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ARTICLE INFO ABSTRACT
Editor: Julian Blasco Elucidating whether dissolved Cu uptake is kinetically or thermodynamically controlled, and the effects of
speciation on Cu transport by phytoplankton will allow better modeling of the fate and impact of dissolved Cu in
Keywords: the ocean. To address these questions, we performed Cu physiological and physicochemical experiments using
Copper the model diatom, Phaeodactylum tricornutum, grown in natural North Atlantic seawater (0.44 nM Cu). Using

Adsorption kinetics

Cut ) competitive ligand equilibration-cathodic stripping voltammetry (CLE-CSV), we measured two organic ligand
u transpor

types released by P. tricornutum to bind Cu (L; and Ly) at concentrations of ~0.35 nM L; and 1.3 nM L,. We also

Complexation

Diatgms established the presence of two putative Cu-binding sites at the cell surface of P. tricornutum (S; and Sy) with log
Phaeodactylum tricornutum K differing by ~5 orders of magnitude (i.e., 12.9 vs. 8.1) and cell surface densities by 9-fold. Only the high-
Cu uptake affinity binding sites, S;, exhibit reductase activity. Using voltammetric kinetic measurements and a theoret-

ical kinetic model, we calculated the forward and dissociation rate constants of L; and S;. Complementary %7cu
uptake experiments identified a high- and a low-affinity Cu uptake system in P. tricornutum, with half-saturation
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constant (Ky,) of 154 nM and 2.63 pM dissolved Cu, respectively. In the P. tricornutum genome, we identified a
putative high-affinity Cu transporter (PtCTR49224) and a putative ZIP-like, low-affinity Cu transporter
(PtZIP49400). PtCTR49224 has high homology to Homo sapiens hCTR1, which depending on the accessibility to
extracellular reducing agents, the hCTR1 itself is involved in the reduction of Cu?* to Cu™ before internalization.
We combined these physiological and physicochemical data to calculate the rate constants for the internalization
of Cu, and established that while the high-affinity Cu uptake system (S;) is borderline between a kinetically or
thermodynamically controlled system, the low-affinity Cu transporters, Sy, is thermodynamically-controlled. We
revised the inverse relationship between the concentrations of inorganic complexes of essential metals (i.e., Ni,
Fe, Co, Zn, Cd, Mn and Cu) in the mixed layer and the formation rate constant of metal transporters in phyto-
plankton, highlighting the link between the chemical properties of phytoplankton metal transporters and the
availability and speciation of trace metals in the surface ocean.

1. Introduction

Copper is an essential redox-active metal for phytoplankton, acting
as a cofactor of electron-transfer proteins in respiration (i.e., cytochrome
c-oxidase, (Merchant et al., 2006), in oxidative stress (i.e., superoxide
dismutase, Chadd et al., 1996), in photosynthesis (i.e., plastocyanin;
Nosenko et al., 2006; Peers and Price, 2006) and/or organic nitrogen
assimilation (i.e., amine oxidases, Palenik et al., 1989). Copper is also
involved in the high-affinity iron (Fe) transport systems in yeast, green
unicellular algae and coastal and oceanic diatoms (Askwith et al., 1994;
La Fontaine et al., 2002; Maldonado et al., 2006). However, at high
levels, Cu can become toxic, producing hydroxyl radicals (Halliwell and
Gutteridge, 1990) that cause oxidative damage to lipids, proteins and
DNA (Herzi et al., 2013; Juneau et al., 2002; Long et al., 2019) and
changes the content of amino acids in the cell (Santiago-Diaz et al.,
2023).

The concentrations of dissolved Cu in the open ocean range from 0.5
to 6 nM and are not considered toxic (Coale and Bruland, 1990; Sunda
et al., 1990; Ruacho et al., 2022). However, high levels of dissolved Cu
are observed in some coastal regions (i.e., up to 150 nM) and are asso-
ciated with anthropogenic Cu inputs, such as municipal effluents
(Johannessen et al., 2015), mining (Chretien, 1997), antifouling agent-
coated ships (Caric et al., 2021), and/or urban stormwater (Baratkiewicz
et al., 2014). These high Cu concentrations may be toxic to the biota in
coastal waters (Moffett et al., 1997).

However, the vast majority of dissolved Cu (>99 % of dCu) in the
ocean is complexed by a heterogeneous pool of natural organic ligands,
which form stable, less bioavailable organic complexes that buffer
against Cu toxicity (Barber and Ryther, 1969; van den Berg et al., 1987;
Buck et al., 2007, 2010). Cu-binding ligands are often produced by
phytoplankton during toxic conditions (Moffett and Brand, 1996;
Dupont et al., 2004) and Cu limitation (Kim et al., 2008; Walsh et al.,
2015) or are of terrestrial origin, such as humic substances in river water
(Laglera et al., 2007; Whitby and van den Berg, 2015; Ruacho et al.,
2022) and biological macromolecules in municipal wastewater (Sarathy
and Allen, 2005).

Given the essential role of Cu in phytoplankton physiology and its
possible toxicity, elucidating cellular Cu requirements, the potential
components of Cu transport and homeostasis in phytoplankton are of
interest. However, this has been difficult due to the lack of a commer-
cially available, long-lived Cu radiotracer. In the last 20 years, several
studies have been published on the Cu quotas of marine phytoplankton
grown under various environmental conditions and their Cu uptake
systems (i.e., Annett et al., 2008; Guo et al., 2010; Guo, 2012 and ref-
erences within). From these studies, we have learned that their Cu re-
quirements are modulated by Cu availability and their Fe status. We
have also revealed that diatoms, for example, have low- and high-
affinity Cu transport systems with distinct uptake kinetics (Guo et al.,
2010). Furthermore, molecular studies suggest that the low-affinity Cu
transporters are probably non-specific divalent transporters, such as
NRAMPs (i.e., the Natural Resistance-Associated Macrophage Protein)
or ZIP (i.e., Zrt/IRT-like proteins) (Guo et al., 2015). Diatoms and
indigenous phytoplankton in the NE subarctic Pacific can also access Cu

bound within organic Cu complexes by cell surface cupric reductases
(Semeniuk et al., 2009, 2015), indicating that dissolved Cu species may
control Cu uptake, and not just free or inorganic Cu (Guo et al., 2010).

These findings were somewhat surprising because many previous
studies have documented the production and release of strong organic
ligands for Cu by a variety of phytoplankton to decrease Cu toxicity,
especially in coastal environments. The production of strong organic
ligands for Cu can affect Cu bioavailability and physicochemical pro-
cesses related to its sorption onto and precipitation of particles.

Given that phytoplankton can release strong organic complexes for
Cu to lower toxicity, as well as take up Cu via low and high-affinity
transport systems, in this study we aimed to characterize the complex-
ing properties of the strong organic ligands for Cu release in solution, as
well as those at the cell membrane that might be involved in Cu
acquisition. We use a combination of voltammetric measurements and
physiological studies. We chose the marine diatom P. tricornutum as a
model because of its ability to release organic complexes for Cu, and its
sequenced genome (Allen et al., 2008). We first studied P. tricornutum
uptake kinetics of Cu transport, from 1 nM to 2000 nM, using the
radiotracer ®*Cu. Since high Cu adsorption on the cell surface of mi-
crobes is common (Beveridge and Murray, 1980; de Lurdes et al., 1987;
Gonzalez et al., 2010; Gonzalez-Davila et al., 1995; Gonzalez-Davila
et al., 2000; Fein et al., 1997), we also investigated P. tricornutum Cu
adsorption capacity at low nanomolar levels. These studies allowed us to
explore the possible competition between the Cu-binding ligands in
solutions and those onto the cell surfaces. In all the experiments, we used
natural seawater from the vicinity of the Canary Islands, which was,
when appropriate, enriched with nutrients, sterilized and/or UV-
irradiated to remove the natural organic compounds in seawater. Ulti-
mately, we aim to elucidate the competition between strong Cu-binding
ligands in solutions and those at the cell surface, and its effects on Cu
acquisition by phytoplankton in the open ocean.

2. Material and methods
2.1. Chemicals for cultures

2.1.1. Nutrients

A concentrated stock solution of 0.3 M sodium nitrate (Sigma), 0.01
M potassium hydrogen phosphate (Sigma), and 0.1 M sodium silicate
(Sigma) was prepared in 250 mL acid-cleaned bottles. Contaminating
metals were removed by using 100 pM MnO, (Van Den Berg, 1982),
equilibrated overnight and filtered through acid-cleaned 0.2 pm pore-
size filters (Whatman, 25 mm GD/X Sterile, CA filter media with poly-
propylene housing). The final concentrations of nitrate, phosphate and
silicic acid in the culture media were 31074 1-10>and1-10"*M,
respectively. While not in use, the stocks were kept in the dark and the
fridge.

2.1.2. Vitamins

The final concentrations of vitamins in our media were identical to
those of the f/2 media (Guillard and Ryther, 1962), such that the con-
centrations of cyanocobalamin (vitamin Bj2), Biotin (vitamin H) and
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Thiamine HCL (vitamin B;) were 3.69 x 10719, 2.05 x 10~° and 2.96 x
1077 M, respectively.

2.1.3. Cyclam (Cy)

Cyclam (Cy) was added to induce low Cu stress in the cultures.
Cyclam (1,4,8,11-tetraazacyclotetradecane) has a high conditional sta-
bility constant for Cu(Il) binding (log Ko = 15.3, Semeniuk et al., 2015)
and can maintain [Cu] at subfemtomolar levels. The 12.5 mM primary
Cy stock was prepared by dissolving 0.12 g of Cy (1,4,8,11-tetraazacy-
clotetradecane, MW 200.32 g mol~}; Sigma-Aldrich) in 4 mL of meth-
anol (Honeywell Chromasolv) and brought up to 50 mL using sterilized
Ultra Pure Water (UPW; 18.2 MQ cm at 25 °C). A secondary stock of 2 -
10~* M was produced by diluting the primary stock with UPW. The final
concentration of Cyclam was 200 nM in the culture medium.

2.2. Culture characterization

An axenic culture of the diatom P. tricornutum (UTEX 646, isolated in
1951 by M.R. Droop in Segelskar, Finland) was obtained from the
Spanish Bank of Algae in Gran Canaria (Spain), and maintained in f/2
media (Guillard, 1975), at constant temperature (24 °C) and light in-
tensity (110-120 pE m~2 s’l) in a culture chamber (Friocell 111).
Sterile, trace metal clean techniques (e.g., Leal et al., 2016) were used
during all experiments and manipulations in this study.

2.3. The growth media for the adaptation of the P. tricornutum cells

The natural seawater used for culture media was collected in
February 2018 from the European Time-Series Station in the Canary
Islands (ESTOC; 29° 10' N 15° 30' W) within the oligotrophic North
Atlantic subtropical gyre. The seawater was collected at 20 m depth
using a trace metal clean Teflon pump (PFD2 316F, AstiPure®) and
filtered by 0.2 pm dual pore-size trace metal clean filters (Acropack™).
The seawater was analyzed for trace metal concentration (Table S1)
within 12 months after collection on a SF-HR-ICP-MS Element XR in-
strument (Thermo Fisher, Bremen, Germany) coupled with an online
seaFAST system (Elemental ScientificTM), at Pole Spectrométrie Océan
(IFREMER, France) (Gonzalez-Santana et al., 2020).

Two different media were prepared for the P. tricornutum cell cul-
tures. The natural ESTOC media were sterilized by heating for 12 min (3
min in 4 times to avoid overheating) in a 700 watts microwave. This
sterilized natural ESTOC seawater was enriched with filtered-sterilized
nutrients and vitamins, and referred to as SW(nut + VIT). The control
media had no Cyclam addition, and was called COygpiym (i-e., SW(nut
+ VIT)), while the low Cu stress media had 200 nM Cyclam, and was
named Cyyeprum (i-e., SW(nut + VIT + Cy)).

Semi-continuous batch cultures (Paasche, 1973, 1977; Brand, 1985)
were used to adapt P. tricornutum to the different growth media. In
essence, once the cells in the media were approaching mid to late
exponential growth, they were transferred to new media (COpgprum Or
Cymepium) using a proportion between 20:80 and 10:90 (medium with
cells: medium without cells) depending on their growth rate. In the
triplicate cultures, the cells were counted daily using a light microscope
(Olympus BH2) a hemacytometer, and a Flow cytometer (BECKMAN
COULTER® Cell lab Quant™ SC). The exponential, absolute growth
rates were calculated in days using In (1, d1). These absolute growth
rates were converted to doublings per day (k, dd 1) by dividing p by the
In of 2. The acclimation was assumed to be achieved when the growth
rates among successive transfers did not differ by >15 % (Wood et al.,
2005), normally taking four to five transfers. The average growth rates
were 0.94 + 0.44 d ! and 0.97 + 0.30 d"! in the COpgprym and the
Cywmepium, respectively (Table S2).

Cell surface measurements were performed, assuming that the fusi-
form morphology of P. tricornutum resembles an ellipse (Bartual et al.,
2008). The size measurements were performed on images taken in a
Nikon Eclipse 90i automated optical microscope, equipped with a NIS-
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Elements AR image treatment program. The area of the ellipse was
calculated considering five reference points on each cell. The surface
areas (pmz) for the different experimental conditions are included in
Table S2.

2.4. Measurement of Cu uptake kinetics of the P. tricornutum

For the Cu uptake kinetic experiments, acclimated cultures in mid-
exponential phase were transferred from the 28 mL tubes to 2 L fresh
COmepium Polycarbonate. The growth rates of the diatoms in these
bottles were monitored daily. Cell density and size (um) were also
determined for live samples using a Coulter Z2 Particle Count and Size
Analyzer. Cell surface area (pmz) and volume (f. = 107 '° L) were
determined.

Fourteen Cu concentrations were used in the Cu uptake kinetic ex-
periments, including 2, 30, 60, 80, 100, 120, 180, 240, 300, 500, 700,
1000, 1500, and 2000 nM total Cu (Fig. 1). The non-radioactive Cu and a
spike of the carrier-free tracer %4Cu (0.56 MBq L) were buffered with
100 pM EDTA in 100 mL of sterilized ESTOC SW with only nutrients SW
(nut) to achieve the targeted total Cu concentrations. Given that EDTA is
often used as a ligand in phytoplankton culture media and was used for
Cu uptake experiments in diatom T. pseudonana and T. oceanica (Guo
etal., 2010), EDTA was chosen for this experiment. The gamma-emitting
radionuclide ®*Cu (t; ,2 = 12.7 h) was provided by Dr. Paul Schaffer's
team at the Canada's particle accelerator centre TRIUMF (https://www.
triumf.ca/).

After the Cu and EDTA additions, the media were allowed to equil-
ibrate chemically for 16 h before use. The next day, trace metal clean
techniques were used to filter 5 L cultures onto trace metal clean 2 pm
polycarbonate (Poretics, 24 h acid-soaked) filters (47 mm) by gentle
vacuum (<100 mmHg) and washed with 10 mL SW(nut). Filtered cells
were immediately resuspended in 30 mL of SW(nut) and then aliquoted
to 14 bottles with media spiked with ®*Cu and different non-radioactive
Cu concentrations. The cells were incubated at room temperature and
exposed to 150 pmol-quanta-m~2-s~1. The initial sampling time was 20
min after resuspension, followed by 30-min and 1-h sampling intervals.
Fifty mL aliquots of culture were removed during the initial sampling,
and 25 mL aliquots of culture were removed during the second and third

10 5
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Fig. 1. Michaelis-Menten kinetics of Cu uptake as a function of total Cu con-
centrations in P. tricornutum. The data points are the rates of Cu uptake (102!
mol Cu-pm’z-h’l) and were determined as described in the Material and
methods section. The curves are the line of best fit for the single rectangular
hyperbola eq. (V = Viax [Culiotal / ([Cultoral + Km)), Where V is the total Cu
uptake rate (102! mol Cu~pm’2'h’1), Vimax is the maximum Cu uptake rates,
[Cu] (ora1 is the total Cu concentration (nM), and K, is the half-saturation
constants of the Cu uptake system.
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sampling. Cells were vacuum filtered onto a 2 pm, 25 mm polycarbonate
membrane. The filtered cells were soaked for 5 min with 5 mL of 1 mM
diethylenetriaminepentaacetic acid (DTPA) solution (dissolved in sterile
SOW, pHygs adjusted to 8.14; (Croot et al., 1999) to bind the extracel-
lular adsorbed 64Cu, then washed with 5 mL SW(nut). The radioactive
filters were placed in scintillation vials; radioactivity was determined
using a PerkinElmer 1480 WIZARD 3" Gamma Counter. Duplicate ini-
tials (1 mL) of the uptake medium were also taken to determine the
specific activity of ®*Cu in the uptake media (MBq ®*Cu/Cu’ concentra-
tion added). At the end of each %*Cu uptake experiment, a sample was
fixed with Lugol's solution to determine cell density using the Coulter Z2
Particle Count after the 5*Cu had decayed.

Using the statistical program SigmaPlot 13.0 (Systat Software Inc.),
the Cu uptake rates (1 0~? mol Cu"- pm’2~h’1) for each Cu concentration
were determined by linear regressions of the accumulation of Cu as a
function of time, and were then used to calculate the V.« and Ky, of Cu
transport, using the Michaelis—-Menten eq. (V = Vyax [Cul/([Cu] + Kp),
where V is the total Cu uptake rate, Vi, is the maximum uptake rates of
the Cu uptake systems, [Cu] is the total dissolved Cu concentration. As
the data were clearly biphasic, we calculated kinetics parameters for
0-300 nM Cu and for 0-20,000 nM Cu, the high- and low-affinity
transport system, respectively. The standard errors associated with the
Vmax and Ky, parameters are those from the best-fit values (Table 1,
Fig. 1). The Ky, were also calculated as a function of dissolved inorganic
Cu (pM Cu), using the equation [Cu] =
[Cur]/(1 + Kgpracy [EDTA] + 0.01 Ky, [L1] + 0.01Kgyy, [L2] ), where K
is the conditional stability constant of the ligands released by
P. tricornutum in the culture media (see below). The K, for Fe as [Fe'] for
T. weissflogii was reported in Table 2 in Hudson and Morel (1990). We
converted this Fe' concentration to total Fe concentration using their
Fig. 6, where they report [Fe'] as a function of total Fe in their uptake
experiments (i.e., log [Fe'] = (0.8602 * log [Feliota)) — 3.181).

2.5. Chemicals for Cu ligand complexation and cellular Cu adsorption

The Cu stock solutions were prepared using Cu atomic absorption
spectrometry standard solution (1000 mg L™}, Fluka in 2 % HNOj).
Diluted Cu stock solutions ranging between 100 and 3000 nM were
prepared in 12 mM HCI (ultrapure, Merck).

An aqueous stock solution containing 0.01 M salicylaldoxime (SA,
Sigma-Aldrich) in 0.1 M HCI (ultrapure, Merck) was used to determine
the Cu concentration in seawater. A pH buffer containing 1 M 4-(2-
Hydroxyethyl) piperazine-1-propanesulfonic acid (EPPS, Sigma-
Aldrich) in 1 M NH40OH (ultrapure, Fluka) was prepared at pHp 8.2
similar to (Campos and van den Berg, 1994). Contaminating metals were

Table 1

Kinetic parameters of the Cu-transport system in P. tricornutum. The Ky, and Viyayx
values (+ standard error of best-fit value) were calculated for the Cu-uptake
rates measured at Cu concentrations ranging from 2 nM to 2000 nM. The up-
take parameters were calculated using the Michaelis-Menten eq. (V = Vpax
[Culiotar / ([Culiotar + Km)), where V is the total Cu uptake rate (1072 mol
Cu-pm’z-h’l), Vmax is the maximum Cu uptake rates, [Cult is the total Cu
concentration (nM), and K, (nM total Cu) is the half-saturation constants of the
Cu uptake system. The Ky, as dissolved inorganic Cu (pM Cu'), was calculated by
equation [Cu’] = [Cultotal / (1 + K'epracy[EDTA] + 0.01 K'pjcy[Li] + 0.01
K'1acu[L2]), where K is the conditional stability constant of the ligand in the
culture media. R? is the regression coefficient of the Michaelis-Menten equation
fit to the data.

[Cultotal Kinetic parameters Value R?
0-2000 nM Vinax (1072 mol Cu-pm~2h1) 19.3 £ 10.6 0.86
Low-affinity K., (nM total Cu) 2636 + 2156

Kn (pM Cu') 1.37 £ 1.12
0-300 nM Vinax (1072 mol Cu-pm~2h1) 1.48 + 0.60 0.77
High-affinity Km (nM total Cu) 154 + 130

Km (pM Cu') 0.08 + 0.07
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removed from the pH buffer using 100 pM MnO», (Van Den Berg, 1982).
All solutions were prepared with UPW.

2.6. The conditioning media and study solutions for the experiments on
Cu ligand complexation and cellular Cu adsorption

The natural, filtered ESTOC seawater was UV irradiated (Ultra-Violet
photo-oxidation unit 7900-74 Ace Glass) for 4 h to remove any natural
organic ligand, which was confirmed by voltammetric determinations
(see below). Before the Cu complexation and sorption experiments, the
acclimated cells (in COpgpium Or Cymepium) Were transferred to the so-
called conditioning media, which consisted of UV-irradiated ESTOC
seawater, without vitamins, but with additions of nutrients and Cyclam.

To transfer the acclimated cells from the growth media to the con-
ditioning media and to avoid cell breaking, 1000 mL of acclimated cell
culture were gravity filtered (1.2 pm trace metal acid clean pore-size
nitrocellulose, Sarthorius™). Filters with the cells were rinsed five
times with 20 mL of the corresponding ‘conditioning media’ to remove
vitamin excess. The transfer was concluded by introducing the filter
with the cells into ~500 mL of conditioning media. The cells in the con-
ditioning media were then counted to ensure proper cell concentrations
and checked to confirm that they remained morphologically intact. The
conditioning media with the cells were then placed in the culture chamber
for a maximum of 3 h.

After this period, the 500 mL of the conditioning media with the cells
was gravity filtered onto a 1.2 pm pore-size nitrocellulose filter (Sar-
thorius™). The cells were rinsed five times each with 20 mL of UV-
irradiated and sterilized seawater and were then re-suspended in
~200 mL UV-irradiated and sterilized seawater, free of Cyclam (named
here study solution), ensuring final cell concentrations of 25-80 - 10° cell
mL ! (Tables 2 and 3). The cells in the study solution were counted and
checked for intactness once more and were then used for the Cu ligand
complexation and cellular Cu adsorption studies.

2.7. Voltammetric determination of Cu speciation

A voltammetric system (Epsilon Basi, Inc.) connected to a hanging
mercury drop electrode (CGME, Basi, Inc.) was used for the Cu specia-
tion analysis. The reference electrode was Ag/AgCl with a salt bridge
filled with 3 M KCl, with a platinum auxiliary electrode. A magnetic
stirrer mixed the solutions during the deposition step. Oxygen was
removed by purging with 0.2 pm filtered high-purity nitrogen gas
(99.9995 %, Carburos Metalicos). The first two drops of the mercury
drop electrode were always discarded, and the third mercury drop was
used. Voltammetric cells (PTFE) used for the copper determination were
cleaned with 0.1 M HCl and rinsed with MQ water. The Teflon vials were
always conditioned overnight with trace metal-clean seawater before
the experiments.

2.8. Excreted Cu-binding ligands studies

The cells in the study solution were allowed to excrete Cu-binding
ligands for 3 min to 24 h, depending on the culture and date (see
Table 2). Approximately, ~200 mL of each study solution was filtered
onto a 0.45 pm pore-size filter (acid-clean nitrocellulose, Sarthoriu™).
In this filtrate solution, we determined the concentration of total dis-
solved Cu (Cur) and ligands, as well as the complexing constants.

Total dissolved Cu concentration (Cur) in the filtrate solution was
determined by Differential Pulse Cathodic Stripping Voltammetry
(DPCSV) using four standard additions and SA as a competitive ligand.
Ten mL of the filtered study solution were UV-irradiated for 4 h (Campos
and van den Berg, 1994), followed by additions of SA (final concentra-
tion of 20 pM) and 100 pL of 1 M EPPS buffer (0.01 M final concen-
tration) to adjust the pHg to 8.2. The DPCSV conditions were: Deposition
Potential at —50 mV for 60 s, Quiet Time for 10 s, Initial Potential at
—150 mV and Final Potential at —600 mV. The Step was 4 mV, Pulse
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Table 2
Time variability of excreted Cu-binding ligands by Phaeodactylum tricornutum grown in control (duplicate cultures) and low Cu media (i.e., Cyclam; triplicate cultures).
Experimental conditions: pHg 8.20 + 0.05; initial [Cu] (i.e. [Culo) = 4.4 - 1071° mol L™, and cell densities in the range of 50-80 - 10° cell mL ™. ac, = [g;gl} =32,
feari = WK -
Treatment  Time [Cu®*] (1071® L1 (1071° mol L1 (1071° mol log log K& L, (1072 mol L (107° mol log log K& log feu'yL,
- mol L) L pm?) Ky, L pm~?) Kur
)
Control 0.04 5.7 +£0.2 2.0+0.8 0.81 £ 0.3 13.7 £ 15.2 + 1.0+ 0.2 4.04 £ 0.3 123 £ 13.8 £ 3.97
0.6 0.6 0.2 0.2
1.22 7.6 £ 0.6 23104 0.94 £ 0.1 13.6 + 15.1 + 1.0 £ 0.2 4.29 £ 0.1 12.1 + 13.6 £ 3.92
0.8 0.8 0.1 0.1
217 6.4 £ 0.5 2.4+ 0.4 0.99 + 0.1 13.6 + 15.1 + 1.6 £ 0.2 6.66 + 0.1 119 + 13.4 £ 3.95
0.6 0.6 0.1 0.1
2.2 6.0 +£ 0.5 29+04 1.21 +£ 0.2 13.6 £ 15.1 + 1.4 +£0.2 5.73 £0.4 119 + 13.4 + 4.03
0.6 0.6 0.1 0.1
5.79 4.6 + 0.6 3.1+0.3 1.29 £ 0.1 14.2 + 15.7 £ 1.7 £ 0.7 7.10 £ 0.5 115+ 13.0 £ 4.73
0.7 0.7 0.1 0.1
16.65 7.3+£0.5 42+03 1.73£0.3 13.8 + 15.3 + 1.1+0.6 4.64 + 0.2 11.8 £ 13.3 £ 4.42
0.9 0.9 0.3 0.3
24.14 3.2+03 3.6 +£0.6 1.51 £ 0.2 135+ 15.0 + 1.2+0.1 4.90 + 0.3 12.2 + 13.7 £ 4.07
0.2 0.2 0.2 0.2
Mean 58+15 29+0.8 1.21 £0.3 13.7 £ 15.2 + 1.3+0.3 534+1 12.0 £ 135 £ 4.16 +
0.3 0.3 0.3 0.3 0.3
Cyclam 0.07 2.4+£0.2 5.5+ 0.4 2.08 £ 0.2 13.5 + 15.0 + 0.9 +0.2 3.38 £ 0.8 119 + 13.4 £ 4.23
0.1 0.1 0.2 0.2
0.5 3.4+03 23+0.4 0.87 £0.1 141 + 15.6 + 1.1+0.5 412+1 124 + 139+ 4.41
0.2 0.2 0.2 0.1
1.01 4.4 +£0.8 3.5+0.3 1.34 £0.1 14.3 £ 15.8 + 0.8+0.3 291 +1 12.0 £ 135 £ 4.89
0.6 0.6 0.2 0.2
2 3.2+09 3.5+0.9 1.32+0.3 13.6 + 151 + 1.5+ 0.6 5.65+ 2 121 + 13.6 + 4.1
0.8 0.8 0.3 0.3
5.23 1.9+0.2 6.2+ 0.6 2.33+0.4 13.4 + 149 + 1.8+0.8 6.69 + 2 119+ 134 + 4.16
0.2 0.2 0.2 0.2
16.83 57 +0.2 2.6 £0.2 0.98 +£ 0.1 14.0 £ 15.3 + 1.7 £ 0.6 6.46 + 2 119 + 13.4 + 4.23
0.2 0.2 0.1 0.1
22.66 3.7+0.2 3.9+0.2 1.49+£0.1 143 £ 15.8 + 1.5+ 0.5 579+ 2 12.0 £ 135+ 4.84
0.1 0.1 0.2 0.2
23 3.5+03 3.0+0.3 1.12+0.1 14.4 + 159 + 1.3+0.3 491 +1 121 £ 13.6 £ 4.83
0.2 0.2 0.2 0.2
Mean 3.5+20 38+14 1.55+ 0.5 139+ 154 + 1.3+£04 499 +£1 12.0 + 135+ 4.46 +
0.4 0.4 0.2 0.2 0.3
Table 3

Cellular Cu adsorption onto cell surface binding sites of P. tricornutum after being cultured on two different media, with and without azide (NaN3) treatment. Note that
after the azide addition, only one binding site was detected. Experimental conditions: pHr = 8.01 =+ 0.05, total alkalinity 2400 pmol kg’l, ey = 20 (i.e. agy = [Cu'l/
[Cu?*1). Initial Cu concentrations ranged from 0.41 to 29.50 nM. n, number of cultures studied; for the NaN; addition treatments, the error displayed is the one
associated with the experimental data fitting.

Treatment (n) ~ Biomass (10° [=S:1 (10" [=5:1107°  logK,, logk e logfos, [=S21 (10°*° [=82] 107°  logK,,  logK
cell mL™1) mol pm’z) mol L) ! o mol pm’z) mol LY : o

Control (4) 61+6 5.51 + 0.2 1.6+ 0.3 12.93 + 142401 413+ 4.93 + 0.1 14.0 + 5.4 81+ 9.4+0.1
0.06 0.07 0.1

Cyclam (3) 71+ 10 7.85 + 0.3 1.8+09 12.90 + 142+ 4.16 + 6.56 + 0.2" 21.3 + 7.0° 78+ 91401
0.04 0.04 0.22 0.1

Control-NaN; 45 + 10 - - - - - 10.6 + 1 225+ 7.7 7.9 + 9.3+0.1
(€5 0.1

Cyclam-NaN; 25 + 10 - - - - - 162+ 0.1 143+7.4 8.1+ 9.5+0.1
(€9)] 0.1

" Represent the values that are statistically different (p < 0.05) with respect to the Control.

Width of 35 ms, Pulse Period of 200 ms and Pulse Amplitude of 50 mV.
The concentrations of inorganic Cu (Cu’) and Cu-binding ligands (L)
in the filtrate solution were determined by DPCSV with ligand competi-
tion against SA. The filtrate solution was split into 20 vials by duplicate
(Teflon Savilex vials) with 10 ml each and were spiked with EPPS buffer
(final concentration of 0.01 M), Cu additions in the range 0 to 10nM (1 h
equilibrated) and SA (final concentration of 10 pM SA), and equilibrated
overnight before analysis (Campos and van den Berg, 1994) (Fig. S1).
The copper speciation in the filtrate solution (i.e., the Cu-binding li-
gands (L;) and the conditional stability constants (K¢ ;) were computed

using the ProMCC software (Table 2) (Omanovic et al., 2015). Due to the
use of EPPS buffer, pHp for the complexation studies was 8.2 and the side
reaction coefficient for Cu (o = [Cu®*]/[Cu’] set to 32 (Turner et al.,
1981). The ligand type was classified as in Ruacho et al. (2022)

To ensure the absence of natural organic ligands in the UV-irradiated
ESTOC seawater, with and without nutrient additions, used in the
preparation of the study solution, Cu titrations were also carried out, and
no ligands were detected.
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2.9. Cell surface Cu-adsorption studies

For the cell surface Cu-adsorption studies, the optimal adsorption
time for Cu was first established using kinetic adsorption studies, by
characterizing the adsorption of 4.9 & 0.1 nM Cu as a function of time,
ranging from 1 min to 24 h, in nutrient-enriched, UV-irradiated ESTOC
seawater at its natural pHg of 8.01 + 0.05 (Fig. S2). The biomass for the
adsorption studies ranged between 25 and 71 - 10% cell mL™!. This
experiment established that the required contact time to allow chemical
equilibrium between the cell surfaces and the added Cu was 10 min
(Fig. S2), as previously described (Gonzdlez-Davila, 1995).

Once the optimal Cu adsorption time was determined, 20 acid-
cleaned Teflon vials with 20 mL of cells in the study solution were
prepared. Specific experimental conditions are listed in Table 3. In
essence, a specific Cu addition, ranging from O (blank, a set of two) to
~29 nM, was made to each vial, and was allowed to equilibrate for 10 +
0.1 min at room temperature (20 + 0.2 °C). After this 10 min contact
time, the cells were removed from the study solution using a 0.45 pm
pore-size filter (acid-clean nitrocellulose filter, Sarthoriu™). After
filtration, the adsorbed Cu onto cell surfaces (Cuads) was determined
from the difference between the Cu concentration added to the solution
(plus the initial background Cu in the seawater) (i.e., Cur adq) and the Cu
concentration in solution after the cells were removed (Cug‘gf) (i.e., Cur,

add — Cu®% = Cu?®), Cu®® may also contain ligands excreted by the cells

during the experiment, such that [Cu’%] = [Cu]+ Y[CuL;]. Therefore,

sol
before determining Cu’%, the samples were UV-irradiating for 4 h to
destroy the organic ligands. These Cu-binding ligands excreted by the
cells during the adsorption experiments were also measured, as these
excreted ligands may compete for Cu with Cu-binding sites at the cell

surface.

2.10. Characterizing reductase activity at the cell surface Cu-binding sites

To investigate the reductase activity at the Cu-binding sites, a set of
Cu adsorption studies were done with P. tricornutum, after exposure to
0.01 M sodium azide (NaNs3, Sigma-Aldrich Reagent Plus) (Martinez
et al., 2008) for 60 min. The cells were washed 5 times with UV-
irradiated seawater to remove any excess of azide, before the Cu
adsorption capacity determinations.

2.11. Candidate genes and sequence analysis

Genes potentially involved in Cu transport (Table 4) were identified
in the P. tricornutum (CCAP1005) genome (JGI; https://mycocosm.jgi.do
e.gov/Phatr2/Phatr2.home.html) by blastp searches using homologous
genes from the yeast and the marine diatom T. pseudonana (CCMP 1335)
and T. oceanica (CCMP 1005). They included members of the CTR
family, ferric reductases (FRE1, FRE2), the NRAMP and genes of the ZIP
family (Kustka et al., 2007; Guo et al., 2015; Kong and Price, 2019,
2022a).

The conserved motifs of PtCTR N-terminus were analyzed by
comparing its protein sequence with homologs from CTRs of H. sapiens
(hCTR1: AAB66306) and T. oceanica CCMP1005 (ToCTR3a: EJK74005),
for which the functions on Cu transport were confirmed by the yeast
complementation assays (Kong and Price, 2019; Kar et al., 2022). Mul-
tiple alignments were performed with Clustal Omega (http://www.ebi.
ac.uk/Tools/msa/clustalo/; Sievers et al., 2011).

2.12. Computation of the binding properties of cell surface Cu adsorption
sites

During the adsorption experiments, the total dissolved Cu (Cur,add,
which includes the background Cu concentration and the added Cu) may
be distributed between inorganic and organic ligands in solution and on
the cell surface,
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Table 4

Gene list of potential Cu transporters and its associated reductases in three
model diatoms. Genes potentially involved in Cu transport were identified in the
P. tricornutum genome (JGI; https://mycocosm.jgi.doe.gov/Phatr2/Phatr2.ho
me.html) by blastp searches using homologs of Cu transporters and reductases
identified in S. cerevisiae, T. pseudonana, and T. oceanica (Dancis et al., 1994;
Larimer et al., 2004; Guo et al., 2015; and Kong and Price, 2019, 2022a). The
P. tricornutum CCAP1055/1 clone represents a monoclonal culture derived from
a fusiform cell in May 2003 from strain CCMP632, which was originally isolated
in 1956 off Blackpool (U.K.). For ZIP, we identified 10 ZIPs in the P. tricornutum
genome, 8 ZIPs in T. oceanica 1005 genome and 8 ZIPs in the T. pseudonana
genome. Here we only list the PtZIPs that are homologs of TpZIP268980, which
was down-regulated under low Cu growth conditions, and TpZIP32375, which
was upregulated when Cu-limited cells were exposed to a Cu addition (Guo et al.,
2015). The genes identified in previous studies as most likely to be linked to Cu
transport are highlighted in bold.

Genes P. tricornutum T. pseudonana T. oceanica
CCAP1055/1 CCMP1335 CCMP1005
High affinity copper PtCTR (49224%) TpCTR (24275) ToCTR1
(31553)
Transporters (CTRs) PtCTR (47805) TpCTR (9391) ToCTR2
(30982)
PtCTR (48793) ToCTR3a
(04344)
ToCTR3b
(17625)
Ferric reductases (FREs) ~ PtFRE1 (54486) TpFRE1 (11375) ToFRE1
(06605)
PtFRE2 (46928) TpFRE2 (3129) ToFRE2
(13522)
PtFRE3 (54940) ToFRE3
(27289)
PtFRE4 (54409) ToFRE4
(20372)
PtFRES (54982)

Natural resistance- No hit TpNRAMP ToNRAMP
associated (9840) (00493)
macrophage protein
(NRAMP)

Zrt/IRT-like proteins PtZIP (49400) TpZIP (268980) ToZIP
(ZIPs) (01483)

PtZIP (26405) TpZIP (32375) ToZIP
(16050)

PtZIP (38445) ToZIP
(16051)

PtZIP (52343) ToZIP
(22051)

PtZIP (22166) ToZIP
(24780)

" Protein ID
[Curaaa] = [Cu] + [CuLy] + [CuLo] + Y [ = SiCul- (“o']fe“> ¢h)

where Cu' represents the inorganic Cu concentration (mol L™1); Cul,
and CuLy (mol L) represent the Cu bound by dissolved organic ligands
L; and Ly produced by the phytoplankton (at least two types of ligands
were considered) and = S;Cu was the Cu bound to any cell surface Cu
binding sites (mol cell ™), converted to mol L™} after multiplying by the
cell number in each study (cell L™). The corresponding conditional
complexation constants for the dissolve (L;) and the cell surface (= S;,
after in expressed as S;) binding sites (for simplicity expressed as K for
the inorganic Cu) are:

Cu 4Ly o Culy Ke, = 1881140 (L) @
[Cu][L,]  \mol

Cul 4 Ly & Culy Kew, = o2 (L> 3)
[Cu][L,]  \mol


https://mycocosm.jgi.doe.gov/Phatr2/Phatr2.home.html
https://mycocosm.jgi.doe.gov/Phatr2/Phatr2.home.html
http://www.ebi.ac.uk/Tools/msa/clustalo/;
http://www.ebi.ac.uk/Tools/msa/clustalo/;
https://mycocosm.jgi.doe.gov/Phatr2/Phatr2.home.html
https://mycocosm.jgi.doe.gov/Phatr2/Phatr2.home.html
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mol
Cu+S;©S,Cu Kugs, = [SI,CH] :in <L61> — (L) 4
[Cu][Si] (m) (m) mol
L cell
4
[Cu][S,] (mTOI) (%) mol

Two types of cell surface Cu binding sites were also assumed. The
total ligand concentration, L, able to complex Cu in solution and on the
cell surface, was calculated using:

Cu 4, © $,Cu Kyg, =

[Lr] = [Lai] + [Lra] +[ So]
= [Ly] + [CuLy] + [Lo] 4 [CuLy] + [S1] + [S1Cu] + [S2] + [S2Cu] (6)
The total cell surface Cu binding sites, [ St|, was determined as:
[ ST} = [S]] + [SICU} + [Sz] -+ [SzCu]
= [S]] + Kadgl Cu[Sl] + [Sz] + KudSZCu[Sz]

= [Sl](l +Kads|Cu) + [Sz](l +Kad52Cu)[ = ST} = [ = Sl] +[
=S,Cu]+[=S,]+[=S,Cu]l =[= 5] +K’ads,]cu'[ =S/ +]

= 8:]+K,, Cul =8 = [=5](1+K,, Cu) +]

=5:J (14K, Cu) %)

In the excreted Cu binding ligands studies, the data treated using the
ProMCC software allowed to compute the complexing properties ([Lt],
[Lr2]l, Keur, > Keu, and [L;] and [Ly]) and Cu speciation in the solution
([Cu®*], [Cu]and [CuL,] and [CuL,)).

When the adsorption studies were carried out, the total Cu ( [CUT.add] )
was known, and that in solution after 10 min adsorption equilibration
([Cu®]) (ie., [Cut%] = [Cu]+ [CuL]+ [CuL,]) was determined in the

sol sol
UV-irradiated solution. The three components of Cu?® and the bindings
constants of the cell surface Cu binding sites were computed considering
the competition between the dissolved ligands and cell surface binding
sites, using a custom MATLAB iterative routine. In a first approximation,
it was assumed that K,qs, < Kags; < Kcur, < Keur, and, therefore the cell
surface Cu adsorption did not significantly affect the equilibria between

Cu and the excreted dissolved ligands, so that

[Cu*®] = [Cu]+ [CuLy] + [CuL,] = [Cu] + Keu, [Cu]-[Li] + Keur, [Cu]-[Lo]
= [Cu](1 + Keu, [ Li] + Keuro [La])
(8
where, for excreted dissolved ligand type 1
(L]
Ll=—F"——— 9
L] 1+ Keu, [Cu] ©)
and
[CuL] = Keu, -[Cul-[Ly] 10)
For the excreted dissolved ligand type 2,
(L]
L)=——7F—"— 11
(L] 1 + Kcur,-[Cu] (11)
and
[CuL,] = Keyr, [Cu]-[Ly) 12)
Therefore,
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' [Cuiy]
[Cu] = 1+ Keur [Li] Kcu, [L12] a3)
14+Kcur, [Cu] 1+Keur, [Cu]

In order to compute [Cu] in equilibrium with the adsorbed Cu,
([Curae] — [Cu2%]), an iterative procedure was performed assuming as a

sol

first step that [Cu] = [Cu’}]. Then, a Scatchard and van den Berg/Ruzic
plot (Laglera-Baquer et al., 2001) was applied and the corresponding
adsorption variables for each of the possible data distributions at the pH

of the solution were computed.

[SCu]

[Cu/] = - KadS'[Scu} + [S}'Kads (14)
[Cu] [Cu] 1
SCu 18] " Kue ) 1>

It was determined that K4, < Kcur, < Kaas; < Kcur, - The constants of
the cell surface Cu binding sites were thus included in a new iterative
procedure.

, [Culy]
[Cu] = 1+ Keur, [Lr1] Keur, [L12] Kags, [S1] Kags, [S2] (16)
14Kau, [Cu] T 14+Keus, [Cu] | 14Ky, [Cu] T 14+Kqaq, [Cu]

where the new [Cu] was used in the Scatchard plot to recalculate new
cell surface Cu binding sites parameters until the values converged
(better than 0.1 %).

2.13. Statistical analysis

The results of the Cyclam treatment were compared with those of the
control using a two-sample Student's t-test. Following Semeniuk et al.
(2015) and Winter (2013), Type I (false positives) can be considered
when the two-way t-test is applied to a limited dataset with non-normal
distributions. Type II errors (false negatives) can only be detected when
the mean values are high. Considering the lack of Student's t-distribution
for the current dataset, the statistical analysis of these data is limited and
can only be used to distinguish relatively large differences between
mean values that would be statistically significant for p < 0.05. The
statistical analysis was carried out using the software Past version 3.15.

3. Results
3.1. Growth rate

The acclimation of P. tricornutum to the two growth conditions
considered, control (COygprum) and low Cu availability (Cymepium), was
monitored before the excreted Cu-binding ligands studies and the cell
surface Cu-binding site studies. The exponential absolute growth rates p
(d™1) obtained for these cultures were very similar, ranging between
0.94 and 1.03 d"! (Table S2). In the fully enriched f/2 media, the growth
rate achieved by P. tricornutum was usually faster (1.72 d’l). The surface
area of P. tricornutum grown under control was significantly higher than
in low Cu conditions (Table S2).

3.2. Cu uptake kinetics of P. tricornutum

Fourteen Cu concentrations, ranging from 2 to 2000 nM, were used
in the Cu uptake kinetics experiments. For each concentration, cellular
Cu accumulation (zmol pm’z) increased linearly as a function of time in
the course of approximately 2.5 h. The rates of Cu uptake as a function of
Cu concentrations exhibited biphasic Michaelis—-Menten uptake kinetics.
The first phase was observed at low Cu concentrations (0-300 nM),
while the second one was observed at higher Cu concentrations (up to
2000 nM) (Fig. 1). This biphasic uptake saturation kinetic pattern was
assumed to reflect the simultaneous operation of a high- and a low-



M. Gonzalez-Davila et al.

affinity uptake system at low and high Cu concentrations, respectively
(Knauer et al., 1997), as previously observed for two other marine di-
atoms, T. oceanica and T. pseudonana (Guo et al., 2010).

The maximum rates of Cu uptake (Vax) of the low and high-affinity
Cu transport systems differed by approximately 13-fold and were 19.26
+10.6 and 1.48 + 0.6 zmol pm 2 h™?, respectively (Table 1). The half-
saturation constant (Ky,) of the high-affinity uptake system (0.08 + 0.07
pM Cu') was ~17-fold lower than that of the low-affinity Cu transport
system (1.37 £ 1.12 pM Cu’).

3.3. Cu-binding properties of the P. tricornutum exudates

Cultures of P. tricornutum, grown in the control and low Cu condi-
tions, were allowed to excrete Cu-binding ligands for various time in-
tervals, ranging from 3 min to 24 h (Table 2). The excreted ligands were
investigated using voltammetry at pHp 8.2 + 0.05 (buffered ESTOC
seawater) and in the presence of background Cu concentrations ([Culg
=4.41 - 107'° mol L_l) (Fig. 2, Table 2). Regardless of excretion time,
the L; concentrations were practically constant for cells acclimated to
both culture conditions, with mean values of 2.9 + 0.8 - 10710 (COME-
pium) and 3.8 + 1.3 - 10710 (Cymepium) mol L7! and with a mean log
Kcur, 0f 13.7 £+ 0.3 and 13.9 + 0.4, respectively. When expressed as log
Key2rp, (Table 2), Ly ligands correspond with the highest strength li-
gands range defined in Ruacho et al. (2022). The concentrations of Ly
ligands excreted by the cells were one order of magnitude higher than
those of L, with mean concentrations of 1.3 & 0.3 - 10’9, and 1.3 + 0.4
-107° mol ™! and log Kcur, K'cur,,0f 12.0 + 0.3 and 12.0 + 0.2 for the
control and low Cu availability media, respectively. No statistical dif-
ferences among the treatments or time intervals within treatments were
found. The latter results (Table 2) indicate that the ligands were excreted
by the cells within 3 min (0.04 h) in the study solution and remained
steady for the duration of our measurements (i.e., 24 h).

The estimated concentrations of free Cu (i.e. [Cu®>]) did not vary
significantly between the treatments, averaging 5.8 = 1.5 - 10! and
3.5+ 2.0 -1071% mol Cu®" L1 for the cells acclimated to the control and
low Cu availability media, respectively. This indicates that the Cu-
binding ligands excreted by P. tricornutum acclimated to low Cu are
very similar to those of the control and would have a similar effect on Cu
speciation.

Note that since the seawater was UV-irradiated and the
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Fig. 2. Cellular Cu adsorption onto cell surface binding sites of P. tricornutum,
grown in control and low Cu media (i.e., Cyclam) as a function of the remaining
Cu concentration in solution, after Cu additions ranging between 0 and 29 nM,
at constant pHr = 8.01 + 0.05. The insert plot represents the adsorption when
the remaining Cu concentration was <4 nM.
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phytoplankton were rinsed with organic-free seawater, the ligands
determined in these studies correspond to those excreted by the
phytoplankton. Moreover, due to the fact that to achieve maximum
sensitivity (Campos and van den Berg, 1994), the voltametric ligand
titration method is done at pHp 8.2 rather than at ambient ESTOC pHp
8.01 + 0.05, the [Cu2+] in the ambient ESTOC seawater - assuming the
organic to inorganic ligands ratio remains constant- should increase to
9.3+2.4-10 ®and 5.6 + 3.2 - 107 ** mol Cu®" L.

3.4. Kinetic studies of Cu-binding sites at the cell surface

Copper sorption kinetics were carried out to provide a quantitative
characterization of the Cu-binding capacity of the cell surface of
P. tricornutum, after growing in the control and low Cu media. The
percentage of Cu sorbed onto P. tricornutum as a function of time, during
280 min, in the presence of a total Cu concentration of 4.87 - 10~° mol
L ! (i.e., added 4.43 - 102 mol L + initial [Cu] of 4.4 - 10 mol L™}
ranged between 20 and 60 % (Fig. S2). Like previous observations with
higher Cu concentrations (at pM levels; Gonzalez-Davila et al., 1995),
most of the Cu (about 55 % of the total added) was adsorbed within the
first 10 min of equilibration time. After this 10 min (Fig. S2), the sorbed
Cu onto the cell surface increased slightly due to membrane diffusion-
uptake processes (Gonzalez-Davila, 1995). Therefore, 10 min contact
time was used in all the adsorption studies. Using the fastest Vpax from
the P. tricornutum Cu uptake experiments (19.3 - 10 2! mol Cupm 2h ™},
Table 1) and the cell density in the sorption experiments (Table 3), we
calculated that the maximum % of the absorbed Cu due to uptake in the
first 10 min was 0.1 %.

3.5. Characterizing Cu-binding sites at the cell surface of P. tricornutum

The cell surface Cu-binding sites were measured at Cu concentrations
ranging from ~0-30 nM, which are much lower than previous studies (i.
e., >100 nM; Gonzalez-Davila et al., 1995) (Fig. 2; Table 3). In the
presence of these low Cu concentrations and these experimental con-
ditions, (i.e., study solution with 0.45 nM Cu, and the cells and their
excreted dissolved Cu-binding ligands), a competition for Cu between
the high-affinity ligands in solution and the Cu-binding groups at the cell
surface is expected to occur.

The shape of the adsorption curves (Fig. 2) was biphasic, unlike those
in previous phytoplankton adsorption studies (Gonzdlez-Ddvila, 1995),
which exhibited a monophasic hyperbola. The curves identified two
types of adsorption sites at the cell surface. An iterative MATLAB routine
(see methods) was applied to compute the concentrations of Cu-binding
ligands at the cell surface (S; and Sy, Table 3) after accounting for the
excreted Cu binding ligands in solution (L; and Ly, Table 2), as well as
their respective complexing properties. The results indicate that the
algal surface properties presented two types of Cu-binging sites, with log
Kaas, and logK,qs, for the control cultures ranging from 12.93 + 0.06 to
8.1 £ 0.1 for the high- and low-affinity cell surface Cu-binding sites,
respectively (Table 3). Furthermore, the density of these two types of
Cu-binding cell surface sites for the control cultures differed by an order
of magnitude, with an average surface density of 5.51 + 0.2 - 10~ ° and
493 + 0.1 - 107'® mol pm™2 for the high- and low-affinity sites,
respectively.

In addition, the properties of the Cu binding sites at the cell surface of
P. tricornutum grown under control versus low-Cu conditions were
different. For example, the density of the high-affinity adsorption sites
on the cell surface (Table 3) was significantly higher for the cells grown
in the low Cu treatment relative to the control (7.85 + 0.3 vs. 5.51 £+ 0.2
- 107! mol pm™2, respectively). Similarly, for the low-affinity adsorp-
tion sites, the cells grown under low Cu had a significantly higher
density than those in the control treatment (6.56 + 0.2 vs. 4.93 + 0.1 -
10718 mol pm~2, respectively). In contrast, neither the affinity constant
of the high- nor the low-affinity adsorption sites significantly differed
between the two growth treatments.
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To determine the biotic or abiotic nature of Cu-binding sites at the
cell surface of P. tricornutum, additional measurements were done in the
presence of azide-treated algal cells (Table 3). Azide inhibits electron
transport activity (Anderson and Morel, 1982; Martinez et al., 2008).
Thus, if a reductive step is involved in Cu-binding and/or transport, the
Cu-binding site would be inhibited in the presence of azide. After the
addition of azide, only the low-affinity cell surface sites (i.e., average

density of 18.4 - 1072 mol L7}, and logKadsZZogde“; of 8.0 &+ 0.1)
remained active.

3.6. Comparing high-affinity Cu-binding sites at the cell surface of
P. tricornutum vs. high-affinity ligands released into solution by
P. tricornutum

The high-affinity Cu-binding sites at the cell surface of P. tricornutum
present similar affinity constants under the two growth conditions, with
an average logK,q;, of 12.9 + 0.1 (Table 3). These constants were be-
tween the high- and low-affinity constants for the ligands excreted by
P. tricornutum in solution (Table 2). When the concentrations of Cu-
binding sites were normalized to cell densities (i.e., expressed as mol
L), the concentration of the high-affinity Cu-binding sites on the cell
surface (1.6-1.8 - 1072 mol L’l; Table 3) were one order of magnitude
higher than those high-affinity ligands released into solution by
P. tricornutum (2.9-3.8 - 1071% mol L™Y; Table 2).

Using the voltammetric kinetic measurements and a theoretical ki-
netic model (i.e., Cu +L; < CuL; or Cu + S; < CuS;)—solved by the
Gepasi software (Mendes, 1997)—we calculated the forward and
dissociation rate constants of these high-affinity Cu-binding sites at the
cell surface and those released by P. tricornutum (i.e., Sy vs. Ly; Table 5).
The highest forward rate constants, with respect to Cu, were observed
for the ligands released into solution (i.e., ranging from 6.0 to 8.81 - 10%
M ! s7! for Cu), relative to the high-affinity Cu binding sites (i.e.,
ranging from 1.10 to 1.20 - 10 M~! s7! for Cu). In contrast, the
dissociation rate constants were faster for the high-affinity, cell surface
Cu binding sites S; (~1.33 - 107 s7! for Cu) than the high-affinity L,
ligands released by P. tricornutum (0.88-1.19 - 107° s~ ! for Cu).

4. Discussion

Marine phytoplankton can release strong organic complexes for Cu
to lower toxicity (Coale and Bruland, 1988; Moffett and Brand, 1996;
Echeveste et al., 2018; Gordon et al., 2000; Croot et al., 2000). Diatoms
have been shown to take up Cu via low and high-affinity transport
systems (Guo et al., 2010; Kong and Price, 2019). In this study, using a
combination of voltammetric measurements and physiological studies,
we characterized the Cu uptake kinetics of P. tricornutum, identified the
putative genes involved in the low- and high-affinity Cu transport sys-
tems (Table 4), as well as determined the complexing properties of
strong organic Cu ligands released by P. tricornutum (Table 2), and Cu-
binding sites at its cell surface (Table 3). These data were then com-
bined to determine the formation rate constants of the Cu transporters at

Table 5
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the cell surface of P. tricornutum, as well as the internalization rate
constant of Cu transport. The data were compared with those for Fe
transport in the centric diatom, T. weissflogii. Furthermore, the rela-
tionship between the concentrations of essential inorganic trace metals
in oceanic surface waters and the complexation rate constants (kg) of the
respective trace metal transporter sites on the cell surface of marine
diatoms was revisited.

4.1. Growth rates of P. tricornutum in enriched, natural North Atlantic
seawater

The P. tricornutum cells were grown in macronutrients and vitamins-
enriched natural N. Atlantic seawater (ESTOC) collected in the oligo-
trophic waters off the coast of the Canary Islands. In the low Cu treat-
ment, the growth rate of P. tricornutum was not significantly slower than
that in the control treatment, but the cellular surface area was signifi-
cantly smaller. Interestingly, the P. tricornutum growth rates in the
control and the Cyclam treatments were significantly slower than those
in regular f/2 medium (i.e., with additions of macronutrients, vitamins
and all essential metals: Cu, Co, Mn, Mo, Zn, and Fe bound to 10 pM
EDTA). Even though the concentrations of trace metals in the ESTOC
seawater were relatively low (Table S1), our study aimed to investigate
the physiology of P. tricornutum in natural trace metal oceanic condi-
tions; thus, we purposely did not add any metals or EDTA.

Marine diatoms may change their physiology and transcriptome
before their growth rates are affected by low Cu conditions (Kim and
Price, 2017; Kong and Price, 2022a). So, similarly, even though there
were no significant differences in growth rates between the control and
the low Cu P. tricornutum cultures. The 25 % reduction in cell surface
area and the voltammetric measurements suggest a series of physio-
logical adaptations to low Cu availability in P. tricornutum. For example,
the density of the high-affinity Cu-binding sites at its cell surface was 1.4
times higher in cells grown with low Cu than those of the control.
Therefore, in the discussion below we assume that P. tricornutum was Cu-
stressed, but not Cu-limited.

4.2. Copper uptake kinetics of P. tricornutum

The biphasic Cu uptake saturation kinetic pattern was assumed to
reflect the simultaneous operation of a high- and a low-affinity uptake
system (Knauer et al., 1997), as previously observed for two other ma-
rine diatoms, T. oceanica and T. pseudonana (Guo et al., 2010; Kong,
2022).

Careful examination of the data indicates that between 700 and
1000 nM Cu, there is a large increase in Cu uptake, which then quickly
plateaus. In our previous investigation with T. pseudonana (Guo et al.,
2010), a sharp increase in Cu uptake was also noted between 700 and
1000 nM Cu (see Fig. 1, in Guo et al., 2010), so there might be a
threshold Cu concentration at which phytoplankton are unable to
properly control the influx of Cu into the cell, and thus Cu uptake con-
tinues to increase and does not saturate. We actually observed this for
the low-affinity Cu transport system of T. pseudonana (a coastal diatom)

Formation and dissociation rate constants of the excreted Cu-organic ligands (i.e., L; and L,) and surface Cu-binding sites (i.e., S; and S,), computed using the vol-
tammetric measurements and a theoretical kinetic model (i.e., Cu + L; <> Cu'L; or Cu + S; <> Cu'S;)—solved by the Gepasi software.”

Media Cu-binding ligands excreted Surface Cu-binding sites Cu-binding ligands Surface Cu-binding sites

kM 1s7t(Cu) kM 1st(Cu) kqs ! (Cu) kqs™ (Cu)

Ly Lo S Sy L Ly S Sy
Control 6.0 - 10° 8.81- 108 1.20 - 107 4.75 - 10° 1.19-10°° 8.70 - 10~* 1.30-10°° 7.30 1073
Cyclam 7.1-108 8.81-10° 1.10 - 107 3.01-10° 8.80 - 107° 8.70 - 10~* 1.35-107° 450 -107°
Average 6.58 - 10° 8.81-10° 1.15- 107 3.88 - 10° 1.04-107° 8.70 - 10~* 1.33.10°° 5.90 - 10"
SD 7.35 - 107 1.41-10° 7.07 - 10° 1.23-10° 2.19-10°° 1.41-1077 3.54.10°8 1981073

Average values are shown in bold for easier visualization.

# Gepasi software (version 3.30; Mendes, 1997) is a simulation of biochemical reactions and allows the introduction of kinetics and equilibrium reactions.
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grown under Fe replete conditions, in the presence of low or high Cu
concentrations (see Table 3, in Guo et al., 2010); but not for T. oceanica
(and oceanic diatom). Further studies are needed.

The maximum rates of Cu uptake (Vax) of the low and high-affinity
Cu transport systems in P. tricornutum differed by approximately 13-fold
(Tables 1 and 6). The half-saturation constant (Kp,) of the high-affinity
uptake system (0.08 & 0.07 pM Cu) was ~17-fold lower than that of
the low-affinity Cu transport system (1.37 + 1.12 pM Cu). The high-
affinity Ky, of P. tricornutum was like that of the oceanic centric di-
atoms T. oceanica (0.08 pM Cu) and 8-fold lower than that of the coastal
diatom T. pseudonana (0.64 pM Cu) (Table S3). P. tricornutum is an
important model organism for studying Fe acquisition and homeostasis
mechanisms in eukaryotic phytoplankton (reviewed by Sutak et al.,
2020), and is well adapted to low Fe conditions (Kustka et al., 2007). So,
it is possible that P. tricornutum also easily adapts to low Cu conditions.

The genes potentially involved in Cu transport and homeostasis in
marine diatoms have been identified in the genome of coastal
T. pseudonana (CCMP1335; Guo et al., 2015) and the oceanic T. oceanica
(CCMP1005; Kong and Price, 2019). Thus, to identify the high- and low-
affinity Cu transporters in P. tricornutum, we searched the only
sequenced genome of P. tricornutum (CCAP1005) for homologs of the
components of the high-affinity Cu transport system (i.e., the high-
affinity Cu™ transporter, CTR; and the ferric reductases, FRE), as well
as two putative, low-affinity cut transporters (i.e., NRAMP and ZIPs),
and compared the results to those in T. oceanica and T. pseudonana
(Table 4).

In the sequenced genome of P. tricornutum, we identified three
candidate genes for the high-affinity Cu™ transporter CTR, as well as five
ferric reductase FRE (Table 4). Kustka et al. (2007) first identified

Table 6

Kinetic parameters of Cu transport in Phaeodactylum tricornutum grown in low
Cu conditions (this study), and of Fe transport in Fe-limited Thalassiosira
weissflogii from Anderson and Morel (1982), Harrison and Morel (1986) and
Hudson and Morel (1990). For further details about the data for T. weissflogii see
Hudson and Morel (1990). As indicated in the methods and legend of Table S3,
P. tricornutum K, for Cu (nM [Cul a1 0r pM [Cu']) was calculated for [Culiorar (i
e., total Cu concentration in nM) and for [Cu'] (i.e., the dissolved inorganic Cu
concentration in nM), which was calculated considering the presence of L; and
L, released by the algae (Table 3).

Kinetics parameters of Fe and Cu transport under low Me

conditions
Fe* Cu**
Thalassiosira Phaeodactylum
weissflogii tricornutum
Surface area (um?) 394 35
Saturation kinetics S S5
K, (nM
K (nM [Felrota) 640 [Cult) 154 2636
K (M
K (M Fe) 3.1E-09 Cu’) 8E—14 1.37E-12
Vimax (amol cell 1
hh 180 0.0518 0.6755
Vinax (amol pm ™2
h 0.456 0.00148 0.0193
Transporters
Density (amol
cell ™) 17-56 27.3 229.6
Density (x 10718
mol um’z) 0.043-0.142 0.78 6.56
e (M! 1.10 x
ke(Mts™h 0.9-1.3 x 10° shH 107 3.01 x 10°
1.35 x 4.50 x
ka(s™) 0-2x 1072 ka(s™H) 10°° 1072
5.27 x 8.17 x
kin (579 0.9-3x 1073 kin 671 1077 1077

*

Hudson and Morel (1990).
** This study.
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P. tricornutum, PtFRE1 and 2, as having the conserved required motifs
and secondary structure of NADPH-transmembrane oxidoreductases in
other model organisms, including Saccharomyces cerevisiae, Arabidopsis
thaliana, and Homo sapiens; and PtFRE1 and 2 have been suggested to be
involved in the enzymatic reduction of Fe>* during Fe uptake (Kustka
etal., 2007; Allen et al., 2008 reviewed by Sutak et al., 2020). Similarly,
TpFRE2 (Guo et al., 2015) and ToFRE1 and 2 (Kong and Price, 2022a,
2022b) were suggested to be involved in Cu?* reduction, and the high-
affinity Cu transport systems. In addition, ten ZIP-like proteins were
identified in the genome of P. tricornutum (CCAP1005), which transport
a variety of divalent metals, including Cu®* (Ajeesh Krishna et al.,
2020). One of these ZIPs, PtZIP49400 is a homolog of TpZIP268980
((Table 4), which was suggested to be the potential low-affinity Cu®*
transporter, given its downregulation in Cu-limited T. pseudonana (Guo
et al., 2015).

Surprisingly, in the genome of P. tricornutum we could not identify
homologs of NRAMP, another divalent, non-specific metal transporter
(Table 4), found in T. oceanica and T. pseudonana (Kustka et al., 2007;
Guo et al., 2015; Kong and Price, 2022a).

Of the three putative high-affinity Cu™ transporters (PtCTR) identi-
fied in the P. tricornutum genome, PtCTR(49224) exhibits the greatest
similarity to T. oceanica ToCTR3a, identified as a high-affinity Cu
transporter in T. oceanica (Kong and Price, 2019) (Table 4). Further-
more, P. tricornutum (PtCTR_49224: EEC44514) and T. oceanica
CCMP1005 (ToCTR3a: EJK74005) have the conserved motifs of the N-
terminus of the CTR protein in H. sapiens (hCTR1: AAB66306), which
has been studied in great detail (see below, Kar et al., 2022; Janos et al.,
2022).

4.3. Cu-binding properties of the P. tricornutum exudates released in the
presence of environmentally relevant, dissolved Cu concentrations

P. tricornutum is known for releasing organic ligands to complex Cu
(Zhou and Wangersky, 1989; Croot et al., 2000). Thus, we aimed to
investigate whether P. tricornutum exudates strong organic Cu com-
plexes when dissolved Cu concentrations are as low as those in the open
ocean (i.e., <0.5 nM, (Coale and Bruland, 1990; Sunda et al., 1990). To
do these measurements, we resuspended P. tricornutum, once acclimated
to control and low Cu culture conditions, in UV-irradiated and sterilized
ESTOC seawater, where we then determined the concentrations and
stability constants of Cu-binding ligands excreted by P. tricornutum as a
function of time, in the course of a day. During this time, the L; con-
centrations and conditional stability constant did not vary significantly
between the control and the low Cu culture treatments. This indicates
that the strong organic Cu-binding ligands excreted by P. tricornutum
acclimated to low Cu levels are very similar to those of the control and
would have a similar effect on Cu speciation. The concentrations of Ly
ligands excreted by the cells were one order of magnitude higher than
those of L;, with almost identical Log K¢y, (Table 2).

Furthermore, the fact that P. tricornutum cells generated two strong
soluble Cu-binding ligand types (i.e., ~0.35nM L; and 1.3 nM L) within
4 min in the new study solution, UV-irradiated seawater, despite its low
Cu concentration (0.44 nM Cu) was very surprising. At present, we do
not know the specific function of these strong organic Cu ligands
released by P. tricornutum. They may be released to enhance Cu uptake,
either via a) direct uptake by the high-affinity Cu transport system,
which involves Cu> bound to organic complexes, a reductive step and
Cu' internalization, or b) indirect ligand-exchange shuttle mechanism
with low-affinity Cu transporter, as suggested by Semeniuk et al. (2015)
for indigenous phytoplankton in the NE Pacific Ocean. Indeed, the
quantity of excreted ligands was high enough to buffer free Cu con-
centrations to very low levels (i.e., pCu = —log [Cu2+], from 14.23 to
14.45), which have been shown to limit the growth of other coastal
diatoms (Annett et al., 2008).
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4.4. Cu-binding sites at the cell surface of P. tricornutum in the presence
of low Cu concentrations

In this study, we measured the Cu-binding sites at the cell surface of
P. tricornutum with adsorption isotherms, in the presence of 0-30 nM Cu
concentrations. The Cu adsorption curve differs remarkably from pre-
vious studies (e.g., Gonzalez-Davila, 1995), exhibiting a biphasic shape.
This result can be explained by the extremely low Cu concentrations
added here, relative to those in previous studies (~10 nM-20 pM;
Scarano and Morelli, 1999, Gonzalez-Davila et al., 2000). At our low Cu
concentrations, an apparent competition between L; and S; for the
added Cu exists and can be observed, unlike in previous studies with
much higher Cu concentrations.

Our adsorption studies indicate that P. tricornutum cell surface pre-
sents low and high-affinity Cu-binging sites, with log K,4s ranging from
7.8 t0 12.9 (Table 3). Furthermore, the density of these two types of Cu-
binding cell surface sites differed by an order of magnitude, with an
average surface density of 5.79 - 1018 and 6.68 - 10'? mol pm 2 for the
low- and high-affinity sites, respectively (Table 3).

The low-affinity Cu-binding sites at the cell surface of P. tricornutum

have a similar Cu*" binding strength (logKf‘i‘s2+ = 9.1-9.4, Table 3) to
those determined in previous adsorption studies using higher titration
Cu additions (Gonzalez-Davila et al., 2000), and those for hydrous ox-
ides of silicon (i.e., logKf(;‘sH = 9.6; Motschi, 1984). Diatoms' cell wall is
composed of amorphous, hydrated silicon dioxide (silica), that can bind
proteins and polysaccharides (Kroger and Sumper, 1998). However,
P. tricornutum cell wall, in contrast with other diatoms, is poor in silica
(Le Costaouéc et al., 2017), which suggests that S, sites might have a
physiological function, such as low-affinity Cu transport under high Cu
concentrations. Indeed, after adding azide, only these S sites remained
detectable (Table 3), suggesting that reductive step is not involved in Cu
transport via Sy sites, as expected for non-specific divalent transporters,
such as NRAMPs and ZIPs. In the case of P. tricornutum, we hypothesized
that Sy might be the putative ZIP transporter PtZIP49400 (Table 4).

Moreover, the density of the low- and high-affinity Cu-binding sites
on the cell surface of P. tricornutum was significantly higher for the cells
grown in the low Cu relative to the control (Table 3). In contrast, the
affinity constants of the low- and high-affinity Cu-binding sites were not
significantly different between the two growth treatments (Table 3).
This indicates that P. tricornutum grown at different conditions exhibits
Cu-binding sites with similar strengths. However, their density increases
under low Cu availability, as previously observed for Fe uptake in di-
atoms (Harrison and Morel, 1986). Even though different Cu-binding
sites may be present, and they exhibit a combined binding constant
similar to the average one we determined.

4.5. Comparing high-affinity Cu-binding sites at the cell surface of
P. tricornutum vs. high-affinity ligands released into solution by
P. tricornutum

The high-affinity Cu-binding sites at the cell surface of P. tricornutum
present similar affinity constants under the two growth conditions, with
an average log K,gs of 12.9 £+ 0.01 (Table 3). These high-affinity cell
surface Cu-binding site constants are between L; and Lj affinity con-
stants for the ligands excreted by P. tricornutum in solution (Table 2).

Given that P. tricornutum can release strong organic complexes for Cu
and take up Cu via high-affinity transport systems, these high-affinity
ligands released in solution could compete for inorganic Cu with the
transporters (i.e., high-affinity Cu transport system). To examine this
possible interaction, the Cu-binding site concentrations were normal-
ized to cell densities and expressed as mol L. This normalization
revealed that the concentration of the high-affinity Cu-binding sites on
the cell surface (1.6-1.8 - 10~° mol L_l; Table 3) are an order of
magnitude higher than the L; ligands released into solution by
P. tricornutum (2.9-3.8 - 10~'° mol L’l; Table 2). However, as indicated
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above, the Cu stability constant for L; is an order of magnitude higher
than that of S;, indicating that the excreted ligands are stronger than
those at the cell surface. We combine both parameters to calculate the
Cu complexing potential of S; and Ly, such that fo,x, = [XJ'Kcux,,
where X; can be either L; or S;. The resulting log fc.x, for L; and S; are
practically identical (4.16 + 0.3 vs. 4.13 £ 0.2, Table 2), suggesting they
have equal Cu complexing potential.

Under environmental Cu concentrations (0.1-1 nM Cu), in the
presence of concentrations of L; and S; as found here (i.e., L; + S; = 2
nM), and assuming chemical equilibrium (i.e., ~10 min), over 99.99 %
of the Cu will be organically complexed (Cu’ from 0.0026 % to 0.0041
%), with the excreted L ligands complexing 34 % to 20 %, Ly between 3
% and 5 % while the surface ligand S; will bind 62 to 75 %, respectively.
This calculation emphasizes the importance of the high-affinity cell
surface ligands in the speciation of Cu in natural seawater, which has
been previously ignored.

In surface waters where phytoplankton densities (e.g., coastal waters
with 6 - 10% and 7 - 10* cell mL™? for diatoms and coccolithophores as
Emiliania huxleyi, respectively; (Segovia et al., 2017; Ruacho et al.,
2022) may be as high as those in our cultures (5-8 - 10* cells mL‘l), the
Cu’ would decrease from 0.1 - 1072 M (i.e., free Cu?" concentration
(pCu) 103 t0 0.15 - 107 1° M (i.e., pCu = 10’17'1), if phytoplankton
are excreting L; and L, -like ligands and have cell surface binding li-
gands, as S; and Sy. The ligands excreted by P. tricornutum are in the high
binding strength range (Ruacho et al., 2022). However, the free con-
centrations determined with both excreted and surface ligands, em-
phasizes the phytoplankton surface binding sites also play a key role in
trace metal speciation in seawater.

However, the surface ocean is a highly dynamic system where
chemical equilibrium is rarely achieved, and kinetic processes should be
considered. In an attempt to examine kinetic processes affecting Cu
complexation in surface waters, we calculated the forward and disso-
ciation rate constants of Cu-binding ligands and cell surface sites of
P. tricornutum. The forward and dissociation rate constants, with respect
to Cu, were one order of magnitude faster for the Cu binding ligands
released by P. tricornutum than for the high-affinity binding sites at its
cell surface (i.e., S1 vs. Lj and Ly; Table 5). The Cu forward rate constants
of S, relative to Sy, were two orders of magnitude faster, while the
dissociation rate constants were three orders of magnitude slower. This
confirms that S; has a higher affinity for Cu than S», as expected for a
high-affinity Cu transporter.

To understand the implications of the relatively fast forward rate
constant of S;, which we assume is involved in high-affinity Cu trans-
port, we must compare its kf and kq to the rate of Cu internalization by
the cells (kjn, Hudson and Morel, 1993), which we measure using b4cu.
This comparison will also allow us to determine whether Cu transport by
phytoplankton in the surface waters is thermodynamically or kinetically
controlled in the ocean.

4.6. Is the high-affinity Cu transport system in diatoms kinetically or
thermodynamically controlled?

The P. tricornutum physiological and analytical chemistry data were
combined to determine whether Cu uptake in marine phytoplankton is
kinetically or thermodynamically controlled, as previously done for
(Hudson and Morel, 1990, 1993; Hudson, 1998). A summary of these
principles is introduced below.

The acquisition of essential cationic metals in phytoplankton may
occur via transporter-facilitated uptake or extracellular chelator-
mediated uptake, requiring the metal ion to undergo a series of ligand
exchange reactions. Indeed, specific binding to the transporter is
generally necessary for transporting essential transition metals (Eide,
1997). The paradigm of metal transporter-facilitated uptake kinetics in
phytoplankton involves two steps: the reversible binding of the trace
metal to the transporter, and irreversible transport into the cell. Indeed,
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the plasma-membrane bound, transport sites for metal uptake behave as
strong binding ligands at the cell surface. Under steady-state conditions,
the rate of metal uptake follows typical Michaelis-Menten uptake ki-
netics, such as the maximum rate of uptake (pmax), and the half-
saturation rate constant (K;,) are a direct function of the total number
of metal transporters at the cell surface (S), the apparent kinetic rate
constants for the complex formation (k¢), dissociation (kq) and metal
internalization (kj,) reactions. The kinetics of metal uptake by a mem-
brane carrier can thus be thermodynamically or kinetically controlled
(Fig. 3).

Often, it is assumed that the reaction between the transporters and
the dissolved metal approaches equilibrium, so that the dissociation rate
constant is much faster than the internalization step, resulting in a ratio
of dissociation to forward rate constants of the metal transporter com-
plex that is similar to that at equilibrium. In this thermodynamically
controlled uptake system, the half-saturation constant for metal uptake
(K equals kg/ks. Thus, it is simply the inverse of the apparent metal-
transporter ligand stability constant (Kys = k¢/kq). In these
thermodynamically-controlled uptake systems, the apparent metal-
transporter binding is a function of the free metal ion activity or con-
centration. Thus, the half-saturation constant is often expressed as free
metal concentration. Thermodynamically-controlled uptake systems are
favored for metals whose speciation is dominated by inorganic com-
plexes, and whose dissolved concentrations in the ocean are not growth-
limiting. Furthermore, non-selective uptake systems, such as the Mn
transporters studied by Sunda and Huntsman (1996), are
thermodynamically-controlled. In this case, the uptake of one metal over
the other (Mn, Zn vs. Cd) depends on the relative kinetics of each metal
(fast kinetics favor equilibrium) and their affinity for the transporter site
(weak binding favors equilibrium) (Hudson, 1998) (Fig. 3)

In contrast, kinetically-controlled uptake systems are observed when
the internalization rate is faster than that of dissociation and results from
the steady-state balance between the transport complex formation rate
constant and the internalization rate constant. The half-saturation con-
stant for metal uptake (Kp,) equals the ratio of the two corresponding

Michaelis-Menten Kinetics
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rate constants, kijn/ks. These uptake rates depend on the total concen-
trations of inorganic metal species (i.e., M). Thus, the half-saturation
uptake kinetics are often expressed as M' concentrations (Fig. 3).

Hudson and Morel (1990) demonstrated that Fe uptake in two Fe-
limited phytoplankton (P. carterae and T. weissflogii) was under kinetic
control. In that study, Fe uptake was observed during a chase experi-
ment, when the cells were not exposed to dissolved >°Fe, suggesting that
55Fe bound to the uptake sites was not in equilibrium with Fe species in
solution, and thus uptake was kinetically controlled. However, no sur-
face Fe uptake was observed for Fe-replete cells, suggesting that Fe
uptake is thermodynamically controlled under Fe-replete conditions, or
the number of transport sites is significantly lower, resulting in un-
measurable uptake rates.

In contrast, several studies and genomic data suggest P. tricornutum
has three Fe acquisition mechanisms, which are kinetically or thermo-
dynamically controlled (reviewed by Sutak et al., 2020). The first
mechanism—non-reductive and thermodynamically con-
trolled—acquires unchelated Fe species via endocytosis, after
carbonate-dependent binding of Fe(III)’ to phytotransferrin ISIP2a at the
cell surface (McQuaid et al., 2018). The second Fe acquisition mecha-
nism is kinetically controlled and depends on the extracellular reduction
of all iron species (Morrissey et al., 2015). The third Fe acquisition
mechanism in P. tricornutum allows the transport of hydroxamate side-
rophores by endocytosis (dependent on ISIP1) after binding to the FBP1
protein, and iron is released from the siderophores by FRE2-dependent
reduction (Kazamia et al., 2018).

In the P. tricornutum Cu uptake experiments, we identified a high-
and low-affinity Cu transport system (Fig. 4). Similarly, the voltam-
metric determinations identified low- and high-affinity Cu-binding sites
at the cell surface (Sp and S;) of P. tricornutum. Even though the high-
affinity Cu transport system in P. tricornutum might include two com-
ponents (i.e., Cu reductases followed by the high-affinity Cu™ trans-
porter CTR), the voltammetric measurements cannot distinguish the
characteristics of these two components. However, our azide-
voltammetric experiments may provide some clues. The azide results

Vinax [M1]
Km + [M]

Vmax = kin Lt

V= (steady-state uptake rate)

(maximum uptake rate)

A Steady state uptake
(kg =

|
=
=
-

Formation
Dissociation

kd + km
ki

Internalization

—

M D

Km =

B Thermodynamic control | |C
(kq >> Kin)
g2

E Formation

Kinetic control
(kg << kip)
E:a

Formation

Fig. 3. Kinetics of metal uptake by membrane carriers, adapted from Fig. 1 in Hudson and Morel (1993). Michaelis-Menten parameters for steady-state transport (K,
and Vyay) depend on the rate constants for metal-transport ligand (MLgyface) complex formation (k¢), dissociation (kq) and internalization (ki,) and on the total
number of transport ligands ([L]). Arrow widths indicate the relative rates of each reaction for undersaturated transport systems with the same number of total
transport ligands. Since each system is assumed to have the same k¢ the rate of complex formation is the same in all cases. (A) Steady-state transport, where the rate
constants of dissociation (kq) and internalization (k;,) are approximately the same. (B) Thermodynamically-controlled transport, where kq > ki,. (C) Kinetically-

controlled transport, where k;, > kq.
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Fig. 4. Proposed conceptual model of Cu uptake by P. tricornutum based on our results. (A) Putative components of the high-affinity (S;) and low-affinity Cu transport
(S) systems (i.e., Cu-binding sites at the cell surface), and possible Cu species involved in the process. For S;, Cu(Il)' represents inorganic Cu(II) species; L; represents
the strong organic Cu ligands (i.e., L; and L) excreted by P. tricornutum. Both, Cu(II)’' and organically complexed Cu(I)L; are reduced to Cu(I) by a membrane-bound
reductase or a light-mediated process, before internalization of Cu(I) by CTR-FRE complex, as previously shown (ref.). For S,, Cu(ll) is internalized without a
reductive step. (B) The relative rate constants—formation (kg), dissociation (kq) and internalization (k;,)—for the high- and low-affinity Cu-binding sites (i.e., S; and
S, respectively), combining kinetic Cu uptake data with Cu adsorption and complexation parameters. Arrow widths indicate the relative rates of each reaction for S;
versus Sy, accounting for differences in the number of transport ligands.

indicate that the Sy Cu-binding sites, which remained active after the

azide addition, are likely low-affinity Cu®" transporters, with no
reductase activity. In contrast, S; Cu-binding sites seem to be involved in
high-affinity Cu transport, which likely includes the reduction of Cu 2*
to Cu™, and the internalization of Cu®, given that azide—an electron
transfer inhibitor—demolished its activity.
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Interestingly, one of the putative high-affinity Cu transporters of
P. tricornutum identified here, PtCTR49224, and one identified in
T. oceanica 1005 (i.e., ToCTR3a: EJK74005; Kong and Price, 2019) have
the conserved motifs of the N-terminus of the CTR1 protein in H. sapiens
(hCTR1: AAB66306), which does not have a complementary reductase,
but instead the Cu®" reduction occurs within the hCTR1 or abiotically

Fig. 5. Conserved motifs of the N-terminus of CTR proteins of P. tricornutum (PtCTR49224: EEC44514), T. oceanica CCMP1005 (ToCTR3a: EJK74005) and H. sapiens
(hCTR1: AAB66306). (a) Amino acid sequences of the conserved motif in N-terminus of CTRs aligned using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clust
alo/; Sievers et al., 2011). Asterisks, colons and periods represent identical, strongly similar and weakly similar residues, respectively. (b) Illustration of the PtCTR N-
term methionine (green rectangles) and aspartic (blue circles) acid residues which might be critical for copper import.
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outside the cell (Kar et al., 2022; Janos et al., 2022) (Fig. 5).

Just like the hCTR1 (Kar et al., 2022), P. tricornutum and T. oceanica
1005 have the M1 and M2 motifs—composed of a series of
methionines—as well as the aspartate residue (D10 in blue color, Fig. 5)
which corresponds to the residue D13 motif in hCTR1 (Kar et al., 2022).
In addition, P. tricornutum has the D26 residue next to the M2 motif
(Fig. 5) which is similar to the D37 motif of hCTR1 (Kar et al., 2022), but
this motif is lacking in ToCTR3a. But, in contrast to hCTR1, PtCTR49224
and ToCTR3a lack histidines in the N-terminal (Fig. 5).

Methionine clusters, in combination with aspartates on the hCTR1 N-
terminal domain, facilitate reduction, binding, and stabilization of the
reduced Cu™. Eventually, the Cu™ enters the pore via its interaction with
methionine triads, situated on the entrance of the Cu transporting pore
(Kar et al., 2022). M1 serves as the first coordinator for Cu™. The histi-
dine motifs in hCTR1 (i.e., H1 and H2 in hCTR1)—which are lacking in
the CTR of ToCTR3a and PtCTR49224—are not essential, but increase
the Cu®* concentrations at the vicinity of hCTR1 under Cu-limiting
conditions, for further reduction and uptake.

The D13 motif in hCTR1 is indispensable for Cu>* binding, and plays
a crucial role in transiently binding and shuttling Cu™ to either M1 or M2
(Kar et al., 2022). M1 motif in hCTR1 is key for Cu™ uptake, but can be
functionally complemented by M2. When

hCTR1 is provided with a source of Cu*, the protein in combination
with other external reducing agents, reduces Cu>* to Cu*. But, either M1
or M2 need to be present for Cu™ transport into the cell. The motif D13
(i.e., an aspartate residue) is also required for Cu™ to be internalized, and
aspartate might act as a transient binder for Cu?>* and Cu* during the
reduction process and thereby facilitate shuttling of the ion from its
Cu" state to the adjacent methionine Cu® state. Indeed, hCTR1 can
reduce Cu®" to Cu™, which is facilitated by the second methionine
stretch, M2. Whether M2 participates in the Cu?* reduction or not, it
depends on its extracellular solvent accessibility. Thus, given the simi-
larity between H. sapiens hCTR1and P. tricornutum PtCTR49224, it is also
possible that the high-affinity Cu transporter in P. tricornutum has the
ability to also reduce Cu®" to Cu™, before internalization.

The high-affinity Cu binding sites at the cell surface of P. tricornutum
(S1) should correspond with a Cu-specific, high-affinity Cu transporter,
whose activity is enhanced under low Cu (Fig. 4). In support of this, we
found a significantly higher density of high-affinity Cu binding sites
(mol pm~2) at the cell surface of P. tricornutum when grown in low Cu
relative to the control. Our results also show identical binding strength
for Cu by these high-affinity Cu binding sites at the surface of cells
acclimated to both growth media. Methionine (M) forms with cu®t a
CuM; complex using two donors with formation constant of log K 14.52
+ 0.01 in different aqueous media (see Table 4.4 in Berthon, 1995).
Moreover, a Cu" Chloride Methionine mixed-ligand complex Cu™CIM,
with complexation constant of 14.49 was reported (see Table 4.6 in
Berthon, 1995). These values are similar to that determined in our study
(Table 3), even when our voltammetry method provides an average
value for any high affinity binding site and cannot distinguish between
Cu(Il) and Cu(l). P. tricornutum does not seem to introduce additional
Cu-binding specific functional groups that modify the complexing
strength of the high-affinity Cu binding sites used in control conditions.
However, it is also possible that new ligands were activated on the cell
surface but had the same binding strength as those in the control con-
ditions and/or had complexing properties outside our experimental
detection window (Campos and van den Berg, 1994).

Combining our voltammetric results for the dissociation and for-
mation rate constants (Table 5), as well as the density (Table 3) of the
Cu-binding sites (S; and Sy) at the cell surface of P. tricornutum, with the
Cu uptake kinetics parameters of the high- and low- affinity Cu transport
systems in P. tricornutum (Table 1 and S3) we were able to compare a
series of Cu transport parameters (Tables 6 and S3).

For example, given that the maximum rate of Cu uptake is a function
of the density of Cu transporters (i.e., [S1] and [S2]) and the internali-
zation rate constant for Cu (k3 and k$2) such that Viay = [S1] * kin, We
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solved for ki, of the high- and low-affinity Cu transport system for
P. tricornutum. The calculated internalization rate constants for Cu up-
take are 5.27 - 1077 s7! for k3 and 8.17 - 1077 s~ for k$2 (Table 6).

Moreover, kinetically-controlled uptake systems are observed when
the internalization rate is faster than that of dissociation. In the case of
the high-affinity Cu transporter, S;, the rates of internalization for
P. tricornutum (5.27 - 107 s Y are very similar to those of dissociation of
Cu' from Sp (1.3 - 107 571, Table 3), suggesting that high-affinity Cu
uptake is borderline between being a kinetically or thermodynamically
controlled. In contrast, for the low-affinity Cu transporters, So, the Cu’
dissociation rate constant (5.9 - 1073 s’l) is 4 orders of magnitude faster
than that for its internalization (8.17 - 1077 s™1), implying an explicit
thermodynamic control (Fig. 4).

4.7. Comparing the kinetic parameters of Fe and Cu uptake by
T. weissflogii and P. tricornutum grown in low metal conditions

Given the link between Fe and Cu nutrition in marine diatoms (Peers
et al., 2005; Maldonado et al., 2006; Annett et al., 2008; Guo et al., 2010,
2015), and the interest and knowledge on Fe transport and homeostasis,
here we compared the findings of Hudson and Morel, 1990, 1993) on Fe
uptake kinetics in the model diatom T. weissflogii and our new findings
on Cu uptake kinetics in P. tricornutum (Tables 6, S3). We focused on the
transport systems observed under low metal conditions for these com-
parisons and normalized all the pertinent cellular parameters to cell
surface area.

The density of the cell surface S; Cu transporters (0.78 amol pm™~2) is
an order of magnitude higher than that for Fe (0.043-0.142 amol pm’z).
The half-saturation constants for Fe and Cu uptake in Fe- and Cu-stressed
diatoms, respectively, expressed as total Fe and Cu concentrations, did
not differ greatly (i.e., by 4-fold) but was slightly lower for Cu (154 nM
Cu) than for Fe uptake (640 nM Fe) (Table 6), though given the errors of
these estimates (e.g., Table 1), these half-saturation constants are
practically identical.

However, when these half-saturation constants are expressed as
inorganic Cu or Fe concentrations, the K, differed by five orders of
magnitude and was significantly lower for Cu (i.e., 0.08 pM Cu’ vs. 3.1
nM Fe'). Given the direct relationship between the values of Ky and
Vmax> as expected, the V¢ of Cu uptake (0.00148 amol pm’z h1)is
significantly lower (by ~300-fold) than that of Fe (0.456 amol pm ™2
h~!, Table 6). The differences in Fe and Cu uptake kinetics can be
explained by the kinetics of their respective transporters. While the
forward rate constants of the putative Cu and Fe transporters are within
an order of magnitude from each other (i.e., 1.1 - 10’ M~! s~! and
0.9-1.3 - 10® M~! 571, respectively), the rate constants of dissociation
(.35 - 10°% s ! and 0-2 - 1072 s’l, respectively) and ‘calculated’
internalization (5.27 - 107 s ' and 0.9-3 - 10 357! respectively) are 34
orders of magnitude slower for Cu than Fe (Table 6). Moreover, the slow
internalization kinetics for Cu are due to the strong thermodynamic
stability of the CuS; complex. This results in a large quantity of Cu
bound to the transport sites relative to the Cu internalized into the cell.
Compared to Fe, the relatively high concentrations of Cu in seawater,
imply that Cu can be easily internalized, possibly resulting in detri-
mental toxic effects for phytoplankton, unless strictly regulated at the
transport sites. The high affinity and low velocity of the Cu-transporters
will ensure that Cu uptake is carefully controlled. Indeed, the internal-
ization of Cu is tightly regulated by the CTR1 transporter via two
methionine triads, which form a selectivity filter, enabling selective Cu™
transport and regulating its uptake rate (Janos et al., 2022).

4.8. Comparisons of measured vs. calculated formation rate constant of
metal-transporter complex (kp) at the cell surface of diatoms

Hudson and Morel (1993) discussed that their derived forward rate
constant (k) for inorganic Fe uptake (0.9-1.3 x 10° M ! s71) was much
faster than the water loss kinetic constant of Fe>* and FeOH2+ (Monzyk
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and Crumbliss, 1982), but within a factor of 2 of the conditional rate
constant for Fe complexation by the siderophore Desferal B (2 x 10°
M~! 571, Hudson et al., 1992). They suggested that Fe-limited phyto-
plankton maximize the coordination kinetics of Fe transport, and that
the kinetics of metal binding to the transporter is near rates limited by
water exchange kinetics for Fe(OH)3 and Fe(OH);. As Hudson and
Morel (1993) discussed, a kinetically-controlled uptake system would be
favored for trace metals with slow water exchange kinetics and low
environmental concentrations.

The forward rate constant (i.e., kf of 1.1 - 10’ M ! s71) we deter-
mined for the high-affinity Cu transport sites (S;) at the cell surface of
P. tricornutum are 2-orders of magnitude slower than the ones calculated
for Cu (1 -10° M !s™ by Hudson and Morel (1993)—see Table 1
(Hudson and Morel, 1993)—based on the product of the outer-sphere
complex stability (Kps) and the rate of water loss (k.) so that ks =
Kos - k.w. If we assume a complex formation rate constant of 10°M! s’l,
as suggested by Hudson and Morel (1993), given the Cu binding con-
stant for S; we measured (logK,q,) of ~13 (Table 3), the dissociation
rate constant would be in the order of 1 - 10~* s~!. These formation and
dissociation constants will result in Cu adsorption onto the cell surface,
reaching equilibrium within a few seconds, far from the 10 min we, and
others, measured (Gonzalez-Davila, 1995 and references herein). Our
measurements suggest that, at least for Cu, the phytoplankton do not
maximize the coordination kinetics of Cu transport. Thus, extrapolating
a forward rate constant for Cu—based on the product of the outer-sphere
complex stability (Kog) and the rate of water loss (k.,)—in solution to
that of the Cu-binding cell surface sites is inappropriate.

Based on their calculations of the minimum number of transport li-
gands at the cell surface of T. weissflogii—needed to fulfill cellular metal
requirements—they argued that for Ni, Zn and Fe, due to slow reaction
kinetics and low concentrations in surface waters, the concentration of
free transport ligands at the cell surface ([L'Iyin) has to be similar to the
cellular metal concentration (Qg ¢) and that this poses serious challenges
for the phytoplankton.

Hudson and Morel (1993) did not calculate [L']min for Cu because
diatoms' Cu requirements were unknown (Table S4). Data on Cu re-
quirements of oceanic diatoms (Annett et al., 2008) allowed us to
calculate the minimum number of transport ligands at the cell surface of
T. weissflogii needed to fulfill cellular demand. Using the forward rate
constant, we measured for S (kgof 1.1 - 107 M~! s™1), the [L'1min at the
cell surface of P. tricornutum is estimated to be relatively high (4 amol
cell ™) compared to a Cu demand of 2 amol cell”! (Table S4). Our
measured S; density at the cell surface is significantly higher than this
minimum number of Cu transport ligands, which suggests that
P. tricornutum must control Cu uptake, as indicated above.

4.9. Metal concentrations in the surface ocean

As suggested by Redfield in 1958 (Redfield, 1958), the chemical
stoichiometry of phytoplankton and seawater are well linked. We might
then ask, what determines how low phytoplankton can deplete trace
metal concentrations in the surface ocean? While exploring this ques-
tion, Hudson and Morel (1993) highlighted a significant negative cor-
relation between essential inorganic trace metals' concentrations in
oceanic surface waters and the formation rate constants (kf) of the
respective trace metal transport sites at the phytoplankton cell surface.
They suggested that this very significant relationship might indicate that
kinetic lability controls the bioavailability of these essential metals and
their removal rate from surface waters. Surprisingly, while the rela-
tionship was excellent for Fe, Ni, Zn, Co and Cd, it was poor for Cu and
Mn. An unrealistically high value of k¢ for Cu was suggested to explain
the Cu deviation. Using our measured S; k¢ for Cu, the relationship be-
tween the concentrations of essential inorganic trace metals in oceanic
surface waters and the forward rate constants (kf) for the trace metal
transporter sites is greatly improved (excluding Mn, r2 of the regressions
are 0.92 vs. 0.90), and the slope is almost unity (—0.99 vs —0.8) (Fig. 6,

15

Science of the Total Environment 919 (2024) 170752

-8
|
= '
A
g -
[
&
(@)
[-%]
-
-
e
(=} -10 4
ot
[
>
[
|
=
=
o= _11 -
=
%}
K|
N
£
’; -12 A
on
)
-13 . . ;
5 6 7 8 9

log k, of Metal (M ' s™)

Fig. 6. Correlation between the concentrations of inorganic bioactive metals
[M'] in surface waters and the formation rate constants (k¢) of the metal to the
transport sites at the cell surface of phytoplankton. The k¢ for Fe and Cu were
measured in Hudson et al. (1992), and in this study (Table 4), respectively. For
the remaining metals, k¢ were calculated by Hudson and Morel (1993) based on
the product of the outer-sphere complex stability (Kos) and the rate of water
loss (k.y,) (see main text). All data are from Table S3. Regression line exclude
the Mn data (r? = 0.92, slope = —0.99).

Table S4).
5. Conclusions

The combination of the fields of ‘omics, physiology and physical
chemistry provides a unique understanding of the close link and inter-
action between seawater and phytoplankton. Fe and Cu are essential
trace metals for phytoplankton, and their physiologies are closely
linked. But Fe is the most important trace metal for phytoplankton
growth, resulting in cellular Fe stoichiometries 10 times higher than
those of Cu (reviewed by Twining and Baines, 2013). In the ocean, the
speciation of dissolved Fe and Cu are similarly dominated by strong
organic ligands complexation. But, while concentrations of dissolved Fe
in surface waters are in the picomolar range (~0.07 nM, Johnson et al.,
1997), those of Cu are in the nanomolar range (0.1 to 5 nM, Cui and
Gnanadesikan, 2022). The contrasting phytoplankton requirements for
Fe and Cu, and the Fe and Cu concentrations in the ocean begs the
question of whether Fe and Cu transport systems in phytoplankton are
differentially controlled.

To answer this question, we performed physiological and physico-
chemical experiments using the model diatom, Phaeodactylum tricornu-
tum, grown in natural North Atlantic seawater. First, using competitive
ligand equilibration-cathodic stripping voltammetry (CLE-CSV), we
measured the concentrations and stability constants for Cu of organic
ligands released by P. tricornutum, and showed that the cells released
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two strong soluble Cu-binding ligand types (L; and Ly), with concen-
trations of L ligands one order of magnitude higher than those of L; (i.
e., ~0.35nM L; and 1.3 nM Ly). The function of this ligands is unknown
but given that the Cu concentrations were non-toxic (i.e., 0.44 nM), it is
possible that these ligands are released to enhance Cu uptake.

We also established the density and stability constants of two puta-
tive Cu transporters at the cell surface of P. tricornutum (i.e., low- and
high-affinity, S, and S;, respectively)—as well as the rate constants for
complexation, dissociation. Their log K differed by 5 orders of magni-
tude, while their cell surface densities varied by 9-fold.

Using complementary Cu uptake experiments, we identified a high-
and a low-affinity Cu uptake system in P. tricornutum, which nicely
agreed with the voltammetric determinations that identified low- and
high-affinity Cu-binding sites at the cell surface (Sz and S;) of
P. tricornutum. The azide experiments suggest that Sy Cu-binding sites
are likely low-affinity Cu** transporters, with no reductase activity. In
contrast, S; Cu-binding sites seem to be involved in high-affinity Cu
transport, which likely include a reduction step from Cu®* to Cu™, before
Cu" is internalized. We examined the published P. tricornutum genome
for potential genes encoding high- and low-affinity Cu transporters. We
identified PtCTR49224, as the high-affinity Cu® transporter, given its
high homology to other identified high-affinity Cu™ transporters:
T. oceanica ToCTR3a and Homo sapiens hCTR1. Interestingly, hCTR1
does not have a complementary reductase, but instead the Cu®* reduc-
tion occurs within the hCTR1 or abiotically outside the cell, depending
on the accessibility to extracellular reducing agents. So, whether
PtCTR49224 itself is involved in the reduction of Cu*" to Cu' before
internalization, or reduction of Cu?® occurs extracellularly either
abiotically or biotically (i.e., via cell surface reductase) remains to be
determined.

We identified five putative ZIP-like transporters in P. tricornutum, but
highlighted PtZIP49400 as the low-affinity Cu transporter identified
with voltammetry (Sy), given that PtZIP49400 is a homolog to
T. pseudonana TpZIP268980, which was downregulated in Cu-limited
T. pseudonana cultures.

Voltammetric kinetic measurements and a theoretical kinetic model
allowed us to calculate the forward and dissociation rate constants of L;
and Ly, as well as and S; and S,. These physiological and physico-
chemical data were combined to calculate the rate constant for the
internalization of Cu in P. tricornutum. We established that while high-
affinity Cu uptake system (S;) is borderline between a kinetically or
thermodynamically controlled system, the low-affinity Cu transporters,
S, is thermodynamically-controlled. We compared the kinetics of high-
affinity Cu uptake (in P. tricornutum) and Fe uptake (in T. weissfloggi) and
concluded that they were explained by the kinetics of their respective
transporters. While the forward rate constants of the putative Cu and Fe
transporters are within an order of magnitude from each other, the rate
constants and ‘calculated’ internalization were 34 orders of magnitude
slower for Cu than Fe. Moreover, the slow internalization kinetics for Cu
are due to the strong thermodynamic stability of the CuS; complex. This
results in a large quantity of Cu bound to the transport sites relative to
the Cu internalized into the cell. Compared to Fe, the relatively high
concentrations of Cu in seawater, imply that Cu can be easily internal-
ized, possibly resulting in detrimental toxic effects for phytoplankton,
unless strictly regulated at the transport sites. The high affinity and low
velocity of the Cu-transporters will ensure that Cu uptake is carefully
controlled.

We revised the inverse relationship between the surface ocean con-
centrations of inorganic complexes of the essential metals (i.e., Ni, Fe,
Co, Zn, Cd, Mn and Cu) and the formation rate constant of metal
transporters at the cell surface of phytoplankton, highlighting the link
between the chemical properties of phytoplankton metal transporters
and the availability and speciation of trace metals in the surface ocean.
The rate constants we determined for Cu formation, dissociation and
internalization by surface and excreted ligands will be helpful for
modelers interested in the biogeochemical cycling of Cu in the ocean.
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