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Abstract

Copper (Cu) is a redox-active transition element critical to various metabolic processes.
These functions are accomplished in tandem with Cu binding ligands, mainly proteins. The
main goal of this work was to understand the mechanisms that govern the intracellular fate
of Cu in the freshwater green alga, Chlamydomonas reinhardtii, and more specifically to
understand the mechanisms underlying Cu detoxification by algal cells in low-Fe
conditions. We show that Cu accumulation was up to 51-fold greater for algae exposed to
Cu in low-Fe medium as compared to the replete-Fe growth medium. Using the stable
isotope ®Cu as a tracer, we studied the subcellular distribution of Cu within the various
cell compartments of C. reinhardtii. These data were coupled with metallomic and
proteomic approaches to identify potential Cu-binding ligands in the heat-stable proteins
and peptides fraction of the cytosol. Cu was mostly found in the organelles (78%), and in
the heat-stable proteins and peptides (21%) fractions. The organelle fraction appeared to
also be the main target compartment of Cu accumulation in Fe-depleted cells. As Fe levels
in the medium were shown to influence Cu homeostasis, we found that C. reinhardtii can
cope with this additional stress by utilizing different Cu-binding ligands. Indeed, in
addition to expected Cu-binding ligands such as glutathione and phytochelatins, 25
proteins were detected that may also play a role in the Cu detoxification processes in C.
reinhardtii. Our results shed new light on the coping mechanisms of C. reinhardtii when

exposed to environmental conditions that induce high rates of Cu accumulation.



Significance to metallomics

This work analyzes not only the intracellular distribution of Cu in the green alga
Chlamydomonas reinhardtii, but also the mechanisms that govern its detoxification. These
mechanisms involve the activity of biomolecules, often proteins, which interact with Cu
(or other metals) through functional groups (-SH, -NH, -OH or COOH). The analysis of
these Cu-ligand complexes using metallomics and proteomics approaches makes it

possible to identify or infer their cellular functions.
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Cells were exposed to copper, harvested, lysed and the heat-stable proteins and peptides
were isolated. Copper was then determined by inductively coupled plasma mass
spectrometry after separation by size exclusion chromatography.



1 Introduction

Modeling of a system requires an understanding of the phenomena that take place and an
ability to quantify them in order to subsequently predict (anticipate) them. Modeling can
be used to overcome certain technological constraints and reduce delays, and above all,
limit project costs and fill gaps between scientific progress and regulation applicability. In
ecotoxicology, the emergence and development of predictive models, such as the Biotic
Ligand Model (BLM), improved not only our comprehension of aqueous metal
bioavailability, but also the potential interactions between chemicals (metals and ligands)
and the effects upon aquatic organisms [1]. Taking into account the effects of aquatic
physicochemical parameters (ionic composition, pH, dissolved organic carbon) on metal
bioavailability is increasingly considered in environmental regulation [2, 3]. Despite these
advances in our capacity to predict metal bioavailability, several aspects of physiologic
mechanisms governing trace metal interactions with aquatic organisms remain unclear,

such as metal interference with cell metabolism and metal homeostasis [3].

It was shown that in freshwater algae, trace essential elements can also play a role in metal
bioavailability and homeostasis [4-6]. Recently, we showed that the concentration of iron
(Fe*") in water has an effect on copper (Cu?") accumulation and toxicity in the freshwater
green alga, C. reinhardtii [7]. We showed that a typical culture medium concentration of
Fe’" ([Fe’'Jfee = 107'® M) had a protective effect against Cu toxicity, while a lower
concentration ([Fe**]fee = 107! M) resulted in hypersensitivity to Cu. These observations,
also reported in marine diatoms [8, 9], raised several questions: How can Fe deficiency
induce Cu hypertoxicity in algae? What are the fundamental mechanisms underlying this
Cu toxicity at low ambient Fe? And what detoxifying mechanisms are triggered in algal
cells to cope with this situation? The objective of the present study was to understand how
the concentration of Fe affects Cu intracellular fate and homeostasis in C. reinhardtii. More
specifically, the aim was to study the subcellular distribution of Cu at low and replete Fe**
levels in the growth medium and to characterize the Cu binding ligands involved with its
detoxification in C. reinhardtii. Cu and Fe homeostasis is a well-studied process in C.
reinhardtii. It involves various families of transporters and metallochaperones. For

example, several members of the FTR (Fe transporters) and CTR (Cu transporters) family



have been identified and transport Fe and Cu, respectively (for reviews see Blaby-Hass and
Merchant, Glaesener et al., Hanikenne et al., Kropat et al. and Merchant et al. [10-15]).
Metal detoxification mechanisms in algae are well documented and involve biomolecules
rich in thiol groups such as cysteine (Cys), glutathione (GSH) and phytochelatins (PCs)
[16, 17]. According to [18] and [19], these biomolecules are expected to be found in the
HSP (heat stable proteins and peptides) fraction following a subcellular fractionation
scheme. We therefore hypothesized that Cu is mainly complexed by organic ligands rich
in —SH, and thus is predominantly contained in the HSP fraction. Our methodological
approach consisted of several investigation techniques and biomolecular analyses using C.
reinhardtii as a model. First, Cu subcellular fractionation was carried out on the algal cells.
Second, using only the HSP fraction, metallomics and proteomics analyses were conducted
[20-22] for molecular characterization of the Cu-binding ligands present in this cell

compartment.

2 Materials and methods
2.1 Test organism and growth conditions

The freshwater unicellular green alga Chlamydomonas reinhardtii (CPCC11 strain, wild
type) was obtained from the Canadian Phycological Culture Centre (University of
Waterloo, ON, Canada). Axenic cultures were maintained in a good physiological state in
modified high salt medium (MHSM1, Table S1; Supplementary Material) at pH 7 in 250-
mL Erlenmeyer flasks as described in [18] and [19]. In the present work, we used **Cu as
a Cu source to prepare the MHSM1 medium to obtain algae cells with a Cu signature
dominated by %Cu. The cells were cultured in an environmental growth chamber
(Conviron, CMP4030) under constant conditions (continuous illumination of
100 mol-m*-s!, temperature maintained at 20.0 = 0.2 °C, and rotary agitation of 100 rpm;
see [7] for more details). The culture was refreshed once a week under the same conditions
presented above. Two batches of algal cells were compared in this work depending on their
growth conditions, i.e. if they were acclimated to a low-Fe or replete-Fe condition. The
non-acclimated cells to replete Fe conditions (M-algae) were grown in replete-Fe medium
(MHSM1 medium, [Fe**]gee = 10718 M, Table S1; Supplementary Material). The low-Fe

acclimated algae (L-algae) were grown prior to the exposure experiments in a low-Fe



condition (LM 1 medium, [Fe*"Jgec = 107" M, Table S1; Supplementary Material). The use
of the term "low" refers to the lowest Fe concentration we could use while maintaining
normal algal growth and the term "replete" was used for cells grown at Fe levels found in
the routine growth medium. Additionally, the culture was kept in the exponential phase for
about 8 days by refreshing it twice a week under the low-Fe condition. For the last transfer,
which took place 48 to 72 h before exposure to Cu, 10 to 20 mL of culture was transferred
into 500 mL of MHSM1 or LM1 medium for M-algae and L-algae, respectively. This step
was done in a 1-L Erlenmeyer flask in order to have a sufficient number of cells for the
exposure experiments (see below). All culture glassware and media were autoclaved at

121 °C for 15 min before use.

2.2 Exposure conditions of algae cells to Cu

Unless otherwise mentioned, cells were exposed to ®Cu ([**Cu?Jfee = 3.55 nM). Exposure
media were specifically designed for each exposure condition. Two exposure times (2 and
72 h) were performed and two treatments (low-Fe and replete-Fe exposure medium) were
compared (Figure S1; Supplementary Material). Tables S2 and S3 (Supplementary
Material) show the detailed ionic composition of the exposure media, both for total and
calculated free ion concentrations. A total of four samples were processed per exposure

experiment: one control and three replicate treatments.

Before the initiation of the exposure experiments, algal cells that were grown in 500 mL of
culture medium (MHSM1 or LM1) were collected by filtration on a 2-pm polycarbonate
filter (Isopore TM, Merck Millipore), rinsed three times with 10 mL of the rinse solution
(see LM-R in Table S2; Supplementary Material) and suspended in a new 50 mL tube
containing 20 mL of the rinse solution. Then, the exact volume needed of the re-suspended
algae were determined and added to 400 mL of the exposure medium to achieve in fine a
cell density of approximately 150 000 cell-mL'. The cell density was then determined
using a particle counter (Multisizer TM 3 Coulter Counter®; Beckman) and noted. The
exposures were carried out in 500 mL tubes previously washed with acid (10% HNO3, v/v)
for 24 h, rinsed three times first with deionized water then with milli-Q water (resistivity >
18.2 MQ-cm; total organic carbon <2 pg-L™), and autoclaved (15 min, 121 °C) before use.

A Teflon-coated magnetic bar was placed in each tube, which was then placed on a stirrer

6



for the entire duration of the exposure, which took place at room temperature (20-22 °C)
and under constant brightness (lab light i.e. 15.3 £ 3.4 uE or pmol-m2-s!"). At the end of
each exposure, 4 mL of ethylenediaminetetraacetic acid (EDTA; 0.1 M) was added to each
tube to bind virtually all the trace metals (including > Cu?") still present in the exposure

media and thus stop their transfer in the cells [23].

2.3 Subcellular fractionation procedure

In order to determine the distribution of Cu inside algal cells, subcellular fractionation was
performed according to the procedure elaborated specifically for C. reinhardtii by [24]
which was elaborated to minimize metal migration and cross-contamination of fractions.
At the termination of the exposures, 400 mL of the exposed algae suspension was
centrifuged (Sorwall® RC 5C Plus, Du Pont) for 10 min at 9 000 rpm and 20-22 °C. The
supernatant was then removed from each container and a volume of approximately 30 mL
was left in the bottles. Pellets were then re-suspended and transferred to 30 mL centrifuge
tubes. These tubes were centrifuged for 4 min at 9 000 rpm and 20-22 °C. When the
centrifugation was completed, the supernatant was removed, leaving only the pellet at the
bottom of the tube. Cells were then re-suspended in 10 mL of the rinse solution (LM-R,
Table S2; Supplementary Material), centrifuged four times (9 000 rpm, 4 min, 20-22 °C)
and re-suspended each time in 10 mL of rinse solution. At each step of this process, 4 mL
aliquots of the exposure solution and of the supernatant were filtered (using 25 mm sterile
syringe filters (Polyethersulfone Membrane); 0.45 um porosity (VWR International)) and
collected for *Cu analyses. After the last centrifugation, algal cells were collected and re-
suspended in 2 mL of rinse solution in 7 mL polypropylene tubes. Aliquots of 0.5 mL of
the re-suspended cells were set aside, from which 20 pL were used to determine the exact
cell density of the final suspension. The rest of the cells were harvested and mineralized in
order to determine the total intracellular metal concentration and perform a mass balance
calculation. The remaining ~1.5 mL of the final algal suspension was homogenized at low
temperature (4 °C, or under ice) by using an ultra-sonicator (Branson SFX150, Danbury,
CT, U.S.A.) for 4 min (power = 22 W; pulse = 0.2 s/s) in order to lyse the cells. To make
sure that cells were broken efficiently, cell size was determined (using a particle counter)

before and after sonication. The homogenates were then put in 3 mL ultracentrifugation



Eppendorf tubes and weighed to obtain the exact volume of cell homogenate suspension.
A differential centrifugation process designed to separate different subcellular fractions
(Figure S2; Supplementary Material) was then conducted to separate the following five
subcellular fractions: (i) debris (DB: nuclei, cell membranes, cell walls), (i7) granules-like
(GR:  NaOH-resistant  materials), (iii)  organelles (ORG:  mitochondria,
Chloroplast/Pyrenoid, Golgi apparatus, endoplasmic reticulum), (iv) heat-stable proteins
and peptides (HSP: GSH, PCs and other unidentified thermostable peptides) and (v) heat-
denatured proteins (HDP: enzymes) (see Figure S2; Supplementary Material). Note that,
metal accumulation in the DB fraction was not included in our discussion as the current

state of knowledge of its toxicological significance is not well defined [25, 26].

As illustrated in Figure S2 (Supplementary Material), once broken, homogenized samples
were centrifuged at 1500 g at 4 °C for 15 min. The supernatant (S1), comprising a mixture
of organelles and cytosolic solution, was transferred to another Eppendorf tube and again
centrifuged at 100 000 g at 4 °C for 60 min. The pellet (P1) was re-suspended in 0.5 mL of
Milli-Q water and heated in the oil bath at 100 °C for 2 min and then transferred to another
oil bath at 70 °C for 10 min. After that, 0.5 mL of KOH (1 M) was added and further heated
in the oil bath at 70 °C for 60 min, followed by centrifugation at 10 000 g and 4°C for 15
min. The resultant supernatant (S2), which constitutes the DB fraction, was transferred to
a 13-mL tube while the pellet (P2) provided the GR fraction. The original S1 supernatant
was then ultracentrifuged for 60-min to provide supernatant (S3), which is the cytosolic
fraction, and pellet (P3), which constitutes the ORG fraction. The supernatant S3 was then
transferred to an Eppendorf tube, placed in an oil bath at 80 °C for 10 min and transferred
to an ice bath for 60 min, which easily allows the HDP fraction to be separated from the
HSP fraction. As for the pellet (P3), it was set aside for mineralization. After 60 min on
ice, supernatant S3 was centrifuged at 50 000 g (4°C, 15 min), and the supernatant (S4)
was transferred to a 13-mL tube and the pellet (P4), which is the HDP fraction, was kept
in the tube and put aside until the mineralization step. All centrifugation steps were

performed using a WX ultra series centrifugation (Thermo Scientific).

2.4 SEC-ICP MS analyses and Cu speciation



Coupling of size exclusion chromatography with inductively coupled plasma mass
spectrometry (SEC-ICP-MS) was used to separate the biomolecules present in the HSP
fraction [27]. The aim of this experiment was to determine the Cu distribution among
different molecular weight pools inside the HSP fraction of the cells to get insight into the
biomolecules involved in Cu detoxification mechanisms in C. reinhardtii. These HSP
fractions were obtained by applying a subcellular fractionation protocol as described in the
earlier section (Subcellular fractionation procedure) with some modifications. Briefly,
algae were exposed to 39.3 nM of free >Cu?* (in order to obtain and distinguish **Cu signal
from background noise) and, at the end of the rinse steps (see section 2.3), algal cells were
homogenized in a fresh ammonium acetate buffer (100 mM, pH 7.4). Then, 1.5 mL of each
homogenate sample was subjected to ultracentrifugation (100 000 g, 60 min, 4 °C) to
isolate the cytosol (supernatant) from the rest of the cell contents (pellet). The supernatant
(cytosol) was then transferred to a new Eppendorf tube, and was heated (80 °C, 10 min),
cooled (4 °C, 60 min) and re-subjected to a final ultracentrifugation step (50 000 g, 15 min,
4 °C) to collect heat-stable proteins and peptides present in the final supernatant (HSP

fraction).

Size-exclusion chromatographic (SEC) separation of the HSP fractions (n = 3 per
treatment) was performed on a Thermo Spectra HPLC system (Thermo Fisher Scientific,
Winsford, England, UK) equipped as described previously in [27]. The SEC column,
Superdex™ 30 Increase 10/300 GL (GE Healthcare Bio-Sciences AB, Uppsala, Sweden),
with a size separation range of 0.1 to 7 kDa, was used to elute samples with 100 mM
ammonium acetate buffer (pH 7.4) at a flow rate of 0.7 mL-min"!. Before each analysis and
between each run, the column was washed for 45 min with 150 pL of 10 mM EDTA-Cys
buffer (pH 7.4) to remove any metal ions adsorbed on the stationary phase and avoid
potential cross contamination of samples. For each injection, 200-250 pL of sample was
run through the column, and absorbance at 280 and 254 nm was measured (as an indication
of the presence of proteins and peptides respectively). Then, the ®*Cu signal was monitored
in real time by coupling an ICP-MS (XSERIES 2, Thermo Fisher Scientific, Winsford,
England, UK) to the SEC system. The ®*Cu intensity (number of counts) was recorded and

plotted as a function of the retention time (RT) in order to reveal Cu-ligand peaks in each



HSP aliquot injected. In addition to the ®*Cu signal, the signals of ten other masses
(corresponding to ®Ni, $Cu, %Zn, $Cu, As, 7ArCl, ¥?Se, ¥*Kr, '''Cd, 2°°Pb) were also
monitored simultaneously as quality control. The Superdex column was calibrated with
several molecular weight standards and the molecular masses of Cu-biomolecule
complexes contained in the HSP fractions were then estimated by using the molecular
weight calibration graph. SEC-ICP-MS analyzes in HSP fractions were conducted in

triplicate for each treatment tested.

To collect the samples destined for proteomic and peptidomic analyses, 200 pL of the HSP
fraction were first injected in duplicate into the SEC-ICP-MS system to locate the RT of
the %Cu-protein/peptide complexes (from Cul to Cu6). Then, the ICP-MS was
disconnected from the HPLC, and for the eight subsequent injections, all localized peaks
were separately collected based on their RT in 50 mL tubes (Falcon Conical Centrifuge
Tubes), frozen and lyophilized. At the end of the lyophilization process, the content of each
tube was re-suspended in 1 mL of milli-Q water and stored at -20 °C until the proteomic

and peptidomic analyses.

2.5 LC-MS/MS analyses of SEC fractions

2.5.1 Targeted phytochelatin and glutathione (peptide) analyses
2.5.1.1 Sample preparation

Sample fractions (190 pL) were mixed with 10 pL of 100 mM dithiothreitol (DTT Sigma-
Aldrich, Oakville, ON, CA). Standard solutions (10 uM) of GSH, PC2 and PC6 (PCs with
two and six thiol groups) with 5 mM final DTT concentration were also prepared (Table
1). Samples (20-30 pL) and standards (10 pL) were analyzed by high performance liquid
chromatography-quadrupole time of flight mass spectrometry (HPLC-QqTOF-MS), on a
Shimadzu Nexera UHPLC coupled to a Sciex TripleTOF 5600 system equipped with a
DuoSpray ion source in negative ion mode with 4.5 kV source voltage, 500 °C source
temperature, 35 psi curtain gas and 50 psi GS1/GS2 gas flows, and a declustering potential
of 80 V. Separation of components was performed using two different columns and
methods. The first column used was an Agilent (Santa Clara, CA, U.S.A.) Eclipse C18 (2.1

x 50 mm, 1.8 um) with mobile phases of water (A) and acetonitrile (B), both containing
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0.1% formic acid, at 40 °C and a flow rate of 0.5 mL-min"!. The elution gradient employed
was as follows: 5% B held for 0.5 min, then increased linearly to 30% B at 8 min, up to
80% B at 10 min and held for 1 min before re-equilibrating at 5% B for 5 min before the
next injection (Table 1). The second chromatographic column employed was an Imtakt
(Portland, OR, U.S.A.) Scherzo SM-C18 (150 x 3 mm, 1.8 um) with mobile phases of
water (A) and acetonitrile (B), both containing 0.1% formic acid, at 40 °C and a flow rate
of 0.25 mL-min"!. The elution gradient employed was as follows: 3% B held for 3 min,
then increased linearly to 95% B at 15 min and held for 1 min before re-equilibrating at 3%

B for 8 min before the next injection (Table 1).

2.5.1.2 Sample analyses

Both TOF-MS and MS/MS analyses were performed using electrospray ionization (ESI)
in negative mode with the mass range of m/z 100-1200 and m/z 40-800, respectively. To
ensure accurate mass measurements, the instrument was calibrated every four injections
with a mix of standard compounds covering a range of m/z from 100 to 1000. Manual data

verification and visualization were done with PeakView 2.2 and MasterView 1.1 (Sciex).

2.5.2 Proteomic analyses

2.5.2.1 Sample preparation

Molecular weight cut-off (MWCO) filtration was used to concentrate SEC fractions 1 to 3
(SEC fractions correspond to Cu peaks obtained after the HSP fraction was subjected to
SEC-ICP-MS analyses and collected in separate tubes). Aliquots of 500 pL of each fraction
containing approximately 10-15 pg of proteins were concentrated to 25 pL with 10 kDa
Amicon MWCO filters (Millipore-Sigma, Burlington, MA, U.S.A.).

2.5.2.2 Trypsin digestion

Concentrated samples were diluted with 250 uL of 100 mM ammonium bicarbonate buffer
(ABC) at pH 8.5 and 10 pL of 100 mM dithiothreitol, incubated at 37 °C for 20 min,
followed by alkylation with 15 pL of 100 mM iodoacetamide (Sigma-Aldrich, Oakville,
ON, Canada) in the dark at 37 °C for 30 min. Trypsin (10 uL of 0.1 mg-mL! solution)
(Sigma-Aldrich) was added to each sample and incubated overnight at 37 °C. Digested

samples were cleaned up by solid phase extraction using Oasis HLB cartridges (1 cc, 30
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mg, Waters, Milford, MA) with methanol elution. Dried extracts were reconstituted in 100

pL 10% acetonitrile prior to LC-MS/MS analyses.

2.5.2.3 LC-MS/MS analyses and data processing

Samples were injected (30 pL) onto an Aeris PEPTIDE XB-C18 100 x 2.1 mm, 1.7 um
column, with a SecurityGuard ULTRA CI18-peptide guard column (Phenomenex,
Torrance, CA) using a Nexera UHPLC system (Shimadzu, Columbia, MD) with water (A)
and acetonitrile (B), both containing 0.1% formic acid, as a mobile phase at the flow rate
of 0.3 mL-min! (40 °C). The gradient started at 5% B, was held for 2.5 min, and was
linearly increased to 30% B at 24 min, to 50% B at 26 min, to 85% B at 26.55 min, then to
95% B at 26.6 min and held there for 1.5 min, and re-equilibrated for 8.5 min between

injections.

High-resolution TOF-MS and MS/MS analyses were performed on a hybrid QqTOF-MS,
TripleTOF 5600 (Sciex, Concord, ON, Canada), equipped with a DuoSpray ion source in
positive mode with 5 kV source voltage, 500 °C source temperature, 35 psi curtain gas and
50 psi GS1/GS2 gas flows, and declustering potential of 80 V. TOF-MS acquisition was
from m/z 120-1250 followed by data-dependant MS/MS acquisition on the 15 most intense
ions from m/z 80-1500 with dynamic background subtraction and a collision energy of
30+ 10 V. Protein Pilot 5.0.2 (Sciex) was used to search LC-MS/MS data against a C.
reinhardtii protein database downloaded from Uniprot.org (September, 2020) with a set of
common contaminant proteins added. Proteins and peptides were identified with a local
1% false discovery rate (FDR) using a target-decoy database search algorithm. ProteinPilot
search results were loaded into Scaffold v4 (Proteome Software) to compare protein and

peptide IDs across the samples.

2.6 Element determinations and controls

Concentrations of ®Cu and Fe in the media, the subcellular fractions and the cells were
determined following the mineralization step (HNO3; 10%, Trace Metal Grade and H»O»,
Optima Grade) by using ICP-MS and inductively coupled plasma atomic emission
spectrometry (ICP-AES, Varian Vista AX), respectively. Cu content in algae was corrected

using the signal from control algae (not exposed to *Cu), which was always less than 2%.
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Unless otherwise indicated, all experiments were performed in triplicate and the quality
assurance and control were done as described in previous work (see [7]). The Cu stable
isotopes (**Cu and %Cu) used to design the culture and exposure media were 99% pure
(Trace Sciences International, Canada). For ICP analyses, Fisher certified reference
standards were used, and the repeatability of values obtained by ICP were > 97%. In
addition, the calibration curves, used to quantify metals by the both ICP instruments, were
prepared with single standard elements (SCP Science). For the quality control, multi-
elemental certified standards (900-Q30-100, SCP Science) and a proficiency testing study
for trace elements in water (#TE105-05, Environment and Climate Change Canada) were
used and the recovery levels of each control material were 99.6 = 4.6% (n =22) and 110.5
+ 5.1% (n = 22), respectively. The mass balances of Cu were performed after the
subcellular experiment by comparing the sum of ®>Cu contained in the various subcellular
fractions with the total of ®Cu inside algal cells. The average recovery for Cu mass
balances obtained after subcellular fractionation was 90 + 17% (n = 12). Cell densities,
sizes, and surface distributions were determined using a particle counter (Multisizer TM 3
Coulter Counter®; Beckman). The chromatographic recovery of SEC system used was
performed by comparing Cu amount injected versus collected in the presence and absence

of the column and this recovery reached 96.8 %.

2.7 Statistics and data treatment

All numerical data are shown as means + 1 standard deviation (SD); n = 3, unless otherwise
mentioned. Statistically significant differences among treatments were determined by
using a nonparametric test (Kruskal-Wallis) and a Tukey honestly significant difference
(HSD) test was performed on ranks to discriminate among treatments. All conclusions are
based on at least a 5% level of significance (p > 0.05). Unless specified, all statistical tests
were performed using JMP Pro 13.0.0 software (SAS Institute, Riverside, CA, U.S.A.) and
graphs were produced by using the MS Excel 2016 and Sigma Plot 12.5 (Systat Software,

Inc., U.S.A.). Error propagation was calculated each time measured values were pooled.

3. Results and discussion

3.1 Cu accumulation in C. reinhardtii
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Cu accumulation by C. reinhardtii was determined after 2 and 72 h of exposure to 3.55 nM
free *Cu®". The aim was to better characterize the effect of the nutritional status of trace
elements in the medium on the accumulation of Cu by C. reinhardtii. To this end, two
batches of algae were used, differing by the Fe®" level in their growth media: algae
acclimated to low-Fe ([Fe**]fee = 10""° M) in the culture medium (L-algae) and algae grown
in the culture media containing the replete-Fe ([Fe**]sec = 107'® M) level (M-algae). Both
L-algae and M-algae were exposed to ®*Cu®*" under low-Fe and replete-Fe exposure
medium. We observed that the amount of Cu accumulated inside L-algae (Figure 1A) was
greater when the exposure medium was low in Fe**, with a concentration of 69 + 10
amol-cell! after 2 h of exposure in the low-Fe medium, versus a 9-fold less Cu content of
7.9 £ 0.5 amol-cell! in replete-Fe medium. This trend was even more marked after 72 h of
exposure, reaching 1990 + 490 amol-cell! in the low-Fe medium. In comparison, Cu
concentrations were 51-fold less in the Fe-replete exposure medium (Figure 1A). For M-
algae on the other hand (Figure 1B), the accumulation of >Cu?" after 2 h of exposure was
not significantly different when comparing low and replete Fe conditions in the exposure
media, and was less than 3 amol-cell™!. This trend remained after 72 h of exposure even as
the amount of accumulated Cu increased over time, reaching 77.5 + 8.1 amol-cell™! in the
low-Fe medium, versus 76.4 + 6.7 amol-cell! in replete-Fe medium (Figure 1B). This
remained much lower than the extent of Cu accumulation by L-algae in low-Fe medium
after 72 h (Figure 1A), indicating that Fe*" can influence Cu?* accumulation by the algal
cells. Our results show that prolonged exposure of algae in a low-Fe medium makes them
more prone to accumulate Cu?*, however, this tendency does appear to be reversible. After
72 h in a replete-Fe exposure medium, Cu?* accumulation by algal cells was reduced by
98% (Figure 1A). This is consistent with our previous work describing the influence of
Fe’* on Cu uptake and accumulation in C. reinhardtii [7]. In this prior study, we
demonstrated over a wide range of low Cu?" concentrations (103 to 10713 M), that Cu
accumulation in C. reinhardtii after 72 h increased when low-Fe acclimated cells are
exposed in low-Fe conditions, reaching about 150 amol-cell!. However, Cu levels
remained constant over the same range of free Cu?" in a replete-Fe medium [7]. Even if the

conditions of the present study are not strictly the same as those of the previous one, the
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results obtained in both cases support our hypothesis that Fe*" plays a protective role

against Cu?* accumulation and toxicity in C. reinhardtii.

Increased accumulation of a given element by algae following their acclimation to low
concentrations of this same element is well documented [28, 29], albeit the effect of the
homeostatic dynamics of a limiting element (e.g. Fe*") on that of another element (e.g.
Cu?") is not well known or considered [4]. However, some have reported that this is not
always the case for both freshwater [4-6] and marine phytoplankton [30-32]. Given the
close link between Fe and Cu metabolism [33-35], we hypothesize that both elements share
some common transport systems. This could explain the effect of Fe** on the accumulation
of Cu** by C. reinhardtii, by integrating both the competitive effect between these two
elements and the positive feedback in response to a low Fe*" medium [28, 36]. Furthermore,
Cu content of L-algae may increase because of the abundance of multicopper oxidase like
ferroxidase FOX1 known to be involved in Fe uptake and containing about six Cu per
molecule [37, 38]. Furthermore, Cu accumulation under a low-Fe medium by C. reinhardtii
could result from the use of the same transport system, as observed in marine algae [39,
40]. However, these results on Cu accumulation by algal cells raised questions that

deserved further investigations.

3.2 Cu subcellular distribution

The intracellular fate of Cu in C. reinhardtii was investigated to understand the internal
distribution of this element and the influence of low- versus replete-Fe exposure media on
this intracellular fate. To do this, examination of the subcellular distribution of **Cu was
carried out and the presence of Cu detected in four operationally defined subcellular
fractions; ORG, GR, HSP and HDP. The ORG and the HDP fractions are categorized as
metal-sensitive fractions (since they contain cellular components, such as mitochondria,
chloroplast, enzymes and other proteins, for which the biological functions can be sensitive
to metal stress) while the HSP and the GR as biologically detoxified metal [27, 41]. After
2 h of exposure, the Cu content in each fraction of L-algae was less than 15 amol-cell’!,
regardless of the exposure conditions. Indeed, no fraction contained relatively more than
50% of the total cellular Cu (Figure 2). After 72 h of exposure, the Cu distribution among

fractions became markedly different between Fe treatments carried out, indicating both an
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effect of Fe** and a temporal evolution of Cu distribution within cellular compartments.
The Cu content of most fractions remained under 30 amol-cell! when L-algae were
exposed to Cu?’ in the replete-Fe medium. However, in the low-Fe exposure medium, Cu
content reached values of 350 + 130 amol-cell ! in HSP and 1320 + 280 amol-cell! in ORG,
1.e. 21% and 78% of the total intracellular Cu, respectively (Figure 2). Thus, after 72 h of
exposure as above, Cu distribution in algal cells was as follows: ORG (78 + 16%) > HSP
(20.7 £7.8%) > GR (1.16 £ 0.09%) > HDP (< 1%), indicating that approximately 80% of
intracellular Cu was in sensitive fractions (dominated by ORG) and the remaining 20%
was considered detoxified and mostly stored in dissolved organic forms (HSP). Moreover,
and regardless of the exposure media tested, we noticed that between 2 and 72 h of
exposure, the proportion of Cu in the ORG fraction increased, and this tendency seems
more marked when L-algae were exposed to Cu?’ in the low-Fe medium. Indeed, the
proportion of Cu in ORG increased from 34.2% after 2 h to 77.6% after 72 h, while it
remained between 20.7% and 37.2% in the HSP fraction and decreased in the GR and the
HDP fractions (Figure 2B).

In M-algae, the Cu content in the fractions remained low compared to L-algae (Figure 3).
Also, no marked differences between treatments were observed. Between 2 and 72 h of
exposure to Cu?" the Cu content within fractions increased, with exception of HDP in Fe-
replete exposure media (Figure 3A, C), but the proportions in metal sensitive (ORG+HDP)
and biologically detoxified metal (HSP+GR) fractions remained globally stable around
50% regardless of the exposure medium (Figure 3B, D). We also noticed that Cu
accumulation seemed to increase over time in the ORG fraction. However, even if this
proportion reached up to ~60% of the total Cu, the extent of Cu accumulation in M-algae

was much lower compared to L-algae (Figure 2B).

Overall, our results show that the intracellular distribution of Cu in C. reinhardtii cellular
compartments is not constant. This is likely related to the essentiality of this element, the
intrinsic function of each cellular compartment and especially the Fe*" nutrient status of
the culture and exposure medium. Cu plays a key role in the cell and was found in all cell
compartments due to its involvement in electron transfers within the main organelles

(ORG), by acting as an enzymatic cofactor (HDP) and the storing of Cu in its detoxified
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forms (HSP and GR). Many Cu active sites in various parts of cells were described by [42],
and the few available studies also indicated the presence of Cu in subcellular fractions of
algae, emphasizing the interspecific character of this distribution [13, 15, 43]. However, no
studies have evaluated the role of Fe in this distribution. Indeed, Fe and Cu metabolism is
well characterized and well known to be interrelated in microalgae [10, 33, 44], but the
homeostatic effects of one on the other have not been elucidated at the subcellular level.
However, in other species, previous work has explored the effect of Cu on Fe metabolism
and vice versa [9, 45, 46]. It is clear from our results that Cu subcellular distribution is
strongly altered when the algae are grown under low-Fe conditions. Typically, in the low
Cu exposure concentrations ([*°Cu?"]fee = 3.55 nM), data show that in parallel to Cu
detoxification, the Cu requirement of organelles is increasing. Similar Cu hyper-
accumulation in C. reinhardtii was previously observed within the organelle fraction
during Zn-limitation [47]. Cu trafficking to these organelles may be a cell strategy to
prevent protein mismetallation during Zn deficiency, enabling efficient cuproprotein
metallation or remetallation upon Zn resupply [47]. Our result suggests that Cu may be
needed within organelles likely to replace or to fill, directly or indirectly, the Fe deficiency.
This substitution phenomenon, well-known in several species of algae including C.
reinhardtii, usually happens in the opposite manner, with Fe replacing Cu during Cu
deficiency [12, 48]. Indeed, to cope with Cu?" deficiency, algae operate a form of Cu
economy by reducing essential needs of this element and by promoting the activity of non-
Cu-dependent proteins capable of ensuring the same functions. This is the case of
plastocyanin, a cuproprotein of the photosynthetic system, replaced by cytochrome c¢ (Cyt
c6) under Cu?* deficiency, and also the case of a Cu amine oxidase replaced by an amine
oxidase containing flavin [8, 13, 49]. However, the use of cuproproteins to cope with Fe
deficiency conditions in freshwater algae is not reported in the literature. But in marine
diatoms continuously exposed to a low-Fe environment, a similar process was documented
by [8] resulting from a selective trade-off particularly for the benefit of plastocyanins (the
main cuproprotein of chloroplasts). Thus the large number of cellular functions that C.
reinhardtii tries to keep active when coping with Fe deficiency [50] requires further
investigations to allow for a better understanding of our results. This may involve, for

instance, characterizing and comparing the entire Cu and Fe transport systems in C.
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reinhardtii at the molecular level, especially under low-Fe conditions. Therefore, all this
implies that cellular metal homeostasis is more complicated than having just detoxification
responses; but rather the cell is trying to optimize its metal distribution to maintain growth
or vital functions in order to face environmental changes. However, taking into account the
entire element economy in a cell, additional research should address this question by
looking not only at membrane transporters, but also inside the cell, as elegantly revealed
by [15] in their review on Cu homeostasis in algae. In the meantime, it is important to

characterize the nature of the Cu-ligand complexes contained in the HSP fraction.

3.3 Potential Cu-binding ligands in the HSP fraction

Microalgae possess a range of potential cellular mechanisms that may be involved in the
detoxification of metals [51]. In algal cells, HSP is a fraction that contains biomolecules or
bioligands known for their ability to bind metal cations, thus participating in their storage
and detoxification. These include certain proteins of the metalloprotein class (e.g.
metallochaperones), certain peptides such as GSH and PCs, and amino acids such as
cysteine (Cys) [52-54]. Figure 4 shows results of the SEC-ICP-MS and MS/MS analyses
performed to characterize the %Cu signal in the HSP fraction from L-algae after 72 h of
exposure to ®Cu ([®*Cu*"]ee = 39.3 nM) under replete-Fe medium (Figure 4A). The aim
was to screen for the biomolecules (peptides, polypeptides, and proteins) contained in this
cellular compartment (HSP). In total, we observed six peaks at the following retention
times (RT) 11.0 (SEC Peakl: ®Cui10), 13.0 (SEC Peak 2: ®Cuisp), 15.04 (SEC Peak 3:
%Cuis.04), 21.09 (SEC Peak 4: Cuzi.9), 29.36 (SEC Peak 5: **Cuz936) and 33.93 (SEC
Peak 6: ®Cuss93), corresponding to the signal of the ®*Cu-biomolecule complexes of
different MW contained in the HSP fractions. These complexes can be classified into three
operational groups based on their MW, namely (7) biomolecules of high molecular weight
(HMW; > 15.6 — 7.2 kDa; RT: 10.0 — 17.0 min), (ii) biomolecules of medium molecular
weight MMW,; 7.2 —< 2.6 kDa; RT: 17.0 — 21.5 min) and (iii) those of low molecular
weights (LMW; < 2.6 kDa; RT: > 21.5 min). Based on the calibration curve of the
chromatographic column, the RT of phytochelatins (PCs) are expected to be found between
22 and 36 min depending on their MW and the chelated cations, which well corresponds

to the range of LMW sizes.
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To better identify and characterize all potential Cu-bioligands in this cellular compartment,
LC-MS/MS analysis was performed on the fractions isolated from SEC. Figure 4B and C,
Tables 2, S4 and S5 (Supplementary Material) summarize the essential findings from these
experiments. LC-MS/MS analyses (non-targeted proteomics and targeted peptide analyses)
were performed to assign the molecular nature of each of the six peaks of the Cu-ligand
complexes observed (Figure 4B, C; Tables S4 and S5; Supplementary Material). In Figure
4A, the first SEC Peak (®*Cui10) showed no proteins found from C. reinhardtii HSP (only
contaminants found with complete uniprot database search) and could correspond to non-
specifically bound polymers likely released from the column. The other peaks represent
Cu-complexes corresponding to proteins and polypeptides. Proteins (in red) were detected
in SEC Peak 2 (%Cui30) and 3 (%*Cuis.04). Twenty-one proteins were identified from SEC
Peak 2 and six from Peak 3 (with two proteins in common between the two SEC fractions)
1.e. a total of 25 proteins identified. Note here that, by using non-targeted proteomic
analysis, we wanted to identify as many proteins as possible, so depending on the proteome
depth we may miss certain metalloproteins (possibly less abundant than other proteins) in
a fraction. Some peptides (PCs and GSH, in green) were detected in SEC fractions 4 to 6.
Four different PCs (PC2, 3, 4 and 5) could be confirmed in SEC Peaks 3, 4, 5 and 6 (Figure
4B, C and Table S4; Supplementary Material), based on accurate mass measurements,
relative RT and comparison with PC2 and PC6 standard compounds. The presence of GSH
(Figure 4B), another important LMW-thiol, was also confirmed by accurate mass and
retention time matching with standard GSH. Reduced GSH represents the molecular
building block for the biosynthesis of PCs and plays a key role in metal sequestration and
in reducing intracellular oxidative stress [51, 55, 56]. These ligands are well known to
complex metal ions, including Cu?* [17, 57], however, this is not the case for all 25 proteins
detected in Peaks 2 and 3 (see Tables 2 and S5), and their presence in HSP does not
necessarily mean that they all bind Cu. Certain proteins listed a priori play a role: (i) direct
or indirect (superoxide dismutase, Calreticulin, Histone HI1, 4) in handling Cu
detoxification (or another trace element), (i7) others because they can alleviate intracellular
oxidative stress (Peroxiredoxin, Superoxide dismutase), and (iii) others by operational or
technical default because they are known for their homeostatic (e.g. Plastocyanin, Acyl

carrier protein, carbonic anhydrase, Dihydrolipoyl dehydrogenase) and metabolic (e.g.
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carbonic anhydrase, dehydrogenases, 6,7-dimethyl-8-ribityllumazine synthase, etc.) roles.
These proteins can overlap on several functions which makes them likely candidates for
complexing Cu?". Only one of these proteins, plastocyanin, is well known to have an active
Cu-binding site [15], and another, glyceraldehyde-3-phosphate dehydrogenase, is cited in
the literature as having an ability to bind Cu®* [58]. However, carbonic anhydrase has been
artificially designed to bind Cu®* and used as a fluorescent probe to monitor cytoplasmic
Cu?" [59-61]. Moreover, based on the gene ontology annotation, in addition to carbonic
anhydrase and plastocyanin which have active metal sites (Zn>" and Cu?, respectively),
five other proteins in the list would have putative active sites for complexing metals and
therefore constitute candidates for Cu-binding ligands in HSP: two superoxide dismutases
(AN: ASIGHI1(+1) and A8I2E0(+1)), a predicted protein (AN: ASHND?3), calmodulin and

calreticulin (see details in Table S5).

To identify candidates capable of binding Cu, it is important to define scientifically relevant
criteria. Ligands that can form stable complexes with metals include S-, N-/O-, and O-
containing functional groups [57, 62]. However, it is known that in biological systems the
situation is much more complex and metal concentrations in cells is often changing, based
for instance on the growth conditions [57, 63]. First, Cu-containing proteins were organized
into three groups based on their nuclearity, Electron Paramagnetic Resonance (EPR) and
UV-visible spectroscopic characteristics, and common amino-acid side chains [62]. Based
on this, [64] first proposed three different types of protein-bound Cu, usually referred to as
Types 1 to 3. Even though this categorization and terminology is still widely-used today,
it should be noted that our knowledge of Cu biochemistry has improved since then and now
includes many Cu species that do not fit within these parameters [62, 65]. Therefore, our
first criterion to identify good Cu-binding candidate proteins was the number of Cys
residues in the protein. Given the important role played by Cys within protein and peptide
metal binding sites [62, 66], it is possible to define for each protein a Cys-to-protein (in
total amino acid residues) ratio (Table S5). Based on the threshold of x% of Cys (arbitrarily
fixed) we can define good candidate proteins as those having a ratio higher than the fixed
threshold. Thus, for a threshold of 2%, only three proteins (carbonic anhydrase, CP12
domain-containing protein and one predicted protein (AN: ASHND?3)) are candidates in

the list of 25 proteins, i.e. around 13%, of which two are clearly annotated as being able to
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bind metals (Table S5). Among these two proteins, only carbonic anhydrase is known to
have the ability to bind Cu [59, 61] but no clear evidence is established as to its role in Cu
detoxification. The second protein (AN: ASHND3) is a predicted and annotated protein
that can bind metal ions but requires further investigations to determine if it also has the
ability to bind Cu and be potentially involved in its detoxification. It is also possible to
refine this approach by adding or by combining several relevant criteria. For example, by
combining the ratios of the seven most frequent or more probable amino acids encountered
in the metal-binding sites (Arg, His, Lys, Cys, Met, Asp, Glu) (see Table S5 and [62]) and
we can deduce a classification score for each protein in decreasing order of plausible
candidates for complexing Cu. While relevant, the latter approach requires even further
investigations to achieve the most realistic combination. A similar method based on score
calculations was used by [67]. Another approach may consist of the use of bioinformatic
tools to search for patterns (or protein profiles) that are conserved and characteristic of the
binding sites of divalent metals, in particular Cu [68-70]. These motifs can not only suggest
putative functions of uncharacterized proteins, but also on their possible metal cofactors
[70-72]. Cu-binding motifs have been identified and characterized in many proteins. The
amino-terminal Cu(Il)- and Ni(II)-binding (ATCUN) motif, is an example of a Cu(Il)-
binding motif that shows high affinity and specificity for Cu(II) (or Ni(II)), and well known
for its ability to facilitate metal exchange with appropriate receptor ligands [71, 73]. The
way in which Cu is coordinated by these motifs is therefore important for its intracellular
distribution and also for effective functioning of Cu-dependent proteins. Indeed, based on
the conservation of these motifs, [67] built a web application that facilitates identification
of binding sites (for 12 metal ions) that may exist on a protein sequence listed in the Protein
Data Bank (PDB). But using this server requires, among other things, knowledge of the
PDB ID of the protein of interest and its sequence must not have more than 1000 residues.
When these two requirements were met for our proteins (i.e. 4 out of 25), the results always
indicated several Cu-binding sites. It is thus likely that the other proteins also have Cu-
binding sites, which would explain their presence in the HSP fraction. It would be
interesting to use other hyphenated techniques that combine a high resolution separation
technique, like gel or capillary electrophoresis, with sensitive elemental (ICP) or molecular

(electrospray ionization or matrix-assisted laser desorption/ionization) mass spectrometric
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detection to better characterize the Cu-protein complexes detected [74, 75]. In addition, the
combined use of X-ray crystallography and mass spectrometry could also be a valuable

strategy to investigate and characterize metal binding sites in proteins [76, 77].

4. Conclusion

Cu is an essential element and its homeostasis is tightly and efficiently regulated. However,
this capacity to keep the internal Cu concentration within an optimal range can sometimes
be disturbed. Our results show that an Fe**-depleted medium disrupts Cu homeostasis in
algal cells, which greatly increased the extent of Cu accumulation. The freshwater green
alga C. reinhardtii can cope with this by mobilizing various internal mechanisms to manage
the excess Cu. In accordance with our hypothesis, we found that these mechanisms
involved the binding of metals through bioligands like GSH and PCs. In addition to these
LMWs ligands, we detected in the HSP fraction many proteins, categorized as MMW and
HMW ligands, but the effective role of most of them in the Cu detoxification process in C.
reinhardtii remains unknown. We have also highlighted another strategy used by algae in
low-Fe conditions in which organelles are highly involved. We hypothesize that this Cu
traffic to organelles could be in response to the Fe deficit by replacing Fe with Cu, in
particular to maintain vital functions like respiration (or photosynthesis) through electron
transfer chains as reported in marine diatoms. These results shed new light on the adaptive
capacities of C. reinhardtii, which is a model organism encountered over several latitudes,
to cope with wide environment physicochemical variations. A molecular characterization
(metallomics, proteomics and metabolomics) of the ORG fraction could further shed light
on these mechanisms. Our results could also have physiological links with changes in
membrane transporters related to the Fe nutritional context of the medium. Therefore, to
better understand these results, further study of the mechanisms governing the

internalization of Cu and Fe in algae will be important.
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Tables and Figures

Table 1: Molecular formula, exact mass information and corresponding retention times (RT) for
glutathione (GSH) and phytochelatins (PCs) analyzed by liquid chromatography-high resolution mass
spectrometry using two complementary chromatographic columns

Name Formula Neutral mass  ion m/z Scherzo RT  Eclipse RT
(min) (min)

GSH C10H17N306S 307.0838 -H 306.0765 2.6

PC2 Ci1sH29oN5010S2 539.1356 -H 538.1283 7.9 24
PC3 Ca6HaiN7014S3 771.1874 -2H  384.5864 3.5
PC4 C34Hs53N9O15S4 1003.2391 -2H  500.6123 4.2
PC5  CaHesN1102Ss 1235.2909 -2H 616.6382 4.7
PC6  CsoH77N13026S6 1467.3427 -2H  732.6641 5.1
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Table 2: Proteins identified in SEC fractions 2 and 3 using bottom-up proteomics LC-MS/MS analysis

SEC Fractions Accession MW Sequence # unique Protein name
#) Number (kDa) coverage (%) peptides
2 ASITO1 42 44 21 Carbonic anhydrase
2 QIFES86 26 41 11 Peroxiredoxin
) ASHPS4 40 2% 2 Glyceraldehyde-3-phosphate
dehydrogenase
2 A8I2V3 22 54 8 Peroxiredoxin
2 AS8IGH1 26 41 9 Superoxide dismutase
2 AS8I2E0 24 27 6 Superoxide dismutase
2 ASISZ1 23 21 g4  O7-dimethyls-
ribityllumazine synthase
2 AOA2K3DMT2 323 1.6 3 Uncharacterized protein
) ASJOE4 31 21 6 Oxyg.en—evolving enhancer
protein 1 of photosystem I1
2 AO0A2K3ES5S1 61 9.2 4 Uncharacterized protein
2 Q945T1 28 11 3 GrpE protein homolog
2 A8HSBO 11 29 3 Histone H4
2 ABIDP6 18 20 2 Calmodulin
5 ASTOHS 17 24 3 Nucleoside diphosphate
kinase
2 A8HMCO 47 6.9 2 Calreticulin
2 A8HRZ0 27 7.9 2 Histone H1
2 A0A2K3DCZ1 54 4.0 2 Uncharacterized protein
2 A8J1T4 52 4.6 ,  Dihydrolipoyl
dehydrogenase
N-acetyl-glutamate
2 ABJ2X6 4l 63 2 semialc}ileligyde dehydrogenase
2/3 A0A2K3DASS 32 2.5/19 1/5 Uncharacterized protein
2/3 Q6UKY5 12 11/22 1/2 Acyl carrier protein
3 A8JH68 15 28 6 Plastocyanin
3 AOA2K3DIO3 14 11 3 CP12. domain-containing
protein
ASIAWS 16 19 2 Predicted protein
A8HND3 11 23 3 Predicted protein
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Figures
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Figure 1: Cu accumulation (amol-cell''; £SD, n = 3) by C. reinhardtii after 2 and 72 h of exposure to ©*Cu
([%Cu®'ree = 3.55 nM) in a low-Fe medium ([Fe*Jfee = 107'° M) or a replete-Fe medium ([Fe’"Jfee = 10718
M). In (A) algal cells were previously grown in a low-Fe medium ([Fe3"]nee = 107'* M; acclimated algae or
L-algae) and in (B) algal cells were not acclimated to a low-Fe medium ([Fe3]xee = 107'® M; non-acclimated
algae or M-algae). Different letters indicate statistically significant differences at p < 0.05 (Kruskal-Wallis
test followed by Tukey Kramer HSD test).
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Figure 2: Cu subcellular distribution in C. reinhardtii acclimated to low-Fe media (L-algae; [Fe*Jfee = 107°
M) and subsequently exposed to ®Cu?" ([*Cu?"]fee = 3.55 nM) for 2 and 72 h in a low-Fe medium ([Fe**]fee
=10""" M, A: Absolute values, B: Relative values) or in a replete-Fe medium ([Fe3"]fee = 10718 M, C: Absolute
values, D: Relative values). Different letters indicate statistically significant differences at p < 0.05 (Kruskal-
Wallis test followed by Tukey Kramer HSD test). Error bars are the standard deviations of three replicates
(n=3). ORG =organelles; GR = granules; HSP = heat-stable proteins and peptides; and HDP = heat-denatured

proteins.
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Figure 3: Cu subcellular distribution in C. reinhardtii not acclimated to low-Fe media (M-algae; [Fe3"]pee =
10-'8 M) and exposed to ®Cu?" ([53Cu?*]fee = 3.55 nM) for 2 and 72 h in a low-Fe medium ([Fe*"]gee = 10°"°
M, A: Absolute values, B: Relative values) or in a replete-Fe medium ([Fe?*]gee = 10718 M, C: Absolute values,
D: Relative values). Different letters indicate statistically significant differences at p < 0.05 (Kruskal-Wallis
test followed by Tukey Kramer HSD test). Error bars are the standard deviations of three replicates (n=3).
ORG = organelles; GR = granules; HSP = heat-stable proteins and peptides; and HDP = heat-denatured

proteins.
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Figure 4: SEC-ICP-MS chromatogram of the separation (A) of Cu complexes present in the HSP fraction
after 72 h of exposure time of C. reinhardtii (acclimated to low-Fe media (L-algae; [Fe*']gee = 107" M)) to
Cu ([®Cu?']ee = 39.3 nM) in Fe-replete media. The candidate ligands for the binding of Cu in the HSP

fraction were identified by proteomic and peptidomic analyses. Based on these analyses, the colors indicate
a rough delineation of the retention times (RT) of the proteins (red) and the (poly)peptides (green) along a

molecular weight (MW) gradient (black line) of these biomolecules.
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