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ABSTRACT

Cyanobacteriaexhibit an extraordinary resistance to many environmental factorsincluding nutrient
limitation, changes in hydrogen ion concentration, temperature, and light extremes. A better understanding of
the biological effects and response mechanisms of cyanobacteria to heavy metal exposure could be used to
develop these bacteriafor use in bioremediation. Synechococcus sp. strain PCC 7942 expresses messenger RNA
for the stress protein GroEL and for the metal-binding protein metall othionein in response to awide range of
divalent metal ion concentrations. Although groEL is expressed at low levels regardless of environmental
conditions, ahigh rate of transcription isinitiated within 15 minutesfollowing exposure to divalent metal cations
at concentrations ranging from 10 uM to 100 uM for copper and zinc, and concentrations aslow as 1 uM for
cadmium. Transcript levelsreturn to normal within one hour following exposure to each metal. Induction of the
metall othionein operon aso occurs within 15 minutes of these exposures. We specul ate that these resistance
mechani sms are working together to protect the cell from damage.
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INTRODUCTION
The cyanobacterium Synechococcus sp. PCC 7942 isasingle-celled photosynthetic prokary-

otethat issubject to avariety of environmental stressorsinnature (Webb et a., 1994). This
bacterium respondsaccordingly to variationsin temperature, light intensities, and heavy meta
exposure by theinduction of the stress protein GroEL and the metal -binding protein metallothionein.
These proteinsact together to diminish or eliminate cellular damage.

All organisms must possessmechanismsthat regul ate meta ion accumulation and thus, avoid
heavy metd toxicity. Several resistance mechanismsexist tolessen or prevent metal toxicity. These
includeresistanceto metalsthat are alwaystoxic to the cell and serveno beneficia role, such as
cadmium and mercury, and a so include resistance to metal s such as copper, iron, and zinc, which
aretoxic at high concentrations but are absolutely essentia intraceamounts (Silver and
Wauderhaug, 1992). A first-resistance mechanisminvolvesextrace lular binding whereby cells
synthesize and rel ease organic materia sthat chel ate metal sto reducetheir bioavailability (Clarke et
al., 1987), or themetal ionsmay be bound to the outer cell surface. Thesecomplex formsare
generaly moredifficult totransportintothecell. Secondly, cellscanincreasetherate of metal ion
excretion using energy-driven efflux pumps (Siegedl, 1997). A third method of resistanceisthrough
internal metal sequestration. Thisisone of themost important mechanismsby which bacteria
combat heavy metal exposure and subsequent accumulation. Intheprokaryotic cyanobacteria,
metd ion sequestration withinthecell isperformed by the class1l metallothioneins.
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Class|| metdlothioneinsare sulfhydryl-containing, cysteine-rich, meta-binding proteinsthat
sequester metd, thus preventing accumul ation of potentially toxic formsof meta ionswithinthecell
(Zhouetd., 1994). Metal ion binding occursthrough theinteractionsof theionswith the sulfhydryl
groupsof cysteineresidues (Erbeet al., 1995). The smt locus of Synechococcus PCC 7942
containsameta -regulated gene, smtA (Morby et al., 1993). Thisoperonencodesaclassl|
metallothionein and adivergently transcribed repressor of smtA transcription, smtB (Morby et d.,
1993). SmtB isatrans-acting repressor of expression from the SmtA operator-promoter region.
Metallothionein protein expressi on isdependent upon theinteraction between these metal ionsand
therepressor protein which regulatesthe expression of metallothionein mRNA (Morby etadl.,
1993). Lossof therepressor gene, smtB, and subsequent unregul ated transcription of smtA, has
been shown to be advantageousto organisms constantly stressed with changing level sof cadmium,
copper, lead, nickel, zinc, or arsenate (Guptaet a., 1993). These mutant strains, devoid of the
functiona repressor, show elevated levelsof smtA messenger RNA eveninthe absence of ametal
inducer.

Another important res stance mechanism used by cellsin responseto avariety of environmen-
tal stressorsistheexpression of heat shock genes. These proteinsare present in highly conserved
formsin bacteria, plants, and animals. Oneof themost important of the heat shock proteinsis
GroEL. GroEL isa58-kDaproteinthat assemblesinto two stacked rings of seven subunitseach
with anadditional ring of seven 10-kDa GroES subunits. Thiscomplex hasbeen shownto renature
proteins, making them again functional (Weissmanetd., 1996). Sincetheir mgjor roleisinassisting
protein folding with the consumption of ATR, GroEL and GroES are termed chaperonins.
Chaperonins providekinetic assistance to the process of folding of newly trand ated proteinsor
proteinsdisrupted asaresult of cellular stress(Xu et a., 1997). Inthebacteria, thegenesfor
GroES and GroEL proteinsare arranged into an operon (groESL) and transcriptioniscoordinately
expressed by the use of specific stresssigmafactors. GroEL hasbeen shown to be an essential
component for maintaining viability with changesintemperature (Webb et a., 1990). GroEL and
GroESareessentia proteinsfor cellular growth and are alwaystranscribed at basdinelevels; only
under conditions of stressdoesthetranscription rateincrease.

The purpose of our investigation wasto better understand the response of the cyanobacterium
Synechococcus sp. strain PCC 7942 to divaent metal ion exposure. Thefirst aimwasto compare
thetranscription of genesfor GroEL and metallothionein proteinsin responseto these stressors.
We proposethat these resi stance mechanisms act together during metal ion exposure, and thusare
expressed inasimilar fashion. Wealso examined the effects of heavy meta exposureonthe
photosynthetic rate of cyanobacteriaby measuring oxygen evolution. Thiswasused asanindicator
of cellular stress, and our amwasto correlatethisdatawith theinduction of groEL and
metallothionein geneexpression.
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MATERIALSAND METHODS

Cyanobacterial strain and growth conditions

Synechococcus speciesstrain PCC 7942 (wild type) wasused inall experiments.
Cyanaobacteria culturesweregrown with continuousaerationinliquid BG-11 medium (Allen, 1968)
at room temperature, under alight intensity of approximately 100 uE/m?/s. Culturedensity for al
studieswas approximately 0.8 A680.

Metal ions

Cellswere subjected to the dival ent cations by adding asingle dose of Cu?* (as copper
sulfate), Cd?* (ascadmium chloride), and Zn?* (aszinc sulfate) to givefinal concentrationseach of
1 mM, 100 uM, 10 uM, and 1 uM.

Oxygen evolution measurements

Oxygen evol ution measurementsof cyanobacterial cultureswereperformed at alight intensity
of 200 uE/m?susing aClark-typeoxygen el ectrodefollowing thedirectionsof the manufacturer,
Y Sl Instruments Co. Inc., Yellow Springs, OH.

Oligonucleotides

Polymerase chain reaction on isolated Synechococcus sp. strain PCC 7942 DNA was used
to generate DNA probesfor both groEL and smtA. The primersused in generating the PCR
productsfor groEL were5' ATG GCT AAA CGGATCATT TACA 3 for theforward primer
and5' GTA GTC GAA GTC GCC CAT GCCA 3 for thereverse primer. A second set of
primerswas used to generate the PCR product for smtA. The sequences of these primerswere 5’
GGCGTCGACCTGAAT CAA GAT TCA GAT GTT AGG 3 for theforward primer and 5'
GGCGTCGACATGTTA GGCTTA AACACAT 3 for thereverseprimer.

RNA isolation, electrophoresis, northern blotting, and detection

Tota cyanobacterial RNA wasisolated after O (control-no metal added), 15, 30, 60, and 180
minutes of exposureto each concentration of each stressor independently. The RNA wasisolated
and subjected to agarose gel electrophoresis using the procedures described in Reddy, Webb, and
Sherman (1990). Twenty microgramsof total RNA wereloaded to each lane.

Northern blotting, probelabeling, and detection were performed as described in theinstruc-
tionsfor the Phototope Star L abeling and Detection kits manufactured by New England Biolabs,
Beverly, Mass. Experimentswere performed on stripped, reprobed membranes, and repeated in
triplicateto ensure consstency. Themembraneswere prehybridized and hybridized with groEL
probe, and then stripped and reprobed with smtA and vice versa.

RESULTSAND DISCUSSION
Thisstudy focused onthe cellular effectsof exposureto divaent metal cationsand therolesof
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the specific res stance mechanism of metalothionein expression, and the expression of the stress
protein GroEL. GroEL hasbeen shownto beanintegral component that combats heavy metal
toxicity (Weissmanet d., 1996). Metalothioneinsare cysteine-rich proteinsthat bind metal ions
and thusdetoxify thesemetal sby limiting their cdllular availability (Zhou, 1994).

Metal ionsmay enter cellsviatransport proteinsthat bind metal and transport the complexed
formintothecell. Thesemetalscanthen bind sulfhydryl groupson theregulatory repressor protein
smtB. Thisbound metal then atersthe conformation of therepressor protein and releasesit from
theDNA. ThisalowsRNA polymeraseto begin transcription from smtA, resultingin
metallothionein expression.

Thedivaent metd cationsof copper, zinc, and cadmium each €licit astressresponse at
concentrationsof 31 UM, asevidenced by thetranscriptional rate of GroEL and metallothionein
(Tablel). Cadmiumionsinduce metalothionein and GroEL expressionwithin 15 minutesat
concentrationsof 100 uM (Figures 1 and 2) and at concentrationsaslow as1 uM (Tablel).
Cadmiumisahighly toxic metal that quickly assimilatesinto photosynthetic structuresand isapotent
uncoupler of oxidative phosphorylation and apotent inhibitor of eectron transfer intheelectron
transport system of photosynthesis(Miccadel, 1993). Our dataa soindicatethat zincionsat
concentrationsof 3 10uM induce groEL geneexpression (Figure 3) aswell asmetallothionein
transcription (Figure4) within 15 minutes of exposure. Thesefindingssuggest that GroEL isnot
strictly aheat shock protein (hsp 60), and that itstranscription respondsto potentially toxic metal
ions.

Thetranscription kineticsfor groEL and smtA differ from each other and vary with type of
metal ion. Zincionsinduce groEL maximally by 30 minutes, and thelevelsof thesetranscripts
returnto near basdlinelevelswithin onehour. Zincionsinduce metalothionein transcriptsmore
quickly (15 minutes), and thelevelsof these transcri ptsremain high beyond one hour. Cadmium
ionsrapidly (15 minutes) induce high level sof transcription of both groEL and smtA genes. While
groEL transcription hasreturned to basal levelsby 30 minutes, metallothionein genetranscription
remains high beyond two hours. Theseresultssuggest that groEL respondstoimmediate, acute
meta ion stress, whilemetall othioneinsareimportant at al timesduring continued metd ion expo-
sure.

Another aspect of thiswork focused on illustrating apossi blerel ationship between heavy meta
exposure and photosynthetic rate asan indicator of cellular stress. \We subjected cyanobacterial
cellsto 100 uM, 10 uM, and 1 uM concentrations of copper, zinc, and cadmium. Upon exposure
toametal cation, these cellswere subjected to darknessfor five minutes, followed by aperiod of
light exposure (200 LE/m?#/'s over10 minutes) during which oxygen evolutionwas measured. The
valuesfor each metal treatment were cal culated and compared to acontrol with no metal ion
exposure (100%). Table2illustratesthe percentage of decrease compared to control cells. Cop-
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per and zincions each produce adight decreasein oxygen evol ution at the concentrationstested.
Thegreatest effect on oxygen evolutionisproduced by cadmiumions. Concentrationsaslow as1
M decrease oxygen evol ution by approximately 50% (Table 2). Theseresultsare consistent with
our RNA transcription measurements. Cadmium hasafar greater effect than other metals, even at
lower concentrations.

Cyanobacteriaare highly adaptable organismsthat can respond to changing environmental
conditionssuch astemperature, light, and metal ion exposure. They increase thetranscription of
groEL asares stance mechanismin responseto themany typesof cellular dterationsresulting from
environmental contamination. Thisres stance mechanismworksto prevent protein aggregation that
resultsfrom protein denaturation (Llorcaet a., 1996) and al so worksto promote proper protein
folding. Inaddition, these cellsrespond to avariety of meta ionsby producing metal-binding
proteinscalled metallothioneins. Our findings suggest that groEL and smtA gene expression and the
rate of oxygen evolutioninresponseto divalent meta ionscanbecorrelated. Thisisespecialy true
for cadmiumionswhose effectsare not only to cause protein denaturation but a so to affect electron
transport during photosynthesis. It appearsthat the sequestration of these metalsby
metall othioneinsdetoxifiesthem, thusdecreasing their detrimenta cdllular effects. Through genetic
engineering, it may be possibleto create strains of cyanobacteriathat could proveto bevauablein
bioremediation.
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Tablel1l. Summary of theinduction of groEL and smtA with respect to metal ion type and

concentration.
1mM 100puM 10puM 1M
Cuz + + - -
Zn2* + + + -
Cdz+ + + + +

Table2. Effectsof metal ion type and concentration on rate of photosynthetic oxygen evolution. All

experiments conductedin duplicate.

Control
No M etal lon 100uM 10pM 1M

Exposure
Cu?* 100%0 83%0 78%0 75%0
zZn%* 100%0 84920 80%0 80%0
Cd?®* 100%o 54% 43%0 25%
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Figurel. Northernblot anaysisfor groEL mRNA expression following exposureto 100uM
cadmium.
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Figure2. Northern blot analysisof smtA expression following exposureto 100uM cadmium.
Nylon membranefrom Figure 1 was stripped and reprobed with smtA.
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Figure3. Northernblot analysisfor groEL mRNA expression following exposureto 100uM zinc
alfate
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Figure4. Northern blot anaysisfor SmA following exposureto 10 uM zinc sulfate.
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