide from Synechocystis cell pellets of 1 ml
cell suspension culture (10°~10® cells m1™"). The extracted
solution was centrifuged at 2,790g, 4°C for 10 min before
transferring the supernatant to a new tube. Carotenoids and
chlorophyll a contents were determined according to the
methods of Chamovitz et al. [9] and Moran [26], respec-
tively. A Clark-type oxygen electrode was employed for
oxygen evolution measurement (YSI 5300A, YSI Inc,
USA) at 30°C [19].

@ Springer

Polyamine Extraction and HPLC Detection

Perchloric acid (5%, 1 ml) was used to extract Synecho-
cystis cells of 100 mg pellets. After one hour-incubation on
ice, the acid extracted solution was centrifuged at 2,790g for
20 min. Both perchloric acid-soluble and insoluble fractions
(hereafter, free and bound forms, respectively) were col-
lected and the total polyamines were derivatized by ben-
zoylation [30] adapted for Synechocystis cells by Jantaro
et al. [20] using 1,6-hexanediamine as an internal standard.
The polyamine derivatives were quantified by high perfor-
mance liquid chromatography using a C-18 reverse phase
column (4.6 x 150 mm inertsil® ODS-3, 5 um i.d., GL
Sciences Inc., USA) with a UV-Vis detector (254 nm). The
elution by a gradient of methanol:water (60-100%) was
performed at room temperature for 25 min at a flow rate of

0.5 ml min—".

The Analysis of RNA

The hot phenol method by Mohamed and Jansson [25] was
used to isolate the total RNA from harvested Synechocystis
cells, treated with RNase-Free DNase (Invitrogen, USA).
Total RNA was reverse-transcribed into cDNAs using
SuperScript™ III First-Strand Synthesis System (Invitro-
gen, USA) and 3’ primer followed by PCR. The Cyanobase-
designed primers for adcl gene were 5-ATATTACC
TGCGACAGTGATGG-3' and 5-GATCAAGGCTAACT
C-CGTATGAC-3' whereas two primers for adc2 were
5'-ATATTACCTGCGACAGTG-ATGG-3' and 5-TTAG
CTGGTGTGGATGCCT-3'. The primers for reference gene
of 16S rRNA were also designed specifically; 5'-AGT
TCTGACGGTACCTGATGA-3' and 5-GTCAAGCCTT
GGTAA-GGTTCT-3'. The polymerase chain reaction was
performed according to Jantaro et al. [20], except for the
primer annealing at 50.7°C (adcl primers), 64°C (adc2
primers) and 56°C (/6S rRNA primers). The quantification
of PCR products was done using Syngene® Gel Documen-
tation (Syngene, USA).

The Analysis of Protein

Total protein was extracted from 100 ml-harvested Syn-
echocystis cells. Ten milligram of total protein was loaded
onto SDS-PAGE with 12% separating and 5% stacking
gels. Western blot analysis was done by transferring protein
bands on SDS-PAGE gel to immobilon™ PVDF transfer
membrane (Millipore Corporation, USA) and a chemilu-
minescence kit (BioRad) was used for immunodetection.
Blots were probed with ADC antibodies raised against the
N-terminus of ADC polypeptide (amino acids 652-659).
Quantification was carried out using GeneSnap program of
Syngene® Gel Documentation (Syngene, USA).
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Statistics

The experiments were independently performed at least
three times. The data are presented as means + standard
deviation (SD).

Results

Growth and Pigment Contents of Synechocystis Cells
Under UV Exposure

Cell growth under normal growth light (white light) of
40-50 pmol photon m~? s™' increased gradually within
1 h while the UV-stressed cells had a slightly reduced
growth rate (Fig. 1a). A short term 1 h exposure to various
strong UV-irradiations did not much affect the Synecho-
cystis cell growth. However, the net photosynthetic rates
were decreased about 16, 10, and 18% by UV-A, UV-B
and UV-C, respectively (Fig. 1b).

Under normal white light condition, Synechocystis cells
had higher chlorophyll a content than those of cells under
three types of UV-radiation (Fig. 1c). The levels of

chlorophyll a decreased rapidly within the first 15 min
under UV exposures. However, after 15 min, chlorophyll a
levels under either normal white light or UV exposures
were apparently constant up to one hour. UV-A and UV-B
exposures at the doses of 11-13 and 1.2-1.3 W m_z,
respectively, for 60 min showed the most pronounced
decrease of chlorophyll a compared to that by UV-C at the
dose of 1.0-1.3 W m 2. UV-A and UV-B reduced mark-
edly intracellular carotenoids after 15 min treatment
(Fig. 1d). No apparent changes were observed after 15 min
up to 60 min exposure. UV-B exposure for 60 min caused
a lower level of carotenoids than by UV-A. UV-C had no
effect on carotenoids contents.

UV Radiations Affect Polyamine Accumulation

UV-A had no effect on total polyamine contents although
there was an increase and a decrease in PCA-soluble and
PCA-insoluble polyamines, respectively (Fig. 2a). Both
UV-B and UV-C reduced total polyamines by 25 and 50%,
respectively. The PCA-insoluble polyamine, represented
mainly by Spd, was particularly affected by UV-B and
UV-C (Fig. 2a). The levels of Put and Spm were extremely

Fig. 1 Relative OD730 (%) (a), 110 110
relative oxygen evolution (%) _ (A) = B)
(b), contents of chlorophyll a 105 | X 105
(¢), and total carotenoids (d) of S ;
Synechocystis cells exposed up 3; 100 7 £
to 1 h to normal growth light of & 95 '%
40-50 pmol m~2 s~! (closed o =
square) and different UV _g 90 g,
radiations including UV-A = 2
(open square), UV-B (open = g5 =
circle), and UV-C (open -
triangle). The OD73, and 80 z I
oxygen evolution that # #
zﬁgisgf‘feg ;‘I’n(l)?? was 0.5 0 15 30 45 60 0 15 30 45 60
2 s : . :
mg_lch] h ! respectively. The Time (min) Time (min)
data are means £+ SD, n = 3 25 0.8
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o 2.0 »?
e S 0.6}
= 15 ]
2 3
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=
O
0.0 1 1 1 0 1 1 1
0 15 30 45 60 0 15 30 45 60
Time (min) Time (mnin)

@ Springer



S. Jantaro et al.: Short-Term UV-B and UV-C Radiations

Fig. 2 The contents of
polyamines including putrescine
(Put), spermidine (Spd), and
spermine (Spm) from
Synechocystis cells (a) which
were under different UV
radiations for 1 h. b, ¢ The
enlarged scales from a of the
trace amounts of Put and Spm
accumulations under the three
UV radiations, respectively.
Cells grown under normal
growth light represent a
reference control. The open bar
represents insoluble-PCA
content of polyamines whereas
the soluble-PCA content or free
form of polyamines is shown in
solid bar. The experimental data
are shown as means + SD,
n=3

low, both accounting for about 0.01 nmol 10~% cells
(Figs. 2b, c) whereas Spd levels were about 450-fold
higher (Fig. 2a). However, both UV-B and UV-C but not
UV-A had a strong stimulatory effect on the accumulation
of Put and Spm, a three-fold and eight-fold increase by
UV-B and UV-C, respectively (Figs. 2b, c). This increase
was particularly observed in PCA-soluble fraction.

UV Radiations Affect adc Transcripts and ADC Levels

Two transcripts of arginine decarboxylase, adcl and adc2,
were detected by RT-PCR after 1 h exposures to either
normal white light or UV radiations (Fig. 3a). The adcl
transcript was increased significantly by UV-A while no
changes were observed by UV-B and UV-C (Fig. 3b). The
three UV radiations decreased adc2 transcripts. The total
adc transcripts were markedly decreased by UV-C fol-
lowed by UV-B whereas UV-A had little or no effect. As
shown in Fig. 3¢, ADC protein was detected using ADC-
specific antibody. All three UV radiations increased the
level of ADC protein (Fig. 3d).
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Discussion

Short-term exposure to all three UVs did not kill the
cyanobacterial cells in this study (Fig. la). This was in
contrast to what was observed in bacteria where UV-C
illumination killed bacteria within a minute-time period
[1]. The cell wall of Synechocystis cells showed the ruffled
appearance (data not shown), mostly caused by UV-A
exposure generating an indirect oxidative damage caused
by reactive oxygen species (ROS)-induced lipid peroxida-
tion of the membrane [36]. The cell wall of cyanobacteria
Synechocystis strain was identified as gram negative-like
[21] consisting of neutral sugars, amino sugars, proteins,
and lipids. This suggested that the cell wall-disarrangement
occurred as a result of the damage of the biochemical
composition such as proteins and lipids of Synechocystis
cell wall structure by UV-A-induced ROS. Thus, we could
observe that during 60 min of UV-exposure, UV-A likely
changed the physiological appearance and reduced the
survival ability of Synechocystis cells stronger than those
by other shorter wavelength-UVs.
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Fig. 3 RT-PCR analyses (a) of adcl and adc2 mRNA levels and
western blot analysis (¢) of ADC protein levels in Synechocystis sp.
PCC 6803 under different UV radiations for 1 h. a RT-PCR from
cells under control (normal growth light) and different UV radiations.
b The ratio of adc mRNA/16S rRNAs + SD is shown; adcl mRNA/
16S tRNAs (open bar), adc2 mRNA/16S rRNAs (shaded bar) and
total adcl,2 mRNAs/16S tRNAs (solid bar). ¢ Western blot analysis
with cells under control (normal growth light) and various UV-
radiations. Total protein (10 pg) from each sample was loaded onto
SDS-PAGE gel, and later transferred to PVDF membrane to be
probed with the ADC antibody. d Band intensity was quantified using
Syngene® Gel Documentation. The data represent means + SD,
n=3

Chlorophyll a levels were lowered by all UVs treatments
as compared to that by white light treatment (Fig. 1c). In
particular during the first 15 min, UV radiations attacked
Synechocystis cells with the resultant loss of about 20-25%
chlorophyll a from the initial level. This indicated that UV
radiations, especially UV-A and UV-B quickly target the
intracellular pigment chlorophyll a of Synechocystis. These
results are in agreement with the reduction of chlorophyll
content and photosynthetic efficiency in chloroplast of

higher plants in response to UV-B radiation [2, 3, 38]. The
pattern of the changes of carotenoids contents in response
to UV radiations was similar to that observed for chloro-
phyll, a rapid decrease in the first 15 min and remained
relatively unchanged up to 60 min (Fig. 1d). This indicated
that under UV radiations the maintenance of both chloro-
phyll and carotenoids levels was crucial for the survival of
Synechocystis. The slight reduction of growth rate under
UV treatments observed in Fig. 1a supports this contention.

Spermidine is a dominant polyamine in Synechocystis
cells whereas only trace amounts of Put and Spm were
observed (Fig. 2). However, the dominant polyamine in
each organism can be either the same or different pattern
depending on strains, stress tolerance, and their changing
environments. Our results are in line with a previous report
showing an outstanding level of Spd in Synechocystis cells
under ionic and osmotic stresses [20], and also with that
from the leaves of Nicotiana tabacum L. cv Bel W3 but not
with Bel B in response to 7-day exposure to UV-B radia-
tion [23]. On the contrary, high Put level was found in UV-
B treated plant Phaseolus vulgaris L. [39], and in tobacco
(Nicotiana tabacum L. cv. Petit Havana) callus cultures
under UV-C stress [46]. This indicated that the change of
total polyamines in response to environmental stress
reflected the change of each dominant polyamine in vivo
[5, 14, 17]. The level of Put (Figs. 2a, b) though present in
trace amount, was remarkably induced after exposing to
UV-B and UV-C for 1 h. Drastic increase in Put level was
also observed for isolated thylakoids of Nicotiana tabacum
L. cv Bel B after 3-day exposure to UV-B radiation [23].
Galson and Kaur-Sawhney [12] previously reported that
the increased Put level was possibly related with the
acceleration of DNA replication and cell division. Thus,
the increased Put level, in particular PCA-soluble Put, in
our study may probably help alleviate the DNA damage by
both UV-B and UV-C. Moreover, the addition of external
Put was found to stimulate the growth of Synechocystis
cells under moderate salt stress [29]. Spermine contents in
both PCA-soluble and insoluble fractions were enhanced
apparently by UV-C, similar results to those observed for
Put (Figs. 2b, c¢). Therefore, both Put and Spm might play a
role in the protection of cells against UV-C irradiation.
Under salt stress, cells lacking Spm developed the imbal-
ance of Ca®" homeostasis in Arabidopsis thaliana [44] and
K*/Na®™ homeostasis in barley seedlings [47] or even
showed up-regulation of Put and Spm contents in Syn-
echocystis sp. PCC 6803 [20]. Interestingly, though the
level of PCA-insoluble bound form of Spd was decreased
by all types of UVs, the level of total Spd under UV-A
radiation remained unchanged due to the compensation by
the increase of the free form of Spd. This was not the case
for the effect exerted by UV-B and UV-C. The decrease in
the bound-Spd was not compensated by the increase in the
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free-Spd suggesting the transformation of bound-Spd to
other metabolites in response to UV-B and UV-C radia-
tions. In this respect, it should be mentioned that the
increased level of H,O,, a degradation product of poly-
amine [45], was found in Synechocystis after one hour
exposure to UV-B and UV-C radiations (data not shown).
Studies in a green alga Scenedesmus obliquus showed a
twofold increase in thylakoid-associated Spm after 3-h
exposure to UV-B which was due to the polyaminylation of
PSII antenna [35]. It is worth investigating the effect of
UV-radiation on the regulation of transglutaminase, the
enzyme responsible for covalent conjugation of poly-
amines to proteins [18] in Synechocystis. Further experi-
ments are under way to explore how polyaminylation of
thylakoid or plasma membrane proteins can account for the
changes of bound polyamines in Synechocystis under UV-
stress. The decrease of photosynthetic activities after 1 h
exposures to the three UV-radiations (Fig. 1b) was in line
with the decrease of bound Spd (Fig. 2a). On the other
hand, the increase in the free Spd by UV-A and UV-B had
no protective effect against the irradiation-induced reduc-
tion in photosynthetic activities. This raises the possibility
that Spd in the bound form rather than the free form has a
role in the regulation of photosynthesis in Synechocystis.
Changes in the thylakoid-associated Put and Spm were
reported for UV-B treated Scenedesmus obliquus which led
to changes in the size of light-harvesting complex II with
consequent amplification of UV-B effects on the photo-
synthetic apparatus [34]. UV-B radiation was shown to
induce damages to phycobilisomes of Synechocystis cells by
causing the degradation of phycobiliproteins [32]. At pres-
ent, it is not known to what extent that polyamines inside
Synechocystis are bound to phycobilisomes through polya-
minylation of phycobiliproteins. The decrease of bound Spd
by UV-B treatment observed in Fig. 2a might be partly
attributed to the loss of Spd-bound phycobiliproteins.

Our findings demonstrated the decrease of total adc
mRNA level under 1 h UV-B and UV-C exposures com-
pared to that of cells grown under normal growth light
(Fig. 3b). UV-A also decreased adc2 but increased adcl
transcript levels. The adc2 was responsive to all three
classes of UV-radiation, with marked effect by UV-C
(Fig. 3b). The biosynthesis of Put under stress conditions in
Arabidopsis was controlled by the induction of adc2 but
not adcl gene [42]. In Synechocystis, the transcript of adcl
was insensitive to UV-B and UV-C but was increased by
UV-A indicating differential regulation of adc genes under
different UV subtypes. This suggests that adc! may play a
protective role against UV-A radiation due to an increase in
polyamine biosynthesis which is consistent with an
increase in free polyamine by UV-A as shown in Fig. 2a.
The decrease of total adc mRNA levels by UV-B and
UV-C (Fig. 3b) was correlated with the decrease of total
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polyamine contents in vivo (Fig. 2a), but not with the ADC
protein levels (Fig. 3d). The different regulation of tran-
scriptional and translational mechanisms was previously
reported for psaA [19] and potD [7] genes in Synechocystis
under various abiotic stresses. Synechocystis cells harbor
two genes, adcl and adc2 coding for ADC based on
Cyanobase but there are no putative genes for spermidine
synthase, spermine synthase and S-adenosylmethionine
decarboxylase [17]. The distribution of both ADC and
ornithine decarboxylase (ODC) enzymes in different
organism species is regulated in a developmental and tissue
specific manner [28]. ODC in animals and plants is local-
ized in both cytoplasm and nucleus [43] whereas ADC
appears localized in chloroplasts [4]. However, at present,
the localization of ADC in Synechocystis is still unclear.
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This review discusses recent advances on polyamines in cyanobacteria regarding their biosynthetic and transport
aspects together with their responses to abiotic stress. Polyamines are ubiquitous and positively charged
compounds which are essential constituents in all living organisms including cyanobacteria. There are three main
naturally occurring polyamines namely putrescine, spermidine and spermine. The accumulation of these three
classes of polyamines under various types of abiotic stress has been well documented in higher plants but not in
cyanobacteria. Recent studies in a fresh-water cyanobacterium Synechocystis sp. PCC 6803 demonstrate the
stimulatory effect by salt and osmotic stresses on the contents of the three polyamines as well as on the activity of
arginine decarboxylase, the enzyme catalyzing the formation of putrescine. Other abiotic stresses such as high
temperature and UV-irradiation also have an effect on polyamine metabolism. For instance, short-term irradiation
with UV-A, B and C can drastically decrease the content of perchloric acid-insoluble (the bound form) spermidine.
Polyamine transport system is also affected by abiotic stress. Both salt and osmotic stresses enhance the uptake of
putrescine and spermidine. In the review, we will also discuss the involvement of a periplasmic polyamine-binding
protein PotD. The role of PotD in the transport of polyamine has been confirmed using the Synechocystis potD
knockout mutant.
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1. Introduction

Polyamines, the major polycationic compounds inside the cells, are present in all living organisms. These include kingdoms
of “Plantae”; higher plants [1, 2], “Animalia”; animals, such as mouse [3] and human [4], “Fungi”; filamentous fungi [5]
and yeast [6], “Protista”; green algae [7] and “Prokaryota”; bacteria, such as Escherichia coli [8], and cyanobacteria [9-11].
The most common polyamines in most living cells are triamine spermidine (1,8-diamino-4-azaoctane), tetramine spermine
(1,12-diamino-4,9-diazadodecane) and their diamine precursor putrescine (1,4-diaminobutane). These three common
polyamines are found in a cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis), with spermine
representing a minor content [9]. The polyamine localization inside the cells seems related to their positive charges at
physiological pH. This allows polyamines to function in different forms such as free, conjugated or bound form in vivo.

The roles of polyamines are not only in the regulation of cell division and morphogenesis in plants, but they are also
known to affect the folds of DNA by their binding [12], protein synthesis, membrane stability, and stress responses of plants
and cyanobacteria [1]. Arginine decarboxylase (ADC) activity increases have been reported for cell growth and
embryogenesis, DNA synthesis and stress responses. On the other hand, ornithine decarboxylase (ODC) has been reported
to be associated with growth proliferation and fruit development [13]. Moreover, a role of hydroxycinnamic acid amide
conjugates in defence mechanism against biotic and abiotic stress has been reported in higher plants [2]. In addition, there
have been reports that the number of polyamine linkages occurring in the chloroplast is enhanced in the presence of light
[14]. Spermine is thought to be bound intimately with chromatin [15]; consequently, spermine might have a direct role as a
free radical scavenger in protecting DNA from free radical attack caused by oxidative stress [16]. Moreover, polyamines
may contribute to the osmotic and excess ion adaptation by maintaining a proper cation-anion balance and by stabilizing
membranes at high external salinity. Polyamine oxidation has been reported to be important in the oxidative burst which
induces programmed cell death [17]. Although the known mechanisms and functions of polyamines have not been
completely elucidated, they strongly act in a number of cellular processes including the responses toward environmental
stresses. During the last decade very few studies on polyamines in cyanobacteria have been reported. Here we review the



current knowledge on some aspects of the metabolism of polyamines in cyanobacteria with particular emphasis on
Synechocystis.

2. Polyamine Biosynthesis
2.1 Current understanding of biosynthesis pathway of polyamines

In plants and bacteria, putrescine is formed either by direct decarboxylation of L-ornithine by the enzyme ornithine
decarboxylase (ODC; EC 4.1.1.17), or by decarboxylation of arginine by arginine decarboxylase (ADC; EC 4.1.1.19) via
agmatine and N-carbamoylputrescine intermediates (Fig. 1a). In mammals and fungi, only one pathway (ODC reaction)
leads to putrescine formation [18]. The synthesis of spermidine and spermine is accomplished by the sequential addition of
an aminopropyl group onto putrescine and spermidine, respectively, in reactions catalyzed by the enzyme spermidine
synthase (EC 2.5.1.16) and spermine synthase (EC 2.5.1.22). The aminopropyl group is donated by decarboxylated S-
adenosylmethionine (SAM), which is produced by S-adenosylmethionine decarboxylase (SAMDC; EC 4.1.1.50). Until
now, a large number of genes for polyamine biosynthesis have been isolated from Arabidopsis
(http://lwww.arabidopsis.org/) in contrast to only a limited number of genes for cyanobacteria (http://genome.kazusa.
or.jp/cyanobase/) (Table 1).

Although Arabidopsis genes are identified with strong homology to those in the photosynthetic bacterium Synechocystis
[19], only four separate genes are found that correlate to polyamine biosynthesis in Synechocystis, as well as two related
genes in Anabaena 7120 (Table 1). So far, the genetic information of Synechocystis reveals that the dominant pathway to
produce putrescine is via the decarboxylation of arginine by ADC with agmatine as an intermediate (Fig. 1b). Recent
studies on arginine catabolism in cyanobacteria have found the existence of ADC in all 24 strains of cyanobacteria
including Synechocystis [20]. Even though ornithine can be detected by the action of arginase on arginine, the conversion of
ornithine to putrescine is unlikely due to the lack of ODC in cyanobacteria. Polyamines and the activity of ADC are
detectable in Synechocystis. SAMDC activity is also detectable in Synechocystis; however, its corresponding gene is not
found in the genome sequence. Similarly, no gene sequences for spermidine and spermine synthases are found despite the
detectable spermidine and spermine contents in Synechocystis [9]. This indicates that both spermidine and spermine are
synthesized by some other enzymes or these two polyamines arise from the degradation of some related metabolites.
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Fig. 1 (a) The pathway of polyamine synthesis in higher plants (modified from [1]). 1, Arginine decarboxylase (ADC); 2,
Arginase; 3, Ornithine decarboxylase (ODC); 4, Agmatine iminohydrolase; 5, N-carbamoyl putrescine amidohydrolase; 6,
S-adenosylmethionine decarboxylase (SAMDC); 7, Spermidine synthase; 8, Spermine synthase; 9, SAM synthase; 10,
ACC synthase; 11, ACC oxidase; 12, Ornithine transcarbamylase; 13, Arginine synthase. (b) The pathway of polyamine
synthesis in cyanobacterium Synechocystis sp. PCC 6803.

From Table 1 and Fig. 1b together with all available data until now, ADC seems to be the most important enzyme for
polyamine biosynthetic pathway in cyanobacteria. Based on structural modeling, Synechocystis ADCs have a putative extra



domain, which might be involved in the posttranslational regulation of ADC activity in Synechocystis. Moreover, two
symmetric inter-subunit disulfide bonds seem to stabilize the dimeric structure of ADCs [21].

Table 1 Genes related to polyamine biosynthesis in plant [75] and cyanobacteria based on Cyanobase

Arabidopsis [75] Synechocystis 6803 Anabaena 7120

Arginine decarboxylase adcl, adc2 adcl (sIr1312), all3401
adc2 (slr0662)

Arginase agrgahl, argah2 speB1 (s110228) -
Agmatinase - speB2 (sl11077) alr2310
Ornithine decarboxylase - - -
Agmatine iminohydrolase aih - -
N-carbamoyl putrescine cpa - -
amidohydrolase
S-adenosylmethionine samdcl, samdc2 - -
decarboxylase
Spermidine synthase spdsl, spds2 - -
Spermine synthase spms, acl5 - -

SAM synthase - - -
Ornithine transcarbamylase - - -

Arginine synthase - - -

On the other hand, the mammalian ADC differs from ADC isoforms expressed in plants, bacteria, or Caenorhabditis
elegans and is distinct from ODC [22]. The distribution of both ADC and ODC enzymes in different organism species is
regulated in a developmental and tissue specific manner [23]. The location of ODC enzyme in animals and plants is
observed in both cytoplasm and nucleus [24] whereas ADC is localized in chloroplasts associated with the thylakoid
membrane [25]. In plants, SAM, aside from participating in numerous transmethylation reactions, as it does in other
organisms, is also a precursor of the plant hormone ethylene. A variety of other related compounds have been found in
plants, including cadaverine. Cadaverine diamine is synthesized predominantly as the result of lysine decarboxylase (LDC;
EC 4.1.1.18) activity. This diamine is not as widely distributed as putrescine and is mainly found in Leguminoseae and in
the flowers of Arum lilies [26]. However, recently we have found cadaverine in Synechocystis cells under either ionic or
osmatic stress conditions. This is consistent with the presence of a gene encoding lysine decarboxylase (sll1683) in
Cyanobase. Moreover, some uncommon polyamines including branched pentamines, hexamines and heptamines have been
detected in the extreme thermophilic bacteria [2].

Specific inhibitors for each of these enzymes have been used in many tissues to manipulate cellular polyamine
metabolism. DL-a-difluoromethylornithine (DFMO) is a highly effective inhibitor of all animal ornithine decarboxylases
while its effectiveness for plant ornithine decarboxylases is quite variable. DMFO also exerts an inhibitory effect on the
expression of ADC in Synechocystis. The adc transcripts decrease in cells grown in the presence of DMFO. Moreover, the
increased adc transcripts observed in cells under osmotic stress is abolished upon addition of DMFO.

In most plant tissues, DL-a-difluoromethylarginine (DFMA) and methylglyoxal bis-guanylhydrazone (MGBG) are
generally quite effective in inhibiting the activities of arginine decarboxylase and S-adenosylmethionine decarboxylase,
respectively. S-adenosylmethionine decarboxylase activity and transcript levels are known to increase in actively dividing
tissues. On the other hand, due to its ability to inhibit cell division, MGBG has been widely used both in animal and plant
cells for basic studies as well as for therapeutic applications in cancer treatment [27].

2.2 Polyamine forms existing inside the cells

Since the molecules of polyamines are basic with positive charges at physiological pH, they may not only occur as free
molecules but also as conjugates to small molecules [2] like phenolic acids (conjugated forms) and also to various



macromolecules like proteins (bound forms) [28]. Spermidine is the most abundant free forms of polyamines in most
organisms including cyanobacteria [9] and it is present predominantly in the cytosolic fraction [29].

2.2.1 Conjugated forms

Conjugated polyamines are the most commonly found forms of polyamines in plants. Polyamines are conjugated by the
formation of an amide linkage, utilizing esters of CoA for the provision of the activated carboxyl groups [30]. The most
common conjugated polyamines are those that are covalently linked to cinnamic acids. The levels of conjugated
polyamines, such as hydroxycinnamic acid amides, are correlated with developmental phenomena. They accumulate in
roots and shoots, upon floral initiation in tobacco. Polyamine content increases during all three organogenic programs,
especially during meristemoid formation and up to the protrusion of the first organs [27]. Putrescine mainly forms
monomers (perchloric acid-soluble fraction) with coumaric acid, caffeoyl acid or feruloyl acid. These conjugates are of
particular importance both for the regulation of polyamine concentration inside the cell, and for their interaction. In fact
hydroxycinnamic acid bridges, through ester-ester linkages, different cell wall polymers, essentially hemicellulose and
lignin [2]. During all developmental programs, there is a possibility that the balance between the levels of free and
conjugated polyamines may contribute to growth regulation and play a role during morphogenesis. Aliphatic amines
(putrescine, spermidine and spermine) appear as water-soluble forms, whereas conjugated forms with aromatic and aliphatic
amines that use each terminal amino group to bind cinnamic acid are water-insoluble [28]. It has been reported that only
polyamines in the free form are translocated from one organ to another organ of plant and that conjugated polyamines have
no effect on cell division process [2].

2.2.2  Bound forms

The delocalized positive charges of polyamines can provide the electrostatic linking to charged proteins and/or
phospholipids and nucleic acids making their effect more complicated. Thus polyamines can bridge elements of membrane
and cytoskeletal network and impart rigidity to biological membranes. Polyamine-binding proteins have been identified in a
wide range of organisms including mammals, yeasts, and bacteria. The interaction between polyamines and membranes is
suggested to be an intermediate in cellular membrane fusion [31]. The peptidoglycans, which are essential for both cell
surface integrity and normal cell growth, form covalent linkage to polyamines in Anaerovibrio lipolytica [32]. The post-
translational covalent linkage of polyamines to proteins is catalyzed by a class of enzymes known as transglutaminase (EC
2.3.2.13), which have been localized both intra- and extra-cellularly [33]. Transglutaminases are calcium-dependent
enzymes capable of linking polyamines to glutamine residues and may thus cross-link proteins. Having an active site
cysteine, transglutaminases change activity upon treatment with N-ethylmaleimide. The cross-linking of proteins through
covalently attached polyamines makes tissues more stable and resistant to both proteolysis and physical degradation [34].

3. Polyamine transport
3.1 Proteins involved in polyamine transport

Despite the fact that de novo synthesis is the major source of polyamines, transport in and out of the cell, also contributes to
polyamine homeostasis. Organisms are equipped with a well-organized transport system for exogenous polyamines uptake.
Indeed, there is only a single transporter or, individual transport systems for the various polyamines, capable of transporting
all the polyamine molecules. In mammalian cells, two polyamine transport systems have been suggested [35]. In one model,
polyamines are transported through unidentified membrane transporters driven by a membrane potential. The second model
proposes a role for the heparin sulfate side chains of recycling glypican-1 (GPC-1). For higher plant cells a model for a
polyamine transport system has not yet been available. However, some early studies on long-distant polyamine transport
suggest the existence of a nonpolar translocation within the plant which occurs mainly via the xylem vessels [36]. In E. coli
and yeast polyamine transport systems have been well investigated. In E. coli, six systems, (1) spermidine preferential
uptake system (PotABCD), (2) putrescine specific uptake system (PotFGHI), (3) putrescine/ornithine exchanger (PotE), (4)
cadaverine/lysine exchanger (CadB), (5) spermidine excretion system (MdtJl) and (6) putrescine transporter (PuuP), have
been identified [37]. In yeast, nine proteins have been identified as polyamine transport proteins [38]. TPO1-5 are efflux-
pumps for polyamines. UGA4 takes up putrescine along with y-aminobutyric acid. GAP takes up polyamines into cytoplasm
along with amino acids. DUR3 and SAM3 also carry polyamines into the cytoplasm.

There are a few scattered reports on putrescine transport in cyanobacteria. The earliest one was the study in Anacystis
nidulans where the mechanism of putrescine transport was passive diffusion and ion trapping within the cells [39].
Polyamine transport in Synechocystis has been characterized for the first time by our research group. This polyamine uptake



system is very rapid and energy-dependent driven by proton-gradient and membrane potential. The K., values for putrescine
and spermidine in the Synechocystis uptake system are 92 and 67 puM, respectively [40]. The exogenous spermidine was
found to be metabolized rapidly to diaminopropane in Anacystis nidulans [41]. Most of the known details of polyamine
transport in prokaryotes have been characterized in E. coli. The uptake systems which belong to ATP binding cassette
(ABC) polyamine transporters are typically composed of the substrate-binding protein (PotD), two transmembrane proteins
(PotB and PotC) and a membrane-associated ATPase (PotA); of these only PotD has been annotated in Synechocystis based
on sequence similarity to E. coli PotD [42]. The homology model of Synechocystis PotD was verified based on the structural
comparison with E. coli PotD and PotF, the three amino acids that are known to be crucial for polyamine binding [43, 44]
were totally conserved in Synechocystis PotD (Glu209, Trp267 and Asp295) indicating a polyamine binding capacity. The
overall sequence identity between E. coli PotD and Synechocystis PotD is 24 %, but the residues within 8 A radius from the
active site are more conserved and share a sequence identity of 38 %. Based on this analysis, the active site of Synechocystis
PotD is more similar to the active site of E. coli spermidine-preferential PotD than to putrescine-specific E. coli PotF.
Binding studies using recombinant PotD overexpressed in E. coli showed that Synechocystis PotD binds specifically to
polyamines but not to other amino acids and prefers spermidine over putrescine. This is in line with results from the uptake
experiment using radioactively labeled spermidine, which revealed that the K; value of putrescine is about 4-fold higher than
the K, of spermidine transport in Synechocystis suggesting spermidine preferential binding for the transport system [40].
Machius et al. [45] have recently solved the crystal structure of Treponema pallidum PotD (TpPotD, PDB: 2V84), which
binds putrescine stronger than spermidine but does not bind spermine at all, and summarized some structural features that
might be used to predict the specificity of polyamine binding. The in vivo transport assays with potD knockout mutant
confirm that the PotD homolog in Synechocystis has a physiological role in polyamine transport [43]. The mutants showed a
50% lower spermidine uptake than the wild type. More experiments are needed to clarify the properties of transmembrane
protein (PotB and PotC) and membrane-associated ATPase (PotA). For example, there are possibilities that polyamine
transport system in Synechocystis might have its own transmembrane and ATPase subunits (Fig. 2a) or it might share the
channel-forming proteins (PotB and PotC) and ATPase (PotA) with another ABC transport system (Fig. 2b). The outcome
of such investigation would improve our understanding of the mechanism of polyamine transport in cyanobacteria.
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Fig. 2 The proposed polyamine transport system in Synechocystis sp. PCC 6803. (a) PotD is substrate-binding protein
which might have its own transmembrane and ATPase subunits, (b) PotD is substrate-binding protein which might share the
channel-forming proteins (PotB and PotC) and ATPase (PotA) with another ABC transport system.

3.2 Regulation of polyamine uptake

Intracellular polyamine levels are actively maintained by their synthesis, degradation, and transport [46, 47]. In mouse
embryonic fibroblast cells the uptake rate is negatively regulated by an antizyme, a small protein of 227 amino acid
residues, which is known to be induced by polyamines [48]. In E. coli, transcription of the spermidine-preferential
transporter genes is down-regulated by the PotD protein and the inhibition is enhanced by spermidine [49]. In
Saccharomyces cerevisiae, Tpol transporters are regulated at the post-transcriptional level by activation of serine/threonine
protein kinases [46]. None of these mechanisms have been yet described in cyanobacteria. However, we have initially
characterized the basic function of polyamine transport in Synechocystis. We found that Synechocystis can regulate the
polyamine uptake according to the environmental conditions including extracellular pH, salinity and osmotic fluctuation
[11, 40]. The putrescine transport operates optimally at pH 7.0, whereas the spermidine transport is at pH 8.0. The different
pattern of uptake of putrescine and spermidine, especially at alkaline pH, suggests that these two polyamines might bind at
distinct sites on the transporter. This is substantiated by the results showing noncompetitive inhibition of spermidine



transport by putrescine [40]. The dependence of polyamine uptake on the extracellular pH has also been reported in
Anacystis nidulans [50] and a sea water red alga Ulva rigida [51]. Upshift of the external osmolality generated by either
NaCl or sorbitol causes an increase in putrescine and spermidine transport in Synechosystis with about 1.5-2.0 fold increase
at 10-20 mosmol/kg upshift [11, 40]. This suggests that cells require polyamines to better thrive against osmotic upshift.
Furthermore, it is concluded that the increase in polyamine uptake due to NaCl or sorbitol is caused by an osmotic rather
than an ionic effect. This conclusion is drawn from the results showing that sorbitol with no ionic effect has a similar pattern
of stimulated uptake seen for NaCl. The polyamine uptake appears to be dependent on de novo synthesis of a transport
protein or protein(s) regulating the activity of preexisting transport protein(s) because it can be inhibited by
chloramphenicol. In fact PotD is an important subunit for polyamine transport in bacteria and parasites [37, 52]. Moreover,
PotD has been shown to contribute to virulence in both a murine sepsis model and a pneumonia model with capsular type 3
pneumococci [53].

4. Effect of abiotic stress on cellular polyamines

Polyamine metabolism is responsive to wide arrays of environmental stress conditions [1]. The levels of polyamines are an
integral part of the response mechanisms of living organisms to various stresses such as osmotic [54, 55], salinity [9, 20, 56-
59], heat, drought, and light [60, 61], as well as chilling temperature [62] and UV radiation [63, 64]. One possible
mechanism of salt resistance in cyanobacteria is due to the highly increased contents of spermidine and spermine against the
small increase in putrescine content [9]. Alternatively, the salt sensitivity in plants is due to a large increase of putrescine
and incapacity to maintain high levels of spermidine and spermine [65]. In general, putrescine accumulation is very often
characteristic of a stress response. Although this accumulation could play a protective role in the cell, it has also been
reported that putrescine excess may have some negative effects [66]. The endogenous levels of polyamines may serve as
markers for different phases of the growth response under NaCl concentrations [65]. However, no clear relationship is
observed between the mean levels of salinity resistance and the endogenous concentrations of spermidine or spermine [67].
Table 2 shows the effect of various abiotic stresses on ADC and PotD in terms of transcript, activity and protein levels. The
transcriptional levels of adcl (slr1312) in Synechocystis is highly induced under ionic stress whereas another adc gene,
namely adc2 (slr0662) is not affected, showing constant levels after ionic-stress treatment (Pothipongsa et al., unpublished).
The uncharacterized environmental regulation of the functionally active Synechocystis potD gene at the transcript and
protein levels has been studied [43]. The steady-state transcript amounts of the potD gene are under regulation by a wide
spectrum of environmental factors including light, osmolarity, temperature and nutrient availability and the PotD protein
amount also shows regulation but its direction cannot be predicted from the transcript levels.

The levels of perchloric acid-soluble and -insoluble polyamines show a dynamic change in response to ionic, osmotic
and UV stresses. UV radiations (UV-A, UV-B and UV-C) decrease the perchloric acid-insoluble polyamine contents, under
short term stress of one hour [64]. Putrescine and spermine are increased under UV-B and UV-C. UV-A increases the free
form of spermidine as opposed to the decrease in the bound form of spermidine. Osmotic stress highly regulates the
perchloric acid-insoluble levels whereas ionic stress has no effect on the bound form of polyamines [68]. In a green alga
Scenedesmus obliquus, high CO, concentrations cause an increase in the levels of thylakoid-bound putrescine which leads
to an increase of the active reaction center density with a decrease in the light harvesting complex Il size [7].

The osmotica with widely different assimilation routes, such as sorbitol [69], mannitol, sucrose, glycerol [71],
polyethylene glycol [67, 70], all induce a rise in putrescine. These changes are associated with measurable signs of stress,
such as wilting and protein loss [1]. On the basis of osmotic strength, NaCl, KCI, sucrose, or glycerol can induce similar
decreases in cellular homospermidine content in the soybean rhizobia Rhizobium fredii P220. Homospermidine, an analog
of spermidine, is an organic polycation detected ubiquitously in the soil environment and its occurrence has been
demonstrated in a wide variety of microorganisms. Subsequently, the cellular levels of homospermidine in strain P220 may
be regulated by mechanisms related to their pH and osmotic tolerance [71]. In a highly salt-tolerant strain, Mg?* and
homospermidine, a major polyamine in Rhizobium, might be closely associated with osmoregulation, since the cellular
levels of Mg®* and homospermidine are also regulated critically in response to the external medium osmolarity [71]. The
decline of spermidine and spermine levels beyond 30 min of stress in tolerant rice callus, indicates a shift towards the
production and accumulation of the higher molecular mass rare polyamines, norspermidine and norspermine. The pattern of
accumulation of uncommon polyamines under heat stress in the tolerant cultivar’s callus is consistent with that observed in
heat-tolerant cotton [72]. Recent studies in a bacterium Yersinia pestis have shown that polyamines are required for the
formation of biofilm. When the genes for ADC and ODC were mutated; both putrescine and spermidine levels were hardly
detectable and this led to a loss of biofilm formation. This situation was reversed by the addition of putrescine [73].The
biofilm formation renders a valuable protective mechanism against various detrimental conditions such as pH, UV stress as
well as the host defence mechanism [74]. These indicate that the changes of polyamine forms and contents might be the
adaptation mechanism for the survival under insulting environments in all organisms.



Table 2 Changes in ADC and PotD in Synechocystis sp. PCC 6803 under different abiotic stresses

Stress conditions ADC Potb

Transcript  Activity Transcript ~ Protein
Short-term treatment?
Darkness * [21] +[21] * [43] ND
High light intensity +[21] +[21] ND ND
UV B irradiation - [64] + [64] ND ND
Low temperature +[21] - [21] * [43] ND
High temperature +[21] +[21] +[43] ND
Salt stress +[21] + [21] +[43] ND
Salt stress + High light intensity +[21] +[21] ND ND
Long-term treatment”
Darkness +[21] +[21] + [43] - [43]
Low temperature ND ND +[43] +[43]
High temperature ND ND - [43] - [43]
Salt stress +[9] +[9] +[43] - [43]
Osmotic stress +[9] +[9] +[43] + [43]

& incubation time from 15 min to 18 h

b incubation time from 3 d to 10 d

The symbols +, - and + indicate an increased, a decreased and an unchanged level, respectively,
based on data from references shown in the brackets. ND: not determined.

5. Concluding remarks and future perspectives

The overall picture of polyamine metabolism in cyanobacteria is still far from clear, encompassing the biosynthesis,
transport and catabolism. This should encourage more researchers to unveil the mechanism governing the regulation and
function of polyamines in vivo. Although ADC has been shown to play a role in the adaptation of cells under various stress
conditions [2, 9, 20]; the localization of the enzyme still remains obscure. SAMDC activity is found in Synechocystis cells
[9] although its gene has not been found. Two other enzymes, spermidine synthase and spermine synthase, which are
involved in the addition of the propylamine group onto putrescine to produce spermidine and onto spermidine to produce
spermine, still remain elusive in cyanobacteria. New biochemical approaches such as gene walking technique, bioinformatic
tools and appropriate mutant construction are recommended as a research tool for further study on polyamine metabolism in
cyanobacteria. Importantly, the forms of polyamines which can influence the function and regulation of polyamines in vivo
are still mysterious. Polyamines bound with proteins or enzymes have impacts on the intracellular processes and actions.
Membranes are also one target of polyamine binding inside the cell based on the positive charges of polyamine molecules.
On the other hand, the actual mechanism of polyamine in response to environmental stress is also another important topic.
The aspect regarding polyamine catabolism is also worth studying. There are many findings confirming that polyamine
oxidation is involved in the induction of programmed cell death. The study on polyamine catabolism in cyanobacteria, may
help us to better understand how programmed cell death occurs in living organism.

The properties of the polyamine transport systems in Synechocystis sp. PCC 6803 have been presently studied in detail.
However, many characteristics still remain unknown or poorly understood. This is especially true for the membrane-
associated proteins such as ATPase and transmembrane proteins. The polyamine uptake and its binding study defines the
characteristics of the polyamine binding sites on PotD proteins. It is known that a sequence comparison with Synechocystis
PotD and E. coli PotD revealed several amino acid residues crucial for polyamine binding. We expect that the polyamine
transporter in Synechocystis is structurally similar to the polyamine transporter in E. coli. Analyses of knockout strain of
Synechocystis lacking PotD and other subunits are vital for the insight into the mechanism of polyamine transport in



cyanobacteria. Last but not least, the possibility that PotD might also be involved in the excretion of polyamines to
overcome the toxicity problems inside the cells cannot be overlooked.
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