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Expression of mouse metallothionein in the cyanobacterium 
Synechococcus PCC7942 
JL Erbe, KB Taylor and LM Hall 
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USA 

A cDNA encoding mouse metallothionein was cloned into the shuttle vector pUC303, creating a translational fusion 
with the bacterial chloramphenicol acetyltransferase gene. The resulting fusion protein has been expressed in the 
cyanobacterium Synechococcus PCC7942. Cyanobacterial transformants expressed mouse metallothionein-specific 
mRNA species as detected by RNA slot blots. In addition, the transformants expressed a unique cadmium ion- 
binding protein corresponding to the predicted size of the mouse metallothionein fusion protein. Expression of this 
fusion prollein conferred a two- to five-fold increase in cadmium ion tolerance and accumulation on Synecho- 
coccus PCC7942. 
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Introduction 

The application of heavy metal ion-resistant microbes in 
the removal of heavy metal ions from polluted effluents 
has become a focus for environmental bioremediation. A 
number of microbial bioremediation strategies have been 
examined. For example, bioreactors based on viable immo- 
bilized bacteria have been constructed [4,5]. Microbial and 
algal biomass has been employed in metal ion removal 
technologies [2,18,19,30,34,36]. The application of 
microbial mats for such purposes has recently been 
reviewed [3]. 

Microbially-based metal ion remediation systems must 
be cost-effective in order to compete with traditional metal 
ion removal technologies [30]. The photosynthetic cyano- 
bacteria provide advantageous hosts for the development 
of such syslLems since they utilize solar energy and carbon 
efficiently from the air. Kuritz and Wolk [16] have reported 
the genetic engineering of cyanobacteria for enhanced 
degradation of organic pollutants and proposed their use in 
the low-cost, low-maintenance remediation of surface wat- 
ers. Similarly, development of cyanobacterial strains having 
increased metal ion tolerance would offer a cost-effective 
alternative to microbes currently used in metal ion removal 
technologies. Moreover, cyanobacteria are compatible with 
existing microbial bioremediation technologies such as 
microbial mats, of which cyanobacteria are natural compo- 
nents [3]. 

The potential of using microbes genetically engineered 
to express a metal ion-binding protein, metallothionein, as 
filters for the removal of heavy metals from contaminated 
waters has been recognized [10,12,26,27]. Metallothionein 
(MT) is a low-molecular weight, cysteine-rich protein 
which binds a variety of heavy metal ions with stability 
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constants on the order of 1011 to 1019 M -1 [9]. While MT is 
ubiquitous among eukaryotes, to date only two prokaryotes, 
Pseudomonas putida and the cyanobacterium Synecho- 
coccus sp [35] have been found to express MT-like pro- 
teins. One molecule of mammalian MT binds seven ions 
of cadmium, zinc, mercury, cobalt, lead, or nickel, and 
binds 12 ions of copper, silver, or gold [9]. On the other 
hand, the prokaryotic MT of Synechococcus sp complexes 
only about half as much metal ion per mole as its mam- 
malian counterparts [22] and demonstrates a high affinity 
for Zn 2+ as compared with equine MT [29]. Considerable 
effort has been made towards expression of recombinant 
MT from a variety of species in a number of hosts 
[ 10,13,23,27,33]. In general, expression of recombinant MT 
confers increased heavy metal ion tolerance and/or accumu- 
lation on the host. 

The present work addresses the potential of engineering 
cyanobacteria for increased bioaccumulation of heavy 
metal ions via expression of a recombinant mammalian 
MT. As a first step, Synechococcus PCC7942 was transfor- 
med with a mouse MT (mMT) cDNA fused to a portion of 
the bacterial chloramphenicol acetyltransferase (cat) gene. 
The results demonstrate that expression of the recombinant 
CAT-mMT fusion protein confers increased tolerance to 
heavy metal ions as well as increased heavy metal ion 
accumulation to a cyanobacterial host. 

Materials and methods 

Host strains and culture conditions 
Escherichia coli JM 109 was used for initial plasmid charac- 
terization. Transformants were grown at 37~ with 25 ~g 
of streptomycin m1-1 in DYT medium. One liter of DYT 
medium contains 10 g yeast extract, 10 g tryptone, and 
5 g NaC1 (pH 7.4). Bacterial growth in liquid cultures was 
monitored at A595 n m "  

Synechococcus PCC7942 was grown at 30~ with a light 
intensity of 2500 lux in shake flasks containing liquid BG- 
11 medium or on BG-11 solidified with 1.5% agar which 



42 

Mouse metallothionein in Synechococcus PCC7942 
JL Erbe et al 

was further supplemented with 1 mM sodium thiosulfate. 
BG-11 medium was prepared as described [25] and sup- 
plemented with 2 mMHEPES (pH 7.0). Transformation of 
cyanobacteria and selection of transformants was carried 
out as previously described [15]. Cyanobacterial growth in 
liquid cultures was monitored at A73 onm" 

Materials 
Restriction endonucleases were obtained from Pharmacia 
(Piscataway, NJ, USA). T4 DNA ligase, Klenow DNA 
polymerase, Taq DNA polymerase, and double-stranded 
DNA Cycle Sequencing Systems were supplied by BRL 
(Gaithersburg, MD, USA) and used according to the manu- 
facturer' s recommendations. Radioactive cadmium 
(I~ was supplied by Amersham (Cleveland, OH, 
USA). Wizard Minipreps and PCR Preps DNA purification 
systems were obtained from Promega (Madison, WI, USA). 
DNA oligonucleotides were synthesized by National Bio- 
sciences (Plymouth, MN, USA). Genius System digoxig- 
enin labeling kits were from Boehringer Mannheim 
(Indianapolis, IN, USA). mMT cDNA was the gift of Rich- 
ard Palmiter (University of Washington) and Synecho- 
coccus PCC7942 R2-SPc was provided by WE Borrias 
(University of Utrecht). 

Plasmid construction 
DNA manipulations were performed as described by Sam- 
brook et al [28]. Mouse metallothionein expression plas- 
mids were constructed by modification of file shuttle vector 
pUC303 [14]. An mMT fragment containing NcoI and SalI 
restriction enzyme sites at the 5' and 3' ends, respectively, 
was prepared by polymerase chain reaction (PCR) amplifi- 
cation of mMT cDNA using the following primers: N-ter- 
minal primer 5"GGCGCCATGGACCCCAACTGCTC3', 
C-terminal primer 5'CGGTCGACGCTGTTCGTCAC- 
ATCA3' (underlined sequences represent restriction endo- 
nuclease sites for NcoI and SalI, respectively). 

Mouse metallothionein expression ptasmid pJLE16 was 
constructed by subcloning the NcoI-SalI mMT fragment 
into pUC303, previously digested with NcoI and SaII, cre- 
ating a translational fusion with the first 172 amino acids 
of CAT (Figure 1). Plasmid pJLE21 was constructed to 
express a truncated version of the CAT-mMT fusion pro- 
tein by deletion of a 339-bp DraI fragment from the cat 
region of pJLE16. Plasmid pJLE24 was constructed by sub- 
cloning a part of the cat gene, a portion of the Synecho- 
coccus PCC7942 smt locus including smtB, the 100-bp 
operator/promoter region, and the first codon of smrA as an 
EcoRI fragment from plasmid pJLE22 into the unique 
EcoRI site of plasmid pJLE16 (Figure 1). Plasmid pJLE22 
is identical to plasmid pJLE22-R [7], except that the smt 
locus with respect to the cat gene is in the opposite orien- 
tation. Expression of the cat-mMT gene fusion in pJLE24 
is under the control of the smtA promoter. In pJLE16 and 
pJLE21 expression is under the control of the cat promoter. 
Plasmid construction was verified by restriction digestion 
and DNA sequencing. 

Plasmid recovery 
Bacterial and cyanobacterial plasmid DNA were prepared 
using the Wizard Minipreps System according to the Wiz- 

ard protocol. Cell extracts of cyanobacterial cultures were 
prepared as described [15]. After removal of cell debris, 
Promega Magic DNA Binding Resin was added to the 
supernatant fluid and the DNA was recovered. RNase, 
20 ~g m1-1, was added to the final eluent. 

Plasmid DNA recovered from transformed cyanobacteria 
was used in the transformation of E. coli JM109. Restric- 
tion endonuclease digests were subsequently performed on 
plasmid DNA recovered from the E. coli transformants. 

RNA isolation and RNA slot blots 
Total RNA from 300-ml cultures of mid-log phase cyano- 
bacteria was isolated by the method of Reith et al [24]. 
Five-microgram aliquots of RNA were denatured with 
10 mM NaOH, 1 mM EDTA and applied to a nylon mem- 
brane using a Bio-Dot SF microfiltration apparatus (Bio- 
Rad, Hercules, CA, USA) according to the manufacturer's 
instructions. Following a 2 h prehybridization at 43~ blots 
were hybridized for 16 h at 43~ to either a mMT DNA 
probe or to a smtB DNA probe. Probes were labeled with 
digoxigenin (DIG) using the Genius System. The mMT 
DNA probe was obtained by PCR amplification of mMT 
cDNA. The smtB DNA probe was obtained by restriction 
endonuclease digestion of plasmid pJLE22-R [7]. Hybridiz- 
ation and chemiluminescent detection of DIG-labeled 
probes was carried out according to the manufacturer's 
instructions. 

Protein blotting and detection 
Cyanobacterial cell extracts were fractionated by denatur- 
ing electrophoresis on 15% polyacrylamide-SDS gels and 
proteins were electrophoretically transferred to Immobilon- 
P membranes (Millipore, Bedford, MA, USA). The CAT 
and CAT-mMT proteins were detected by probing the 
membranes with rabbit polyclonal antibodies raised against 
CAT (5 Prime to 3 Prime, Boulder, CO, USA). Following 
application of anti-rabbit IgG alkaline phosphatase-conju- 
gated secondary antibody, blots were developed using Sig- 
maFast BCIP/NBT buffered substrate tablets (Sigma, St 
Louis, MO, USA) according to the manufacturer's direc- 
tions. 

The expression of CAT-mMT fusion proteins was also 
detected using a variation of a previously described radio- 
active cadmium ion protocol [1]. Cyanobacterial cell 
extracts were fractionated as above and blotted onto Immo- 
bilon-P membranes. Following incubation in 10 mM Tris- 
C1 (pH 7.6) for 1 h at room temperature, blots were incu- 
bated in 10 mM Tris-C1 (pH 7.6), 0.1 mM ZnC12, and 
0.1 M KC1 containing 1/xCi m1-1 m9CdC12, for 10 min at 
room temperature. Blots were then washed twice, 10 min 
per wash, in 10 mM Tris-C1 (pH 7.6), 0.1 M KC1 at room 
temperature. Cadmium ion-binding proteins were detected 
by autoradiography or phosphorimaging (Molecular 
Dynamics, San Diego, CA, USA). 

Chloramphenicol resistance assay 
BG-11 (25 ml) supplemented with 7.5/xg m1-1 chloram- 
phenicol was inoculated with 500/zl of the appropriate 
stationary phase cyanobacterial culture and incubated under 
standard conditions. Growth was monitored by A73on m 

measurements. 
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Figure 1 Construction of mMT expression vectors. Mouse metallothionein expression plasmid pJLE16 was constructed by subcloning a NcoI-SalI mMT 
fragment into pUC303, previously digested with NcoI and SalI, creating a translational fusion with the first 172 amino acids of CAT. Plasmid pJLE21 
was constructed by deletion of a 339-bp DraI fragment from the cat region of pJLE16. Plasmid pJLE24 was constructed by subcloning a portion of 
the Synechococcus PCC7942 srnt locus as an EcoRI fragment from plasmid pJLE22 into the unique EcoRI site of plasmid pJLE16. Plasmid pJLE22 
was identical to plasmid pJLE22-R [7l, except that the smt locus with respect to the cat gene was in the opposite orientation. A given insert is the same 
size in each plasmid map for clarity. Each inserted segment has unique shading to indicate origin and destination. 
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Cadmium ion tolerance 
BG-11 (1 ml) containing appropriate antibiotic and CdCI 2 
(1.5/~M to 3/xM) was inoculated with Synechococcus 
PCC7942 or Synechococcus PCC7942 (pJLE16). Cultures 
were incubated in 15-ml polypropylene tubes at 29~ agi- 
tated at 200 rpm, with 2500 lux illumination. Growth was 
monitored by A73 onm measurements. Experiments were per- 
formed in triplicate. 

1~ accumulation 
Uptake of 1~ 2+ by E. coli was determined according to 
Hou et al [10] and 1~ uptake by cyanobacteria was 
determined according to a similar protocol. A 1-ml aliquot 
of culture was mixed with 5/xl of 1~ (122/xCi m1-1) 
and incubated at 29~ for 16 h with 2500 lux illumination. 
After measuring the A73onm, the cells were transferred to 
microcentrifuge tubes and harvested by centrifugation for 
5 min at room temperature. The pellet was washed twice 
with saline followed by solubilization in Laemmli [17] 
sample buffer (62.5 mM Tris-HC1, pH 6.8, 2% SDS, 5% 
2-mercaptoethanol) at 100~ for 10 rain. The radioactivity 

of the resulting cell lysate was determined in a liquid scin- 
tillation counter. 

Results 

RNA slot blots 
Transcription of the cat-mMT gene fusion in cyanobacteria 
was verified by RNA slot blots (Figure 2). Total RNA from 
wild type cells as well as from Synechococcus PCC7942 
(pJLE16) and Synechococcus PCC7942 (pUC303) was 
immobilized on nylon membranes and the membranes were 
screened for cat-mMT mRNA by hybridization with a 
digoxigenin-labeled mMT DNA probe (Figure 2, row A). 
Transcription of the mMT occurred only in Synechococcus 
PCC7942 (pJLE16). RNA from wild type cells and RNA 
from Synechococcus PCC7942 (pUC303) did not hybridize 
to the mMT probe. The mMT probe was subsequently 
stripped and the blots were rehybridized with a probe con- 
sisting of the cyanobacterial smtB gene to verify that all 
slots contained RNA (Figure 2, row B). 
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Figure 2 RNA slot blot analysis of CAT-mMT transcription in Synecho- 
coccus PCC7942. Row A: 5/zg of total RNA from Synechococcus 
PCC7942 (lane 1), Synechococcus PCC7942 (pUC303) (lane 2), or Syne- 
chococcus PCC7942 (pJLE16) (lane 3) was blotted and probed with 
digoxigenin-labeled mMT. Row B: The blot shown in row A was sub- 
sequently stripped and reprobed with a digoxigenin-labeled probe con- 
sisting of the cyanobacterial smtB gene as a loading control. 

Detection of CA T-mMT protein in cyanobacterial cell 
extracts 
To measure expression of the CAT-mMT fusion protein in 
transformed cyanobacterial cells, cell extracts were pre- 
pared from Synechococcus PCC7942, Synechococcus 
PCC7942 (pUC303), and Synechococcus PCC7942 
(pJLE16). Following separation of cellular proteins by 
SDS-PAGE [17] and blotting, fusion proteins were detected 
by immunostaining with a polyclonal antibody to the CAT 
amino terminus and by the binding of ~~ 2+. 

Immunostaining with CAT polyclonal antibodies 
revealed a band corresponding to the CAT protein 
(25.7 kDa) in extracts from Synechococcus PCC7942 
(pUC303) (Figure 3, lane 3) and to a protein of similar mol- 
ecular weight, presumably the CAT-mMT fusion 
(26.4 kDa), in Synechococcus PCC7942 (pJLE16) 
(Figure 3, lane 5). Wild type cell extracts did not contain 
a corresponding CAT protein (Figure3, lane 1). The 
additional, higher molecular weight band in the Synecho- 
coccus PCC7942 (pUC303) and Synechococcus PCC7942 

Figure 3 Detection of CAT and CAT-mMT proteins. Protein extracts 
(100 Fg) from Synechococcus PCC7942 (lanes 1-2), Synechococcus 
PCC7942 (pUC303) (lanes 3-4), and Synechococcus PCC7942 (pJLE16) 
(lanes 5-6) were separated by denaturing electrophoresis on a 15% polyac- 
rylamide-SDS gel and transferred to Immobilon-P membranes. Mem- 
branes were probed with polyclonal antibodies to the CAT amino terminus 
(lanes 1,3,5) or with 1~ 2§ (lanes 2,4,6). For presentation purposes, cor- 
responding lanes from the respective Western blot and autoradiograph 
have been juxtaposed. The asterisk indicates the CAT protein. The arrow 
indicates the CAT-mMT fusion protein. Cm R and Cm s indicate chloram- 
phenicol resistance and sensitivity, respectively. 

(pJLE16) samples was presumed to be the result of non- 
specific interaction with the polyclonal antibody. 

To confirm that the immunopositive protein in the Syne- 
chococcus PCC7942 (pJLE16) extracts was indeed the 
CAT-mMT fusion protein, as opposed to full-length CAT, 
protein blots were probed with l~ 2+. Autoradiographs 
verified the presence of ~~ proteins in the 
extract from Synechococcus PCC7942 (pJLE16) at a pos- 
ition which corresponded to the immunopositive band from 
the same extract (Figure 3, compare lanes 5 and 6). Similar 
cadmium ion-binding proteins were not detected in extracts 
from Synechococcus PCC7942 or Synechococcus PCC7942 
(pUC303) (Figure 3, lanes 2 and 4). The apparent absence 
of a band corresponding to the prokaryotic MT is possibly 
the result of its strong affinity for Zn 2+ [29] which is a 
component of the incubation buffer (see Materials and 
Methods). 

Synechococcus PCC7942 (pUC303), which expresses a 
functional CAT protein, was chloramphenicol-resistant in 
media containing chloramphenicol (7.5/xgml-~). As 
expected, Synechococcus PCC7942 and Synechococcus 
PCC7942 (pJLE16) were chloramphenicol-sensitive 
(Figure 3), since they do not express an entire CAT protein. 

Cadmium ion tolerance 
Increased heavy metal ion tolerance by transformed cyano- 
bacteria expressing recombinant mMT was also examined. 
Synechococcus PCC7942 (pJLE16) was capable of sus- 
tained growth upon direct inoculation into media containing 
up to 3/xM CdC12. Strain PCC7942 did not survive in metal 
ion concentrations exceeding the maximum permissive con- 
centration of 1.5/xM, a level set by SmtA [11] (data not 
shown). 

I~ accumulation 
The extent of heavy metal ion accumulation by cyanobac- 
teria expressing recombinant mMT was measured during 
growth in the presence of 1~ Synechococcus PCC7942 
(pUC303) and Synechococcus PCC7942 (pJLE16) accumu- 
lated 1.6 and 2.5 times more ~~ 2+ than wild type cells, 
respectively. Synechococcus PCC7942 (pJLE24), in which 
CAT-mMT expression was under the control of the native 
cyanobacterial smtA promoter, accumulated 4.8-fold more 
~~ 2+ than Synechococcus PCC7942 (data not shown). 

To determine whether the CAT portion of the fusion pro- 
tein decreased metal ion accumulation, a plasmid (pJLE21) 
containing a 339-bp deletion within the CAT portion of the 
fusion protein was constructed (Figure 1). Accumulation of 
t~ by E. coli JM109 transformed with either pJLE16 
or pJLE21 was essentially identical (55 000 CPM/A595 rim)" 

Discussion 

Evidence presented here indicates that a low level of cat- 
mMT mRNA was produced from plasmid pJLE16. As 
determined by RNA slot blot analysis, the level of cat-mMT 
mRNA appeared to be less than that produced from the 
smtB gene which, by analogy to the divergently transcribed 
smtA, occurs at a low copy number (probably one) on the 
cyanobacterial chromosome [8]. The expression levels 
demonstrated here may simply reflect the relative activity 
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of the CAT promoter in cyanobacteria. For example, 
expression of CAT under the control of its own promoter 
conferred resistance to chloramphenicol (7.5/zg m1-1) in 
Synechococcus PCC7942, while expression of CAT under 
the control of the strong chloroplast ps2B promoter confers 
resistance up to 40/xg m1-1 of chloramphenicol in Synecho- 
coccus PCC6301 R2 [6] (considered to belong to the same 
species as Synechococcus PCC7942 [8]). The present work 
demonstrates that Synechococcus PCC7942 (pJLE24), 
expressing an identical CAT-mMT fusion protein under the 
control of' the native cyanobacterial smtA promoter, 
accumulated 2-fold more Cd than Synechococcus 
PCC7942 (pJLE16). 

Western blots probed with antibodies to CAT demon- 
strated that translation of the cat-mMT mRNA occurred, 
resulting in a level of CAT-mMT fusion protein similar to 
the level of CAT protein achieved with the same promoter. 
Because the CAT-mMT fusion protein is similar in size to 
native CAT, it is difficult to distinguish the two based 
solely upon molecular weight. To confirm that Synecho- 
coccus PCC7942 (pJLE16) expressed the CAT-mMT 
fusion protein, blots identical to the immunostained blots 
were probed for MT by incubation with l~ 2+. The results 
verified that Synechococcus PCC7942 (pJLE16) extracts 
contained a Cd-binding protein corresponding to the immu- 
nopositive protein from the same extracts, whereas control 
extracts did not (Figure 3). Furthermore, Synechococcus 
PCC7942 (pUC303) cells were chloramphenicol-resistant, 
indicating the expression of a functional CAT protein. 
Synechococcus PCC7942 (pJLE16) expressed a truncated 
CAT protein, as a result of the cat-mMT gene fusion, and 
were chloramphenicol-sensitve. 

Expression of the CAT-mMT fusion protein in Synecho- 
coccus PCC7942 (pJLE16) conferred an approximate 2- 
fold increase in cadmium ion tolerance and cadmium ion 
accumulation as compared to wild type organisms. Synech- 
ococcus sp adapts to step-wise increases in heavy metal ion 
concentration via upregulation of prokaryotic MT 
expression [11,21], The results presented here, however, 
indicate increased metal ion tolerance associated with Syne- 
chococcus PCC7942 (pJLE16) upon direct exposure to 
elevated cadmium ion concentrations in a single step. Wild 
type cells, on the other hand, did not tolerate direct 
exposure to cadmium ions in excess of the maximum per- 
missive concentration. This suggests that the increased tol- 
erance associated with Synechococcus PCC7942 (pJLE16) 
was not the result of upregulated prokaryotic MT 
expression, but rather was due to expression of the recombi- 
nant mMT. 

While the levels of recombinant mMT expression achi- 
eved in this study appear to be low, the biological results 
(ie a 2 to 5-fold increase in cadmium ion accumulation) 
validate optimization of this approach. Recent studies by 
Takeshima et al [32] and Soltes-Rak et al [31], for exam- 
ple, clearly demonstrate the importance of factors such as 
the nucleotide sequence, position of ribosome-binding 
sequences, and codon usage on the efficiency of foreign 
protein expression in cyanobacteria. In addition, further 
analysis of mMT expression under the control of the native 
cyanobacterial metallothionein promoter, smtA, in Synecho- 
coccus PCC7942 and under the control of the strong phyco- 

cyanin promoter [20], cpc, in Synechococcus PCC7002 is 
in progress. 
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