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ABSTRACT
Marine Synechococcus spp. are extremely sensitive to copper toxicity. Some
strains have been shown to produce high-affinity, extracellular ligands of
unknown structure which form complexes with free cupric ion. They are also
known to produce metallothioneins (MT) in response to cadmium and zinc
stress. In the present study, marine Synechococcus PCC 73109 (Agmenellum
quadruplicatum BG-1) (Van Baalen) was exposed to three concentrations of
CuSO, for various times. Size exclusion chromatography, atomic absorption
spectrophotometry, and reverse phase HPLC were used to isolate an intracel-
lular copper binding ligand of low molecular weight (< 6,500 Da). The ligand
was detected after exposure to > 8 uM CuSO, for 2 hr in BG-11 medium.
The intracellular ligand was characterized by electrospray mass spectrometry,
amino acid analysis and a universal assay for siderophores. The ligand was
not MT, phytochelatin or a siderophore. It is not a peptide but it contains
lysine and an unidentified UV 254-absorbing constituent. This compound is
anovel copper-binding ligand previously not reported in Synechococcus spp.

Key Index Words: copper toxicity, intracellular copper binding ligand, lysine-
contained ligand, marine Synechococcus, low molecular weight non-peptide
ligand.

Abbreviations: FPLC, Fast Protein Liquid Chromatography; MT, Metal-
lothionein; OD,s,, Optical density at 450 nm; smt, Synechococcus metal-
lothionein encoded gene.

INTRODUCTION
Trace metals found in oceanic surface waters can control phytoplankton production
and species composition (Bruland ez al., 1991). Some trace metals, such as copper, are
essential but are toxic at high levels. Excessive copper concentrations can inhibit
growth and reproductive rates of phytoplankton in the ocean (Brand et al., 1986; Walsh
et al., 1994; Gledhill et al., 1997). A number of marine bacteria, fungi and protozoa
have evolved methods to control cellular metal concentrations. Intracellular metal
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detoxifying chelators known as phytochelatins, found in algae and higher plants, can
effectively reduce toxic levels of free copper to nontoxic levels (Grill et al. 1985).
Phytochelatins are produced by marine phytoplankton (Ahner et al., 1995; 1997) and
their concentration has been observed to vary systematically with free copper concen-
tration in coastal waters (Ahner et al., 1997). Microbial oxidation reactions also reduce
the toxicity of some metals (Emerson et al., 1979; Tebo, 1995). Extracellular copper
complexing ligands may also function in copper detoxification (Harwood-Sears and
Gordon, 1990; Harwood and Gordon, 1994; Moffett and Zika, 1983; Bruland et al.,
1991). Synechococcus spp. (WH7803 and PCC 73109) have been shown to produce
a strong extracellular copper chelator of unknown structure in response to copper stress
(Moffett and Brand, 1996; Gordon et al. 2000). Furthermore, McKnight and Morel
(1979) detected a strong chelator in freshwater Synechococcus cultures. The principal
ligand in their studies was shown to be a siderophore (McKnight and Morel, 1980).
Various metal-binding compounds including H,S, siderophores, and metallothionein,
have been detected in Synechococcus cultures and possibly protect Synechococcus
from copper toxicity. There is no evidence that these compounds are the strong
extracellular ligands detected in cultures (Moffett and Brand, 1996). MT has been
reported to be induced by cadmium and zinc, but not copper, in marine Synechococcus
(Olafson et al., 1980). In contrast, those three metals induced MT in a freshwater strain,
but a mutant strain lacking the MT gene (sm?) was sensitive to high concentrations of
cadmium and zinc but not copper (Robinson ef al., 1990; Turner et al., 1993). This
observation suggests that MT is not important in determining copper tolerance in these
microorganisms.

The purpose of the present study was to test the hypothesis that MT is produced in
response to elevated concentrations of copper by marine Synechococcus. Metal-
lothionein, phytochelatin, or siderophores were not produced by Cu-stressed cells of
the strain we examined. However, a low molecular weight (<6,500 Da) molecule that
bound the majority of copper contained in cellular extracts of marine Synechococcus
exposed to copper was isolated. This component, which is not a peptide but which
contains lysine, was produced in significantly higher amounts when the organisms were
stressed by copper.

MATERIALS & METHODS

Source of marine cyanobacteria.

The strain of cyanobacteria used in this study was Synechococcus PCC 73109
(American Type Culture Collection ATCC 29404; Agmenellum quadruplicatum BG-
1), that was originally collected from seawater (Rippka et al., 1979).

Cultivation of marine cyanobacteria.

Axenic cultures of PCC 73109 were grown in BG-11 medium (Rippka, 1988),
under fluorescent light (30-60 umol quanta (par)’cm'z’s‘l, dark/light cycle [12/12 hr]),
at 28°C. Cell number was determined from optical density (450 nm) and cultures were
routinely checked for bacterial contamination by streak-plating on Tryptic Soy agar
(Difco) plates. Green pigmentation of cultures was used as a visual indication of cell
viability. All glassware was rinsed several times with deionized water after soaking
overnight in 10% nitric acid. Medium was prepared using Milli-Q water. Solutions
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and buffers were prepared in Milli-Q water and run through a chelex -100 (Bio-Rad
Laboratory) column to remove trace metal contamination.

Induction of copper-complexing ligands in marine Synechococcus.

Three concentrations (2.2, 8 and 50 uM) of CuSO, were used in this study to induce
the production of copper-complexing metabolites. These concentrations were selected
based upon toxic response of the organism to each concentration in BG-11 medium.
2.2 uM was the concentration at which Synechococcus could be maintained readily
after stepwise adaptation to CuSO,, (described below). Eight uM was selected based
upon the results of toxicity assays as an inhibitory but non-lethal concentration and 50
uM was used as an excessive, lethal dose. Control samples consisted of the organism
grown without the addition of CuSO,.

Stepwise adaptation. Using a stepwise adaptation method described by Gupta et
al. (1992), marine Synechococcus PCC 73109 was subcultured in liquid BG-11
medium containing an initial concentration of 0.5 uM CuSO,. Cells that grew in the
initial concentration of copper were further subcultured to fresh medium containing
higher concentrations of CuSO, (1, 1.5, 2.2 uM). After adaptation, cultures were
maintained in 2.2 uM CuSO, for subsequent studies.

Inhibitory concentrations of CuSOa4.

Different concentrations of CuSO, (0-20 pM) were added to tubes containing fresh
subcultures (OD 45, = 0.06-0.07) of PCC 73109. Optical density was determined daily
(450 nm) until constant. A non-lethal concentration of CuSO, that caused significant
growth inhibition was selected as the inhibitory concentration. The inhibitory concen-
tration (8uM) was added to log phase cultures in subsequent induction experiments.
For these experiments, cultures (80 mL) of strain PCC 73109 were grown to log phase
(OD4s5p = 0.4-0.5 nm). Cultures were pooled and transferred (80 mL each) to two
flasks. Eight uM CuSO, was added to one of these flasks. The growth of both cultures
was monitored by reading the absorbance at 450 nm every 15 min for 2 hr, every 2 hr
for 24 hr after the first 2 hr, and every day after the first 24 hr.

Lethal concentration of CuSO4.

Fifty uM copper addition was lethal as indicated by a clear and colorless culture
afterten days. This concentration was also utilized in short-term induction experiments
for comparison with the inhibitory concentration.

Isolation of genomic DNA and Southern blot hybridization.

Genomic DNA was isolated from Synechococcus PCC 73109 that had been
maintained in medium containing 2.2 pM CuSO,. Genomic DNA was isolated using
a modification of the method described by Porter (1988). After centrifugation of the
cell culture at 5,000 x g for 10 min, the cell pellet was resuspended in a solution
containing 25% sucrose, 50 mM Tris, 100 mM EDTA, pH 8.0. The cells were then
lysed by repeated freeze (-80°C)/ thaw (37°C) cycles. Lysozyme (10 mf,- mL’ ) and
RNase (5 mgemL~ ) were added and the lysate was incubated at 37°C for 30 min.
Sodium dodecyl sulfate (1%) was added. The lysate was incubated at 50°C after adding
proteinase K (100 pg/mL). After phenol/chloroform extraction, the DNA was dia-
lysed in 1X TE (10 mM Tris and 1 mM EDTA) buffer. Equal concentrations of
genomic DNA isolated from marine Synechococcus PCC 73109 grown in the presence
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or absence of CuSO, were digested with restriction enzymes (Hind IIL, Sal I, EcoR I,
BamH I) followed by Southern blot DNA transfer using a rapid downward alkaline
capillary transfer technique described by Chomczynski (1992). The blot was hybrid-
ized with a non-radioisotope probe of a sm¢ gene fragment. The smt gene probe was
prepared by labeling a 1.8 Kb Hind III-Sal I DNA fragment isolated from a freshwater
Synechococcus strain (PCC 6301). The plasmid containing the smt fragment was
provided by Dr.Nigel Robinson, University of Durham, UK. The probe was labeled
using a Rad-Free System kit for the labeling and detection of nucleic acids (Schleicher
& Schuell). The hybridization and washing conditions were performed according to
the instructions from the manufacturer.

Isolation of intracellular components from PCC 73109 after exposure to
CuSOa4.

Three different concentrations (2.2, 8, 50 uM) of CuSO, were added to cultures of
marine Synechococcus PCC 73109 during the log [;hase of growth Cells were
harvested at early stationary phase (cell densities of 10 -10® cellsemL™! as determined
from acridine orange direct counts) for intracellular protein isolation when 2.2 uM
CuSO, was added. The exposure period to added CuSO, was 7 to 10 d. When 8uM
CuSO, was added, cells were sampled at 0 min, 30 min, 2 hr, 24 hr, 72 hr (3 d), and
when the cultures reached the stationary phase of growth (OD,5, >1 and cell number
~108-10% cellsemL" ) When 50 uM CuSO, was added, cells were harvested for
intracellular protein isolation after 2 hr, 24 hr, and 72 hr (3 d) of exposure.

At the time of culture harvest, the absorbance (450 nm) of each culture was read
and the cultures were placed on ice for 30 min. Cells were then centrifuged at 3,000xg,
at 4°C for 15 min. Cell pellets were washed in ice-cold sterile Milli-Q water three
times before being suspended in 10 mL of ice-cold 0.5 M Tris Cl, pH 8.6. The cells
were ruptured by using an ice cold ‘“Bead-Beater” (Biospec Products) with 27.5 g of
acid washed glass beads (0.1 mm diameter) for 3 min and the lysate was centrifuged
at 3,000xg, 4°C for 15 min. The supernatant obtained was a crude cellular extract. The
concentration of intracellular protein contained in crude extracts was determined by
using a BCA Protein Assay (Pierce).

Separation of intracellular components produced by copper-stressed marine
Synechococcus .

Crude extracts were separated by a size exclusion Superose 12 HR 10/30 column
connected to an FPLC (Fast Protein Liquid Chromatography) system (Pharmacia).
Column effluent was monitored by absorbance at 254 nm. The elution buffer was 30
mM Tris Cl with 5 mM mercaptoethanol, pH 8.6, at a flow rate of 1 mLemin™!. Peak
area was measured with an electronic graphic calculator (Numonics Corp). Molecular
weight standards used for column calibration were bovine serum albumin (BSA, MW
66,000), egg albumin (MW 45,000), carbonic anhydrase (MW 29,000), cytochrome C
(MW 12,000), and vitamin B, , (MW 1,355). The concentration of total copper in crude
extracts and in eluate fractions from the Superose column was determined with
Polarized Zeeman graphite furnace atomic absorption spectroscopy (Hitachi, Z-8100).
Copper concentrations were normalized to total intracellular protein in the extracts.

Absorbance and emission characteristics of copper-binding components were
determined with a spectrophotometer and a spectrofluorimeter. Eluate fractions con-
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taining the copper-complexing material collected from a Superose column were
scanned (200-900 nm) using a UV-visible spectrophotometer (Varian, Cary 3 Bio).
The same fractions were also scanned for absorption (200-400 nm) and emission
(200-700 nm) using a spectrofluorimeter (Shimadzu, RF 5000 U).

Three-mL fractions containing the copper-complexing components of interest were
collected from a Superose column, pooled and concentrated by lyophilization. The dry
material was resuspended in 150 pL of Milli-Q water. The suspension (100 pL) was
injected into a reversed-phase HPLC column (Macrosphere 300 RP C8 7U, Alltech)
and eluted (1 mLemin ) using the gradient profile described by Klauser et al. (1983).
The equilibration buffer (buffer A) was 0.1% trifluoroacetic acid (TFA, Sigma) and
the elution buffer (buffer B) was 0.1% TFA containing 60% acetonitrile (Fisher, HPLC
grade). The gradient profile was buffer B, 0-30% over 10 min, and 30-45% over 60
min. The column was washed in 100% buffer B for 5 min, and then was equilibrated
in buffer A for 10 min prior to a second injection. In some experiments, 0.01 M
tetrabutylammonium bromide (TBA) was added to the mobile phase as an ion-pairing
agent. Fractions containing 1 mL of eluate were collected from the column (Fraction-
100, Pharmacia). The eluate fractions were used for determination of -SH concentra-
tions, Chrome azurol S (CAS) assay for siderophores, electrospray mass spectrometry,
and amino acid analysis.

Determination of the concentrations of sulfhydryl groups.
-SH concentrations were determined in RP-HPLC eluate fractions by the method
of Ellman (1959). The reaction volume was scaled down by 1/3.

CAS (Chrome azurol S) assay.

Intracellular crude extract and eluate fractions collected from RP-HPLC were used
to determined the presence of siderophores using a universal chemical assay developed
by Schwyn & Neilands (1987). Intracellular crude extract (0.5 mL) or eluate fractions
collected from RP-HPLC were mixed with 0.5 mL of CAS assay solution. The
reference control for intracellular crude extract was 0.5 M Tris HCI, pH 8.6. The
reference control for the eluate fractions was 0.1% TFA. EDTA (0.5 M) was used as
the positive control.

Mass spectrometry analysis and amino acid analysis.

A purified component in fractions collected from RP-HPLC was submitted for
electrospray mass spectrometry and amino acid analysis at the W.M. Keck Biomolecu-
lar Research Facility, University of Virginia. The facility utilizes a Finnigan-MAT
TSQ7000 system with an electrospray ion source interfaced to a reverse phase capillary
column. Amino acid analysis was performed by HPLC analysis of PTC derivatives
after hydrolysis overnight at 100°C under vacuum.

RESULTS

Determination of inhibitory concentrations of CuSOa.

Three distinct types of growth were seen when cultures of Synechococcus PCC
73109 were treated with varying copper levels. In the presence of 1.5-4.5 uM CuSO,,
cell densities were lower than the cell density of the control at every time point.
However, the growth rate (= 0.06/d) of these cultures was similar to that of the control.
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FIGURE 1. Growth of Synechococcus PCC 73109 in cultures containing varying concentrations of copper.
CuSO4 was added to cultures on day 0. 8 uM copper was selected as an inhibitory but non-lethal
concentration for further studies of induction copper-complexing ligands. Error bars are standard deviations.
For clarity not all copper concentrations tested are shown in the figure.

In the presence of 5.0-8.0 uM CuSO,, cell densities were lower than the first group
with the lowest cell densities in the presence of 8.0 pM CuSO, although the cultures
remained green. After day 20, a shift to rapid growth was observed in 5.5, 6.0 and 8.0
uM CuSO, containing cultures (Figure 1). At higher concentrations of CuSO, (10
and 20 uM), the absorbance at later time points was lower than the absorbance at day
0 and the cultures were colorless. In later stages of the growth curve (after about 25
days), significant variation was observed in cell density between replicate cultures
(Figure 1). The addition of 8.0 uM CuSO, to the culture resulted in significant growth
inhibition during the first 20 days of incubation but cells were still alive (green color
and recovery to rapid growth after 20 days). Thus growth was inhibited but cells were
viable. 8.0 uM of CuSO, was chosen as the inhibitory copper concentration for further
studies of the induction of copper-complexing compounds.

Southern blot of smt gene.
No detectable homologous (no hybridizing) band was found in Synechococcus PCC

73109 which hybridized to the freshwater smt gene probe from PCC 6301. However,
hybridizing bands were readily observed in genomic DNA extracted from the fresh-
water strain from which the sm¢ probe was derived. The intensity of a hybridizing band
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FIGURE 2. A typical chromatogram and total copper concentrations in cellular extract fractions. Extracts
(200 pL) from a culture stressed with 50 uM copper were injected into a Superose size exclusion column
connected to an FPLC system. The eluant buffer was 30 pM Tris Cl, pH 8.6 and 5 mM mercaptoethanol
with a flow rate of 1 mL/min. Fractions of 3 mL were collected. Total copper concentration was determined

was higher when the freshwater culture was exposed to 2.2 uM CdCl, (as a positive
control) possibly due to the amplification of sm¢ gene induced by CdCl, (Gupta et al.,
1992).

Analyses of a copper-complexing component produced under copper stress.

Intracellular components isolated from cells subjected to three concentrations of
copper (2.2 uM, 8uM and 50uM) were injected into a size exclusion Superose-FPLC
column. Chromatograms of intracellular proteins isolated from every culture showed
a distinct peak of MW <10,000 (retention volume 16-17 mL). This peak is hereafter
referred to as peak A. The concentration of total copper was highest in the fraction
containing this peak (Figure 2).

When cells were grown in 2.2 uM CuSO,, the area of peak A was the same as peak
A area from the control sample. However, when cells were exposed to 8 uM CuSO,,
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FIGURE 3a and b. Peak A area and copper concentration in cellular extracts from copper challenged (8
uM) and control cultures (a). Peak A area normalized to total protein in the cell extract. (b) Total cellular
copper concentrations normalized to total protein. Error bars are standard deviations. * indicates significant
(p < 0.05) difference from control (t-test).

peak A area from the copper amended cultures was generally larger than the control
(Figure 3a) and was significantly larger at exposure times of 30 minutes and 2 hours.
Total copper concentrations per mg protein in extracts of copper-treated cells were
initially higher than the controls (30 min and 2 hours) but after 24 hours, intracellular
copper concentrations were similar (Figure 3b).
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FIGURE 4a and b. Peak A area and copper concentration in cellular extracts from copper challenged (50
M) and control cultures. (a) Peak A area normalized to total protein in the cell extract. (b) Total cellular
copper concentrations normalized to total protein. Error bars are standard deviations. * indicates significant
(p< 0.05) difference from control (t-test).

When 50 uM CuSO, was added, the culture changed color from green to yellowish
green after 18 hr of exposure and then became clear and colorless after 10 d of exposure.
The comparison of peak A area between the CuSO, treated sample (at 2 hr, 24 hr, and
3 d) and the control sample is shown in Figure 4a. At this higher copper concentration
the area of peak A and intracellular copper concentration in copper challenged cultures
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FIGURE 5. Typical reverse-phase HPLC chromatogram of peak A material collected from the Superose-
FPLC separation of Synechococcus PCC 73109 cellular extract. Three fractions (3 mL) containing peak A
eluted from a Superose-FPLC column were pooled, lyophilized, and resuspended in 150 pL of Milli-Q water.

100 pL (~78g protein) was injected into Cs-RPHPLC column. Peak a and b produced a single band (<6,500
MW) in SDS-PAGE gels.

exceeded that of the controls at each sampling time (Figure 4b). The difference was
significant (p < 0.05) at 2 and 24 h time points. Large variation was observed in peak
A area and cellular copper concentration in replicate copper-challenged cultures at the
24 hour sampling time.

Characterization of the intracellular components induced by the addition of
CuSOa4.

The eluate fraction containing peak A was scanned using a UV-visible spectro-
photometer (wavelength 200-900 nm) and a spectrofluorimeter. Maximum absorption
was observed at 230 nm in all fractions containing peak A and the maximum emission
was at 450 nm at excitation of 250 nm and 350 nm.

The RP-HPLC chromatogram of components contained within peak A is shown in
Figure 5. The components that did not bind to the column (void volume) were eluted
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at approximately 4 min. The peaks at retention time 6-7 min were absent in buffer
blanks and their areas were consistently larger in copper-challenged cultures when
normalized to total protein in the FPLC fraction. The material comprising peaks a&b
eluted about 2 min. later from the RP-HPLC column when tetrabutylammonium
bromide (TBA) was added to the mobile phase buffer as an ion pair reagent.

The -SH concentration in the fraction containing peak a and b from the RP-HPLC
column was similar in copper-treated samples and in the control samples, i.e. 14.2 pm
per mg total protein vs. 19.9um per mg total protein, respectively.

The CAS assay for siderophores was negative in every fraction collected from the
FPLC and in the crude extract. The sensitivity of the assay (less than 7.5 nmol of
chelator with high affinity for iron) is sufficient to detect siderophores had they been
present in these cellular extracts; thus, siderophores were not induced in the cultures.

Electrospray mass spectrometry indicated that the compound(s) in the fraction
eluting at 6-7 min from RP-HPLC was not a peptide. A charging pattern characteristic
of peptide mass spectra was not observed and no peptide ion was seen in the matrix
assisted laser desorption time-of-flight mass spectrum (Michael Kinter, Ph.D., Direc-
tor, W.M. Keck Biomedical Mass spectrometry Laboratory, personal communication).
Amino acid analysis of this compound(s) demonstrated that lysine was present along
with a large peak of unknown identity which absorbed at 254 nm. No cysteine was
detected.

DISCUSSION

Freshwater Synechococcus sp. can produce MT in response to stress from elevated
concentrations of copper, cadmium or zinc (Robinson et al., 1990). The gene coding
for MT was reportedly amplified when cells were repeatedly exposed to high concen-
trations of cadmium (Gupta et al., 1992). To our knowledge, no marine strain of
Synechococcus has been reported to produce MT in response to copper stress, but some
strains produce it in response to cadmium and zinc (Olafson et al., 1980). The role of
Cu-MT in freshwater Synechococcus sp. is unclear because mutant strains lacking MT
retain copper resistance but become sensitive to cadmium and zinc (Turner et al., 1993).

Being the same genus as the freshwater strain that produces MT, marine Synecho-
coccus PCC 73109 was hypothesized to also produce MT in response to copper stress.
Since the unique structure of Cu-MT has been reported to result in a labile molecule
in eukaryotes (Bremner et al., 1978; Bremner et al., 1986; Sato & Bremner, 1984), and
since a previous study which tested for MT in a marine strain used a long incubation
(Olafson et al., 1980), we assayed cultures at a series of time intervals. Negative results
from the Southern blot hybridization technique using a smt probe from a freshwater
strain indicate that Cu-MT in the marine strain differs from that in the freshwater strain
or that Cu-MT is absent in the marine strain. Absence of cysteine in ligands isolated
from cultures exposed to copper indicates that MT is not produced by PCC 73109 in
response to copper stress.

The ligand detected within thirty minutes of exposure to CuSO, in log phase
Synechococcus PCC 73109 was neither phytochelatin, siderophore nor peptide, but
contained lysine and an unidentified component that absorbed at 254 nm and fluoresced
at 450 nm. These spectral characteristics suggest a compound with cyclic or aromatic
structure. Toxic concentrations of copper induced increased production of this ligand
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above the basal level. The observed copper-complexing capacity of the component,
as indicated by its coelution with copper in FPLC, suggests a possible role in copper
detoxification. Presence of the ligand in control cultures without an addition of CuSO,
indicates a basal production at the low copper concentration present in the culture
medium (0.32 uM is added to BG-11 medium). The production of the ligand rapidly
increased when the cultures were exposed to high concentrations of copper, suggesting
that the copper-complexing compound may be a metabolic defense at elevated copper
concentrations.

Further study of the structure of the ligand isolated in this study is clearly needed.
However structural characterization will require significantly more material than was
obtained in the course of the present study. The influence of an ion-pairing agent on
retention by RP-HPLC suggests the ligand is ionizable. Our data shows that the
copper-complexing component is of low molecular weight (< 6,500), contains lysine,
is probably a cyclic or aromatic component with ionizable functional groups. Lysine
contains a-carboxylate, a-amino, and g-amino group that can chelate free Cu
(Martin, 1979). This copper-complexing compound apparently functions to alleviate
copper toxicity but is unlike copper binding ligands previously reported in Synecho-
coccus spp.
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