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ABSTRACT

Essential trace elements (Cu?*, Zn?*, etc) lead to toxic effects above a certain threshold, which is a major
environmental problem in many areas of the world. Here, environmentally relevant sub-micromolar
concentrations of Cu?* and simulations of natural light and temperature cycles were applied to the aquatic
macrophyte Ceratophyllum demersum a s a model for plant shoots. In this low irradiance study resembling
non-summer conditions, growth was optimal in the range 7.5-35 nM Cu, while PSII activity (F,/Fy) was
maximal around 7.5nM Cu. Damage to the light harvesting complex of photosystem II (LHCII) was the
first target of Cu toxicity (>50nM Cu) where Cu replaced Mg in the LHCII-trimers. This was associated
with a subsequent decrease of Chl a as well as heat dissipation (NPQ). The growth rate was decreased from
the first week of Cu deficiency. Plastocyanin malfunction due to the lack of Cu that is needed for its active
centre was the likely cause of diminished electron flow through PSII (®ps;; ). The pigment decrease added
to the damage in the photosynthetic light reactions. These mechanisms ultimately resulted in decrease

Metalloproteomics

1. Introduction

Copper is an essential plant micronutrient which belongs to the
3d transition elements along with iron, zinc, etc. In living cells,
divalent copper (Cu?*) is readily reduced to monovalent (Cu*) cop-
per, which is unstable and gets oxidized back unless it is stabilised
by strong ligands (e.g. metallothioneins in the cytoplasm). Most
of the physiological processes of plants including photosynthesis,
respiration, carbohydrate distribution, nitrogen reduction and fixa-
tion, protein metabolism, and cell wall metabolism (Sommer, 1931;
Lipman and McKinney, 1931) are based on the participation of the
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of starch and oxygen production.

enzymatically bound copper in the redox reactions (Marschner,
1995). In biological systems, Cu is either Cu?* or Cu*, but in the
following text we usually do not display redox states, as we did not
determine the redox states of any metals in this study.

Three different forms of proteins exist in which copper is the
metal component as summarized by Sandmann and Boger (1983)
namely (1) blue proteins without oxidase (e.g. plastocyanin), func-
tioning in one electron transfer; (2) non blue proteins, which
includes peroxidases and oxidases; (3) multicopper proteins with
at least 4 copper atoms per molecule that act as oxidase (e.g. ascor-
bate oxidase and diphenol oxidase). During Cu deficiency or when
thereis removal of Cu from these enzymes, they become inactivated
(Vallee and Wacker, 1970).

Despite being essential, copper has a particularly narrow bene-
ficial range and becomes easily toxic to organisms. Thus, the most
important practical implications of the role of copper in plants are
related to its deficiency and toxicity (Kabata-Pendias and Pendias,
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1984). In natural waters, the concentration of Cu is less than 30 nM
(Baccini, 1985), but anthropogenic activity (industrial and munic-
ipal waste waters, fertilizers, especially in wine yards) can yield
concentrations up to 30 wM in polluted areas (Yamamoto et al.,
1985; Zhang et al., 2003). One major metal toxicity mechanism
in photosynthetic organisms is the damage of the photosynthetic
electron transport chain (reviewed by Kiipper and Kroneck, 2005).
The substitution of Mg2* in the chlorophyll (Chl) molecule by heavy
metal ions leads to the formation of a heavy metal substituted
chlorophylls, [hms]-Chls (Kiipper et al., 1996, 2002). Those [hms]-
Chls are unsuitable for photosynthesis for several reasons (Kiipper
etal., 2006): Compared to [Mg]-Chl, the singlet excited state is very
short-lived, S1 relaxes to the SO state before the exciton can be
transferred. This is especially detrimental when [Cu]-Chl is located
in the reaction centre of photosystem II (PSIIRC). Under high light
conditions, [Cu]-Chl forms predominantly in the Phe a of the PSI-
IRC, making the whole photosystem functionless. In green algae and
higher plants (Chlorophyta), formation of [Cu]-Chl in the Chls of the
antennae is more likely to happen under low light conditions. Those
[Cu]-Chls do not transfer captured photons as excitons to the other
Chl molecules, but just release the energy as heat. Therefore, even
a small number of Cu-substituted Chls within the antenna complex
means that the whole photosystem is lost for the plant. The light
environment is an important factor for the mode of Cu (and other
toxic metals) toxicity, as it changes the position of [Cu]-Chl forma-
tion. Another reason for the unsuitability of [hms]-Chls is a lower
tendency to bind axial ligands (Kiipper et al., 2006), which changes
the conformation of the antenna molecules and leads to diminished
or inhibited exciton transport. Generally, any disturbance in the
photosynthetic or respiratory electron transport chain is known to
enhance the formation of reactive oxygen species, when electrons
are transferred to oxygen instead of their proper acceptor (Asada
2006; Pospisil 2012).

On the other side, insufficient Cu nutrition is detrimental to
the plants as well: Symptoms of Cu deficiency including decreased
growth rate, chlorosis of young leaves, curling of leaf margins
and decrease in fruit formation were observed in plants when Cu
decreased below 5 g g~ 'DW in the vegetative tissue (Marschner,
1995). This led to decrease in the pigments (chlorophyll and
carotenoids), damage to the chloroplast’s thylakoid membranes
(Droppa et al., 1987), reduced plastoquinone synthesis, depressed
CO, fixation (Bussler 1981) and decreased PSII activity (Thomas
et al., 2013). The damage to the photosynthetic apparatus will
divert absorbed light energy towards different processes, finally
resulting in oxidative stress. Due to the decrease in Cu availability,
there is no proper functioning of the Cu/Zn-SOD, causing further
rise of oxidative stress (Marschner, 1995; Kiipper and Kroneck,
2005).

Most earlier experiments have used Cu concentrations much
higher than environmentally relevant (from 1 M to more than
240 wM; Palms et al., 1990) to show immediate response on physi-
ology and protein biosynthesis with the time duration of the growth
study between 10 h (Delhaize et al., 1985) to 13 d (Delhaize et al.,
1986).

We used the model plant Ceratophyllum demersum L., which is
an aquatic submerged macrophyte. It has no roots, all nutrients are
taken up over a large surface area of the entire shoot and it is sen-
sitive to metal stress (Kiipper et al., 1996, 1998; Mishra et al., 2008,
2009, 2013, 2014; Andresen et al., 2013a,b, 2016; Thomas et al.,
2013). Our previous study (Thomas et al., 2013) analysed the effects
of Cu deficiency and toxicity under high light conditions, like what
C. demersum experiences in summer (Andresen et al., 2013b). This
study was conducted under low light conditions to analyse the bio-
chemical and biophysical responses to Cu stress in the remainder
of the year.
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2. Material and methods
2.1. Plant material and cultivation

Ceratophyllum demersum L. (the submerged, rootless macro-
phyte) was cultivated in an optimized nutrient solution for
submerged macrophytes and water plants (SMNS, submerged
macrophyte nutrient solution as used in our previous recent stud-
ies: Andresen et al., 2013a,b, 2016; Mishra et al., 2013, 2014;
Thomas et al., 2013). The strain has been continuously cultivated
since 2005 in hydroponic cultures under 12 h day/12 h night light
conditions with two Osram FLUORA® fluorescent and two warm
white fluorescent tubes and a temperature cycle from 18°C at 6
a.m., over 20°Cat 9 a.m., to a maximum of 22 °C at 3 p.m., back over
20°Cat9 p.m. to 18 °C again at 6 a.m. During the low light experi-
ment a slightly different setup with light intensity to depict winter
conditions (12 h sinusoidal light cycle with maximal irradiances at
38-40 E inside the aquaria and 12 h night) and temperature (19 °C
at 6 am.,, 21.5 at 9 a.m,, 24 at 3 p.m., 23 at 9 p.m., 19 at 6 a.m.)
conditions were provided.

Eleven different copper concentrations, “0”,0.5, 1, 2,5, 10, 20, 50,
100,200,500 nM in SMNS, were prepared with CuSO4.The “0” treat-
ment had, despite a lot of effort (ultra-pure chemicals, acid-wash of
all aquaria, tubes and glassware that were used to handle the plants,
filtration of air supplied to the aquaria etc.), a background level of
approx. 0.1 nM Cu in the barrels (see Thomas et al., 2013; Suppl.
data). For each copper treatment, around 2 g of plants were placed
into an aquarium containing 2 1 of continuously aerated medium to
secure a low biomass to water volume ratio. The nutrient solution
was exchanged continuously (flow rate 0.51.day~!) to ensure that
the metal uptake into the plants was limited only by the concentra-
tion, and not by the amount of nutrient solution available. Each of
the four experiments was carried out for 6 weeks and photosynthe-
sis parameters (see below) and growth were determined weekly.
After each week the aquaria and plants were cleaned (epiphytic
algae and cyanobacteria removed) and the change in growth was
measured after shaking off the remaining SMNS. After the 6 weeks
of exposure to Cu, the plants were harvested (removing the SMNS
by shaking) and separated into young tissues, 4 cm from the apex
and 2 cm from the apex of each side branch, and old tissues, 8 cm
from the stem end and the rest of the side branches. Samples were
immediately frozen in liquid nitrogen and stored at —80°C until
further analyses.

2.2. Photosynthesis biophysics

Two-dimensional (imaging) microscopic measurements using
the Chl fluorescence kinetic microscope (Kiipper et al., 2007a)
were performed to study the physiological changes in the plant in
response to copper stress. One leaf from the 5th nodium, counted
from the apex of the plant, from each week of treatment, was fixed
in the measuring chamber with the help of cellophane. There was
a continuous flow of the culture medium in the chamber (Kiipper
et al., 2008) that was used for the kinetics measurement. An area
(approximate size of 1.1 x 1.1 mm) just before the last leaf branch-
ing point was measured. A detailed description of the microscope,
the used protocols and analysed parameters of the Kautsky induc-
tion can be found in Kiipper et al. (2007a).

2.3. Oxygen exchange

Before the Cu treatments and after six weeks of Cu treat-
ments, all the plants of one aquarium (1-3 plants) were placed
into a 200 ml measuring chamber (custom made), maintained
at 25°C and oxygen exchange was measured by a WTW CellOx
325 oxygen electrode connected to an inolLab Oxi 740 termi-
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nal (Wissenschaftlich-Technische Werkstiatten GmbH, Weilheim,
Germany). Oxygen uptake in the dark and photosynthetic oxygen
release was measured by exposing the plant to increasing irra-
diance. At the end, respiratory oxygen uptake in darkness was
measured again. Data were recorded using the OxyCorder device
with the software Oxywin 2.71 (Photon Systems Instruments, Brno,
Czech Republic) and further data analysis was done in Origin Pro-
fessional (versions 8.1-2015, Originlab, Northampton, USA).

2.4. Determination of pigment content

Pigments were extracted from the harvested plant mate-
rial. The pigment extraction and determination were performed
using established protocols by Kiipper et al. (2007b) as described
in Thomas et al. (2013). Briefly, samples were lyophilized and
subsequently ground with sand and a few grains of Bis-Tris (Sigma-
Aldrich, St Louis, MO, USA). Extraction of pigments was performed
in 1ml 100% acetone at 4°C overnight. Pigment quantification was
performed by the Gauss Peak Spectra (GPS) method of Kiipper et al.
(2007b).

2.5. Starch quantification

The amount of accumulated starch in the harvested plant
samples after 6 weeks of treatment was analysed using the
Total starch assay kit (AOAC Method 996.11 and AACC Method
76.13; Megazyme, Wicklow, Ireland) downscaled for our demands
(Mishra et al., 2014; Thomas et al., 2013).

2.6. Elemental analyses of digested plant samples

Following the protocol of Zhao et al. (1994), 5-10mg of
lyophilised plant samples were digested in 250 p.l nitric-perchloric
acid mix (85%:15%) for 30 min at room temperature and then
gradually heated up to a maximum of 195 °C until all liquid was
vaporized. The remaining salts were re-dissolved in 0.5 ml 5% HCI
and gradually heated to 80°C. The samples were allowed to cool
and then the volume was filled to 1.5 ml with ddH,0 and used for
analyzing the elemental composition using the graphite furnace
atomic absorption spectrometer (GF-AAS) GBC923AA with the fur-
nace GF3000 and autosampler PAL 3000 (GBC Scientific EQuipment
Pty Ltd, Breaside Vic., Australia).

2.7. Isolation of proteins

For isolation of protein, 400 mg of frozen harvested plants
were ground to fine powder in a mortar cooled with lig-
uid nitrogen. Isolation buffer (IB: 750 mM aminocaproic acid,
50 mM Bis-Tris (Sigma-Aldrich), pH 7.6, suprapure HCl (Roth), 2%
360 kDa polyvinylpyrrolidone (PVP; Sigma-Aldrich) and 1.2 mg/mL
‘complete’ EDTA-free protease inhibitor cocktail tablets (Roche
Diagnostics, Mannheim, Germany) was also frozen by letting
droplets fall into liquid nitrogen, and then ground with the plant
material in 1:1 (w/v) ratio. The powdered mixture was placed
on ice for thawing. Afterwards, the suspension was mixed with
another 400 pl of IB and transferred into a 1.7 ml ultracentrifuge
tube (Beckmann, Palo Alto, CA, USA) and centrifuged for 1h at
134,000g at 4°C in a Beckman LE 80K preparative ultracentrifuge
(Beckmann, Palo Alto, CA, USA). The supernatant was centrifuged
immediately again for 10-60 min at 16,000g, 1°C in a microcen-
trifuge (Centrifuge 5415R, Eppendorf AG, Hamburg, Germany) to
remove re-suspended pieces of pellets; afterwards it was used for
the soluble protein analysis. The pellet from the ultracentrifuga-
tion was washed twice with IB and the supernatant was discarded
after centrifugation. The pellet was mixed with solubilisation buffer
(SB: 750 mM aminocaproic acid, 50 mM Bis-Tris, pH 7.0 with HCl

at 1-2°C — neutral to avoid allomerisation and saponification of
Chl, 2% n-Dodecyl 3-D-maltoside (DDM; Affymetrix Inc., Maumee,
OH, USA), 1.2 mg/mL ‘complete’) and stirred overnight at 4°C. The
supernatant, after centrifuging it twice as mentioned above, was
used for the analysis of the membrane proteins. The protein sam-
ples were stored on ice in the dark.

2.8. Metalloproteomics

For size exclusion chromatography of the soluble proteins, two
Superose 12 10/300 GL columns (GE Healthcare) coupled in series
in an Agilent 1100 series HPLC system (Agilent, Santa Clara, Califor-
nia, USA) equipped with two detectors: (1) UV/VIS absorption diode
array detector (G1315B),(2) inductively coupled plasma mass spec-
trometer (Agilent 7500ce ICP-MS). Integration times for ICPMS
were 24Mg 0.1, °9Co 0.1s; 63Cu 0.65,56Zn 0.6, 11'Cd 0.6 5. Molec-
ular weights were calibrated with standard 151-1901 from BioRad
(Hercules, California, USA), dissolved in water. The concentration of
the standard injected into the chromatography column contained
0.5mgml-! each of bovine thyroglobulin (670kDa), bovine -
globulin (158 kDa), chicken ovalbumin (44 kDa), and 0.25 mg ml~!
horse myoglobin (17 kDa),as well as 0.05 mgml~! vitaminB12 (1.35
kDa). Vitamin B12 (cobalamin) was added to all samples as an
internal standard for calibration of the columns. The samples were
filtered through a 0.2 wm membrane filter and 40 pL of sample
(equiv. to 20 mg fresh biomass) containing 0.01 mgml~! vitamin
B12 was injected into the column. All samples were eluted with
150 mM ammonium hydrogen carbonate (LC-MS grade, Sigma-
Aldrich, USA).

The size exclusion chromatography of membrane proteins was
very similar, but carried out on a different HPLC system, as
described in Andresen et al., 2016.

For all samples, the ICPMS count rates and the protein
absorbances (280 nm and 597 nm) were normalized to the signal
intensities of Mg, as this was rather constant in the plants. Besides
Cu, Zn was measured for detection of the SOD standard, Mg was
measured for detection of the Mg-Chl peaks.

2.9. Statistics

One-way and two-way analysis of variance (ANOVA) was done
in SigmaPlot 12 (Systat Software Inc., San Jose, CA, USA) at the
significance level of P<0.05 with Cu concentration and weeks of
exposure to Cu stress as independent variables for the weekly mea-
sured data and Cu concentration and age as independent variables
for the data obtained from the harvested material. In case of signif-
icant effects, the Holm-Sidak method was used for an all-pairwise
post-hoc multiple comparison. Within the programme, data were
tested for normality.

3. Results

From the whole range of parameters analysed on the response of
the plants to copper, from deficiency via optimal to toxXic concentra-
tions, it was possible to establish the threshold concentrations and
time sequence of events leading to optimal or suboptimal growth in
low light. To reduce noise, which generally was a problem for detec-
tion of the sometimes small sublethal effects, the measured data
were averaged as pairs (“0” nM +0.5nM, 1nM +2 nM, 5nM + 10 nM,
20nM +50 nM, 100 nM + 200 nM, 500 nM), resulting in 6 different
analysed Cu concentrations.

3.1. Visible symptoms and growth

The plants looked healthy with green leaves and strong meris-
tems with maximum growth rate in range between 7.5-35nM Cu
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Fig. 1. Effect of Cu on the growth of Ceratophyllum demersum. Growth rates of the
plants per week were calculated on the basis of fresh weight. Values are given as
means of four different experiments.

especially towards the sixth week of treatment (Fig. 1; degree of
freedom=DF=5 for Cu concentration, 6 for weeks of exposure).
No visible symptoms of toxicity were observed at the higher con-
centrations, but the growth rate did not reach a maximum when
compared to control (10nM Cu as used in stock cultures) at any
point of time. Toxicity symptoms were severe at 500 nM Cu where
negative growth rate (=shrinking of the plant) and loss of leaves
from the stem, and decrease in chlorophyll contents had been
reported (Fig. 1). These plants stopped growth immediately after
treatment start and died after the fourth week of exposure to
500 nM Cu. Only this treatment yielded effects that were statisti-
cally different from all others (P < 0.001). Deficiency was registered
with a subsequent reduction in growth rate from the first week on.
The growth rate of the 0.3 nM plants decreased from 0.25gt00.17 g.
However, no shrinking occurred in the deficient plants through-
out the experiment. The deficiency symptoms such as decrease of
leaf size, fragile stem, loss of leaves from the bottom of the stem
were registered only in the “0” nM Cu after six weeks of treatment,
showing that the plants still could utilize stored Cu for many weeks.

3.2. Photosynthetic parameters by FKM

Changes in photosynthetic light reactions were identified using
the fluorescence kinetic analysis. Copper treatment influenced the
maximum fluorescence in dark adapted state (Fy,) more towards
the toxic than the deficient concentrations (Fig. 2; DF=5 for Cu
concentration, 6 for weeks). The parameter F, /Fy,, which measures
the photosynthetic quantum efficiency of PSII RC in dark adapted
state, decreased towards the higher Cu concentrations from the
fourth week. All treatments were significantly different from the
second highest one (150 nM Cu, P <0.001).

The photochemical activity of PSII in actinic light, which is
related to the electron flow through PSII (®pg;i1 and Ppgyi6, also
called “photochemical quenching” (Genty et al., 1989)), generally
was optimal around 10 nM Cu (7.5 nM-35 nM; Fig. 3). Differences
due to Cu treatment and exposure duration were observed (DF=5
for Cu, 6 for weeks) for all ®ps;; and NPQ parameters. The electron
flow through PSII was diminished in deficiency (0.3 nM-1.5nM)
and toxicity (150 nM-500 nM) in actinic light (®pgyji1, $pgyi6) and
directly after the illumination period (®pgr1). The recovery of PSII
to the dark relaxed state, measured at the end (®pgy 15: Fig. 3) of
the recovery time after the actinic light was switched off, was only
affected in the plants exposed to the highest Cu concentration.
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Fig. 2. Effect of Cu on the photosynthesis biophysics in Ceratophyllum demersum
measured by in vivo chlorophyll fluorescence kinetic measurements. Values are
given as means of four different experiments with two technical replicates each.
Top: Effect on maximal fluorescence in dark-adapted samples (Fy,); Bottom: Effect
on the maximal dark-adapted photochemical quantum yield of the photosystem II
reaction centre measured as Fy/Fp, = (Fyn-Fo)/Fm.

There was a slight decrease in the non-photochemical quench-
ing (NPQ=regulation of exciton dissipation as heat, measured as
((Fm— Fyy)/Fm) bothin the light phase (NPQi1 and NPQi6) and in the
dark phase (NPQr) (Fig. 3). NPQi1 was different in the more opti-
mal concentrations (7.5 nM) compared to the toxic ones (150 nM;
P =0.048), while the decrease in the deficient Cu samples was not
significant. The differences were not significant at the end of the
actinic light phase (NPQi6, P =0.099). At the beginning of the dark
phase (NPQr1), differences were significant only between deficient
and toxic Cu treatments (0.3nM compared to 150 nM, P=0.02).
The non-photochemical quenching at the end of the recovery time
(NPQr5) did not change due to Cu exposure (P>0.15).

3.3. Pigment composition

The pigments were extracted from the harvested young and
old plant tissues after six weeks of exposure to Cu. The chloro-
phyll a (Chl a) content decreased towards toxic Cu concentrations
with the highest Cu concentration showing the maximum decrease
compared to the optimal Cu plant in the old plant tissue (Fig. 4).
Significant differences were found only in the tissue from the high-
est Cu concentration. Interestingly, no change was observed in the
Chl b content. The other pigments yielded very noisy results (data
not shown). Although [Cu]-Chl has a different absorption spectrum
from that of Mg-Chl, significant amounts of [Cu]-Chl can only be
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Fig. 3. Top: Effect of Cu on photochemical fluorescence quenching (®pgyy) in Ceratophyllum demersum. ®pgy; indicates the light-acclimated electron flow through photosystem
Il measured as (®psy; = (Fm’ — F¢')/Fm’) at the beginning (i1) and end (i6) of the 200 s actinic light phase and at beginning (r1) and end (r5) of the 200 s dark relaxation phase.
Bottom: Effect of Cu on non-photochemical fluorescence quenching indicating the light-acclimated electron flow through photosystem Il measured as (NPQ = (Fy,— Fiy')/Fim)
at the beginning (i1) and end (i6) of the 2005 actinic light phase and at beginning (r1) and end (r5) of the 200s dark relaxation phase. Values are given as means of four
different experiments with two technical replicates each. Note the different scale for ®pg i1, i6, r'1 on the one hand, and ®pg; 15 on the other, for ease of comparison.

obtained at much higher (uM) Cu concentrations with this method
(Kipper et al., 2000, 2007b).

3.4. Oxygen exchange

Plants treated with optimum Cu (7.5nM-35nM) had a higher
photosynthesis rate already at the lowest light intensity compared
to deficient and toxic Cu concentrations, and maximum photo-
synthesis rate at the highest applied light intensity (Fig. 5). The
Cu-deficient plants were saturated at the higher light intensities,
yielding significant differences compared to the plants exposed to
optimal Cu concentrations (DF =4 for Cu concentration, 8 for light
intensity). The plants exposed to the highest Cu concentration died
after 4 weeks of treatment and could not be measured. Respiration

in the dark was measured before and after the light was provided
and photorespiration calculated from the difference. Though there
was a slight trend towards lower oxygen consumption towards
higher Cu concentrations, the differences were not significant.

3.5. Starch accumulation

The starch content of the plant was measured after six weeks of
treatment. At deficient Cu concentrations, plants had lower starch
than those at optimal Cu, while starch accumulation increased
towards toxic Cu mainly in the old tissues. There was seemingly
higher starch content in the younger parts of the plant compared to
the old (Fig. 6). Due to the noise, the difference was not significant.
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Fig. 7. Effect of Cu on the Cu accumulation in the young and old tissues of Cerato-
phyllum demersum after six weeks of treatment. Values are given as means (=+SE,
n=4).

3.6. Accumulation of copper

Copper accumulation was determined in the harvested young
and old parts of the plants (Fig. 7). Age and applied Cu concentra-
tion influenced the accumulation (DF=5 and P < 0.001 for Cu,DF=1
and P=0.006 for age). The low Cu treatments (i.e. 0.3-7.5nM) had
accumulated approx. 23 ppmin their old and 32 ppm in their young
tissues. There was a strong accumulation of Cu after 7.5 nM with a
threefold increase in the old and 4.5-fold increase in the young tis-
sue of the plants treated with 35nM Cu, which was significantly
different from all lower concentrations. There was another three-
fold increase from 35nM to 150 nM in the old to around 230 ppm,
and a 2.3-fold increase in the young tissues (330 ppm), significantly
different from all other treatments. The highest concentration of
Cu was found in the plants from the highest treatment (around
960 ppm). The young tissues had slightly more metal accumulation
compared to the old tissues (Fig. 7).

3.7. Metalloproteomics

The Cu-containing proteins in soluble and membrane protein
fractions were separated and identified using the size exclusion lig-
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uid chromatography coupled to ICP-MS and UV/Vis spectroscopy.
We show one example each for deficient (“0” or 1nM), optimal
(10nM) and toxic (100 nM) Cu concentrations.

In the soluble fraction, four Cu peaks were detected at 30, 56,
68 and 76 min corresponding to peak no. 1, 2, 3 and 4 respectively
(Fig. 8). These peaks were present in all soluble fractions isolated
from the different Cu treatments, even in the treatment without any
Cu applied, showing a high affinity of those proteins for Cu. Peak 1
had the highest protein content as observed from the UV-vis signal
at all concentrations and represented all large molecules that could
not be separated by the columns, but may also contain Ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO; 540 kDa). Peak
2 could be identified by its molecular mass compared with the
molecular weight marker and protein standard, as well as its Cu
and Zn content, as superoxide dismutase (SOD; 35kDa). Judging
by its size and absorption spectrum at 597 nm, plus its copper
content, peak 3 corresponds to plastocyanin (10.5kDa). The last
peak with an elution time of 76 min, corresponding to a molecular
mass < 1 kDa could be some small ligands like phytochelatins. With
increasing applied Cu concentration, the signal intensity of Cu in
the three peaks increased, most obvious for peak 3, plastocyanin.
However, there was hardly any change in the respective protein
signal at 280 nm and 597 nm.

In the membrane fractions, the ICPMS showed four peaks of
Cu at approx. 15, 16.6, 18.5 and 22.3 min, corresponding to peak
no. 1, 2, 3 and 4, respectively (Fig. 9). The approximate molecu-
lar masses of the proteins corresponding to the major Cu peaks
1, 2, 3, and 4 were 147 kDa, 40 kDa, 15.3 kDa and 5 kDa. Note that
there was no log-linear relationship of elution time and molecu-
lar mass of the standard for all masses. The additional and highest
peaks of Mg and Cu after 25 min is considered to be “free” (aquo-
complexed) ions and Cu and Mg ions bound to small molecules,
including components from the mobile phase.

By their elution sequence, absorption spectra, and Mg content,
the four protein peaks eluted between 13 and 17 min could be iden-
tified as the supercomplexes of PSI and PSII, and the major antennae
of PSII, the LHCII trimers and LHCII monomers (Galka et al., 2012;
Andresen et al., 2016). The identification of these peaks was con-
firmed by mass spectrometry in a previous study on Cd toxicity
(Andresen et al., 2016). The latter two peaks (LHCIIs) corresponded
with the Cu signal depicted as Peak 1 and 2 (Fig. 9), suggesting
Cu binding to the LHCII trimers and monomers. Peak 3 and 4, yet
unidentified Cu-binding proteins, had higher signal intensities of
Cu, but lower protein absorbances, demonstrating a high affinity
binding site.

Despite a lot of effort, the plants exposed to “0”"’nM Cu had as
much Cu in the membrane fraction as the plants from the 10 nM
Cu treatment and even more unspecific “free” Cu, suggesting Cu
leaching from the HPLC system. The plants exposed to >10nM Cu
concentrations had increasing Cu signal intensities.

4. Discussion

The whole range of responses of the aquatic model plant Cer-
atophyllum demersum to Cu from deficient, via optimal to toxic Cu
concentrations under low light conditions was studied using a large
array of biophysical and biochemical methods. The Cu concentra-
tion range between 7.5 nM and 35 nM was noted as the optimum
for the proper growth and functioning of the plant as observed
from the responses of the physiological parameters in these plants
when compared to other Cu concentrations. With a lot of effort, a
nearly Cu-less environment was prepared for the plants, yielding
responses of Cu deficiency. The different responses to deficiency
and toxicity are discussed below.

4.1. Copper deficiency

Copper deficiency was associated with a decrease in growth
rate, which never became negative because of the residual cop-
per that could not be eliminated from the system despite all
efforts described in the methods. The growth inhibition was much
more severe under high light conditions, as described previously
(Thomas et al., 2013). However, also under low light conditions the
growth rate decreased with longer treatment duration, because the
plants can utilize an internal reserve of Cu for their normal functions
during the initial weeks. When this internal Cu is consumed, defi-
ciency symptoms occur, affecting the growth. There could also be
arelease of copper from the plant tissues into the nutrient solution
if the Cu?* concentration in the nutrient solution is below 10 nM
as shown in the high light experiment (Thomas et al., 2013), which
indicated that C. demersum does not have copper transporters suit-
able to achieve an active uptake below this threshold concentration.

High light stress along with the Cu deficiency would exacer-
bate oxidative stress (Yu and Rengel 1999). The Cu deficiency in
these conditions leads to a disruption of the carbon assimilation
and/or impairment of the photosynthate transport which further
increases the production of reactive oxygen species (ROS) (Bowler
et al., 1992). These effects are likely responsible for the negative
growth rate in high light conditions (Thomas et al., 2013) and the
lack of a clear growth inhibition under low light conditions (Fig. 1).

In Cu-deficient conditions, electron flow in actinic light between
PSI and PSII became limiting. Both ®pgil and ®pgyi6 (Fig. 3)
decreased at deficient copper towards the end of the treatment
period, suggesting the impairment of the electron transport chain
due to lack of Cu-containing plastocyanin, while no inhibition of
the photochemical yield of PSII (F,/Fy) by copper deficiency was
found (Fig. 2).

The Cu peak 3 in the soluble fraction (with molecular weight
and specific UV-vis signals at 597 nm both corresponding to plas-
tocyanin) was slightly lower, however, still visible at deficient Cu
concentrations (Fig. 8), compared to sufficient Cu concentrations.
This could indicate a decrease in the amount of plastocyanin or
removal of Cu from the active centre of the protein, as plastocyanin
is much less stable without Cu (Abdel-Ghany et al., 2005; Shikanai
et al., 2003).

This and also an earlier study (Baszynski et al., 1978) suggests
that Cu deficiency hampers the plastocyanin formation and func-
tioning, which in turn reduces the electron transport from PSII to PSI
bothin highlight(Thomasetal.,2013)and low light conditions (this
study). An internal rescue of the photosynthetic electron carrier
plastocyanin was achieved by down-regulation of SOD in Arabidop-
sis, thereby making the Cu available to plastocyanin (Abdel-Ghany
and Pilon, 2008). Accordingly it was found that the Fe-SOD gene
was strongly induced in Arabidopsis while the Cu/Zn-SOD gene was
down-regulated (Abdel-Ghany et al., 2005; Yamasaki et al., 2007;
Cohu and Pilon, 2007). The molecular mechanisms of the down-
regulation of Cu-proteins, including Cu/Zn-SOD, are accomplished
by expression of Cu-microRNAs which promote the degradation of
respective transcripts of the Cu-proteins, as recently reviewed by
Piug (2014).

The blockage of the electron transport due to hampering of the
plastocyanin as a result of Cu deficiency leaves more electrons to
contribute to the formation of excess ROS during normal physi-
ological conditions (when the production and scavenging of ROS
are regulated well), thus increasing oxidative stress (Ayala and
Sandmann 1988). In our study, there was no obvious change in the
Cu/Zn-SOD related peaks (Fig. 8, peak 2) at deficient, optimal, or
toxic Cu concentrations. Most likely due to the anyhow low abun-
dance of the SOD in the protein profile, no decrease or increase was
observed. However, not only the amount of SOD could be influ-
enced, but also the activity as observed in Lemna gibba (Vaughan
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Fig. 8. Effect of deficient, optimal and toxic Cu concentration on the soluble proteins of Ceratophyllum demersum. ICPMS count rates for Cu (left scale, blue), and Zn (right scale,
black) and UV/Vis absorption chromatogram at 280 nm to detect all proteins (left scale, black) and 597 nm to detect blue copper proteins (right scale, red) were normalized
to the amount of free Mg?* in each sample (norm.). Major Cu containing peaks are highlighted and labelled (1-4) in sample “0” nM. The molecular weight standard together
with the Co signal as well as protein chromatogram and Cu and Zn signal of SOD are shown. Chromatograms from one of three experiments are shown as examples. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Effect of deficient, optimal and toxic Cu concentration on membrane proteins of C. demersum. Protein chromatogram at 280 nm and ICPMS count rates for Cu (left
scale, blue), and Mg (right scale, black) were normalized to the amount of free Mg2* in each sample (norm.). Note the different scale for Cu in samples from 100 nM Cu. Major
Cu containing peaks are highlighted and labelled (1-4) in sample 1 nM. The molecular weight standard together with the Co signal is shown. Chromatograms from one of
three experiments are shown as examples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

et al., 1982), leaves of Phaseolus vulgaris (Cakmak and Marschner,
1993). The Cu-deficient plant’s ability to substitute Cu-proteins
with proteins of similar or overlapping function but different cen-
tral ion has been proposed (Puig et al., 2007). An increase in the
Mn-SOD and Fe-SOD activity during Cu deficiency in tobacco plants
(Yu et al., 1998) supported the earlier study. But the different sub-
cellular localization of the SOD forms (Cu/Zn-SOD commonly found
in the cytosol, Mn-SOD in mitochondria and Fe-SOD in chloroplast)
questions the above stated substitution of the Cu proteins to replace
their local functioning (Van Camp et al., 1996). Some other Cu con-
taining proteins like diamine oxidase (DAO) and ascorbate oxidase
(AO)were shown to decrease during Cu deficiency (Loneraganetal.,
1982). It was found that the apo-protein was initially synthesized
(Salam 2001), but in the absence of Cu rapidly degraded by specific
proteases. During Cu deficiency a greater decrease in the activity
of the AO than the SOD was reported (Salam 2001), probably indi-
cating that the plants prioritise the ROS detoxification (Foyer et al.,

1994) by making the available Cu for SOD activity as a mechanism to
combat the oxidative stress over the ascorbate metabolism. Ascor-
bate oxidase and diamine oxidase are not abundant Cu proteins and
were not detected in our metalloproteomics approach.

4.2. Copper toxicity

From earlier studies, even though toxicity thresholds vary
between plant species, the inhibitory effects were visible when
the plant Cu concentrations were higher than 20 ppm (Gupta,
1979; Stevenson, 1986; Marschner, 1995). In this study as well,
the plants exposed to Cu concentrations up to 10 nM (7.5 nM aver-
aged) in the nutrient solution had an internal Cu concentration of
around 20 ppm (Fig. 7). At higher copper concentrations, i.e. already
directly above the optimum Cu concentration (as determined from
the growth rate and our earlier study), accumulation of Cu in the
plantincreased drastically (Fig. 7). The Cu peaks associated with the
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proteins increased vastly from this threshold in both the soluble
(Fig. 8) and membrane fractions (Fig. 9, e.g. maximum of normal-
ized ICPMS count rate for Cu 10 nM: 0.25, for 20 nM: 0.47, for 50 nM:
0.9 etc.). However, visible symptoms like growth reduction and
shrinking (Fig. 1), as well as decreased values for photosynthesis
biophysics (Fig. 2, Fig. 3) occurred only towards the highest applied
Cu concentrations.

Comparing these results with our earlier study under high light
conditions, it is obvious that the light regime plays an important
role in the toxicity. In high light, the toxicity revealed itself with
visible toxicity symptoms and growth damage in Cu concentrations
higher than 50 nM after six weeks while these symptoms were not
observed in low light conditions until the highest (500 nM) Cu con-
centration. The growth rate of these plants decreased from the first
week of treatment (Fig. 1), associated with a decrease in chloro-
phyll (Fig. 4) and loss of leaves from the stem (data not shown).
The plants were dead after four weeks of treatment.

Before the winter, the macrophyte C. demersum forms a spe-
cialised overwintering bud produced in response to unfavourable
conditions including decreasing day light or reduced temperature,
and sink to the bottom of the water (Best 1977). Before actual win-
ter conditions, starch accumulation increased so that the plants
could use the carbohydrate to survive the dormant period (Best
and Visser 1987). The low light conditions used in this experiment
would be autumn/partial winter conditions limited by light (both
intensity and duration) and therefore led to a decrease in starch
accumulation when compared to high light (Thomas et al., 2013).

Copper accumulated more in the younger than in the older parts
of the plant (Fig. 7). This stronger uptake in metabolically more
active parts of the plant as shown by the generally higher starch
contents in young compared to old tissues (Fig. 6) indicates that
copper was actively taken up at all Cu concentrations, the deficient,
optimal and toxic Cu treatments.

There is a well known connection between Fe homeostasis and
excess of other metals (e.g. Cu, Cd, Basa et al., 2014; Pdtsikkd et al.,
2002) and correspondingly, elevated Cu can inhibit Fe uptake (Puig
et al., 2007; Peng et al., 2013). Iron is needed for the cytochrome
complexes, ferredoxin, and intermediates of the thylakoid electron
transport chain (Spiller and Terry, 1980). Even if Cu ions do not
replace Fe in those centres, the Cu-induced lack of Fe in those com-
plexes can have consequences for the photosynthetic performance
of the plants. Although most Chl fluorescence originates from PSII
when measured at physiological conditions (like room tempera-
ture etc., (reviewed by Harbinson and Rosenqvist 2003)), changes
in and damage to PSI can influence the fluorescent output of PSII. A
“traffic jam” of electrons results because damaged PSI initiates the
rearrangement of the antenna systems between PSI and PSII. This
so-called state transition (reviewed by Minagawa 2011) reduces
the amount of electrons transferred from PSII to PSI. Furthermore,
Fe-limitation leads to destabilisation of the Fe-S-clusters in PSI,
and thereby their degradation (Amann et al., 2004). This could fur-
ther influence the fluorescence output. However, all metal toxicity
studies we are aware of show a higher degree of damage to PSII
compared to PSI, and those showing inhibition of PSI were often
carried out using unnaturally high metal concentrations (reviewed
by Kiipper and Andresen, 2016).

As visible from the metalloproteomics data, Cu was found in
the peaks corresponding to the photosynthetic complexes (Fig. 9,
Peak 1 and 2). Although during the procedure of protein isolation,
a certain amount of Cu will bind to proteins that were Cu-free in
vivo, our data show that Cu potentially binds to the photosynthetic
complexes by replacing Mg in the Chl molecules. The formation of
[Cu]-Chl and [Zn]-Chl was shown to take place mainly in the LHCIIs
under low light conditions, while in high irradiance it was sug-
gested to take place in the PS Il reaction centres (Kiipper et al., 2002,
2006). Furthermore, recently the insertion of Cd2* in the LHCIIs

was shown to occur with high efficiency (apparent Kp =10.5nM) in
Cd-stressed C. demersum plants, which previously had only been
postulated as [Cd]-Chl is highly unstable and has a very similar
UV/VIS absorption spectrum as Mg-Chl (Andresen et al., 2016).

One important difference between low light and high light
grown plants is that low light grown plants have generally bigger
antenna systems with more antenna proteins (LHCIIs) per reac-
tion centre (RC) (Taiz and Zeiger, 2007). Following this, low light
grown plants possess more Chls as potential binding sites for Cu,
the formation of [Cu]-Chl within the LHCIIs is more likely than in the
PSII-RCs. Further, it has been shown that in high irradiance the Chls
in LHCII of Chlorophyta are inaccessible to formation of heavy metal
substituted Chls ([hms]-Chls). Thus, high light conditions favour
the formation of [hms]-Chl (incl. [Cu]-Chl) within the PSII-RC, pre-
sumably into the pheophytin (Kiipper et al., 2002). This is most
detrimental for the plant, because the whole photosystem is lost,
visible by a prominent decrease of Fy/Fp, as observed under high
light conditions (Thomas et al., 2013), but not under low light con-
ditions (Fig. 2). Changes in F,/F, cannot be detected when both Fy
and Fy, change, e.g. because of a general reduction in Chl. However,
even in the LHCIIs [Cu]-Chl is unsuitable for photosynthesis. [Cu]-
Chl does not bind axial ligands, changing the confirmation of the
pigment-protein complex (reviewed by Kiipper et al., 2006; Janik
et al., 2010). Even worse, upon excitation [Cu]-Chl does not trans-
fer the excitons to other chlorophylls, but releases the energy as
heat (it is non-fluorescent). This usually leads to a decrease in the
total fluorescence amplitudes, but not necessarily to a decrease of
Fy/Fm (Fig. 2, Kiipper et al., 2006). In the current study, only a small
amount of Chls in the LHCIIs were subjected to heavy metal sub-
stitution, leaving enough Mg-Chls to transfer the excitons to the
RCs that the plants were still viable up to 200 nM Cu. In our data
we observed a decrease in the fluorescence parameters including
Fy/Fm towards highly toxic copper concentrations (Fig. 2) and ®pgy
(Fig. 3) along with a decrease of Chl a (Fig. 4) and much less changes
in NPQ (Fig. 3). None of these changes were as prominent as under
high light conditions (Thomas et al., 2013), verifying that damage
to LHCII complexes is far less detrimental to the plants as damage
to the PSIIRC.

5. Conclusions

Optimal growth, highest photosynthesis rate and highest oper-
ating efficiency of PSII (®pg; ) was found between 7.5 nM and 35 nM,
but the photosynthetic quantum efficiency of the PSII reaction cen-
tre (Fy/Fm) had its highest value between 1.5nM and 7.5nM Cu.
Respiration was not affected by the Cu treatment indicating that
in Ceratophyllum demersum, photosynthesis is more sensitive to
Cu toxicity compared to other metabolic pathways. Under Cu defi-
ciency, the lack of the Cu-containing electron carrier plastocyanin
decreased the photosynthetic performance. The detection of Cu in
the Chl peaks in metalloproteomics analyses suggests the genera-
tion of [Cu]-Chl, unsuitable for photosynthesis. All described effects
were more pronounced in our previous study conducted under high
light conditions, emphasizing the buffering role of Cu binding to the
LHCllIs.
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