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Abstract

In surface seawater, dissolved copper (Cu) is predominantly bound by a small pool of strong ligands, with further
complexation by alarger pool of weaker ligands. Although the chemical structure of both classes of ligands observed
in the open ocean remains unknown, it is believed that the stronger ligands are of biological origin, and it has been
hypothesized that they are thiols. Using precolumn derivatization high-performance liquid chromatography elec-
trospray ionization ion-trap mass spectrometry, we found that the ubiquitous coccolithophorid Emiliania huxleyi
constitutively produces two previously uncharacterized thiols, arginine—cysteine and glutamine—cysteine, in high
intracellular concentrations. E. huxleyi exudes these novel thiols, along with cysteine, in response to increased Cu
concentrations in the growth media. Furthermore, stable Cu (1) complexes with the exuded thiols were observed in
the growth media using matrix-assisted laser desorption time-of-flight mass spectrometry following size exclusion
chromatography. Additionally, E. huxleyi appears to utilize these novel thiols in nitrogen storage and assimilation,
as they are rapidly synthesized upon nitrogen addition to a nitrogen-depleted culture. The identification of specific
ligands produced by this organism will facilitate further linkages between this likely source and the pools of Cu-
binding ligands observed in surface seawater, while the discovery of novel thiols signifies the presence of unique

and previously unknown biochemical pathways in E. huxieyi.

In surface seawater, copper is complexed by a pool of
organic ligands that decreases the hioavailable free ion con-
centrations from toxic to nutritive levels (van den Berg 1984;
Codle and Bruland 1988; Moffett 1995), and variations in
copper (Cu) complexation can influence community com-
position in marine systems (Moffett et al. 1997; Mann et al.
2002). There is evidence from the field that these ligands
are of recent biological origin (Coale and Bruland 1988;
Moffett 1991), and culture studies have reved ed that ligands
can be produced by phytoplankton, including Emiliania hux-
leyi, specifically to chelate metals such as copper (Moffett
and Brand 1996; Leal et al. 1999; Croot et a. 2000). While
the chemical structures of the ligands in the field and culture
studies remain unknown, there is increasing evidence that
sulfur-containing compounds of low molecular weight are
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an important component of the ligand pool (Leal et al. 1999;
Ross et al. 2003; Vachet et al. 2003).

Thiols are organic compounds containing a sulfhydryl
moiety, afunctional group that readily binds many trace met-
als. Specialized thiol-containing compounds called phyto-
chelatins (PCs) are synthesized enzymatically from glutathi-
one (GSH) by marine algae to chelate cadmium (Cd) and
other metals, such as Cu, zinc (Zn), and lead (Pb) (Ahner
and Morel 1999). It is unknown to what extent other intra-
cellular thiols, such as cysteine (Cys) and GSH, participate
in the detoxification of trace metals. In some phytoplankton,
and in E. huxleyi in particular, intracellular concentrations of
v-Glutamate-Cysteine (y—Glu-Cys) and Cys, both biochem-
ical precursors to GSH (and hence precursors to PCs), in-
crease in response to Cd and Cu (Ahner et a. 2002), indi-
cating that they play a role in metal detoxification.

Thiols may also affect trace metal chemistry in the extra-
cellular environment. The marine diatom Thalassiosira
weissflogii has been shown to exude phytochelatin concur-
rently with Cd (Lee et a. 1996); this exudation is believed
to be an important component of metal detoxification for
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marine phytoplankton in general, but it has not been studied
in organisms other than diatoms. E. huxleyi have been shown
to exude compounds with voltammetric characteristics sim-
ilar to thiols in response to Cu (Leal et al. 1999), but the
identity of the actual compound or set of compounds, though
hypothesized to be glutathione, was not determined. In ad-
dition, the concentrations of Cu-binding ligands and those
of the putative thiols in the growth media were shown to
increase concurrently (Leal et al. 1999), yet it has not been
shown that biologically exuded thiols actually bind Cu in
culture media. In this system, it is also unknown if intracel-
lular thiols are released indiscriminately or if specific com-
pounds (as appears to be the case with PCs and Cd in dia-
toms) are exuded.

The exudation of copper-binding ligands by E. huxleyi
could have dramatic effects upon copper speciation in large
parts of the open ocean. The most abundant coccolithophore
on earth, E. huxleyi forms large blooms in midlatitude re-
gions that may also affect planetary abedo (Tyrrell et a.
1999), carbon export (Fernandez et al. 1993), and the oce-
anic flux of cloud-inducing dimethyl sulfide to the atmo-
sphere (Andreae and Crutzen 1997). Recently, blooms have
extended into more polar waters, with persistent blooms be-
ing observed in the Bering Sea (Napp and Hunt 2001), and
the reasons for this biogeographical shift are not clear.
Known to have a high copper tolerance (Brand et al. 1986),
the way that this organism handles toxic trace metals may
partially explain its ecological success.

The goal of this work was to identify the thiols produced
and exuded by E. huxleyi in response to copper and to de-
termine if they do affect copper speciation in the extracel-
lular environment. High-performance liquid chromatography
was coupled with electrospray ionization ion-trap mass spec-
trometry (HPLC ESI-ITMS) to identify both known and pre-
viously unknown thiol-containing compounds. Size-exclu-
sion chromatography and matrix-assisted laser desorption
time-of-flight mass spectrometry (MALDI-TOF MS) were
used to identify specific thiol-Cu complexes. Further infor-
mation regarding the effect of this organism on copper spe-
ciation in the experimental medium was obtained using com-
peting ligand exchange adsorptive cathodic stripping
voltammetry (CLE-ACSV) with the competing ligand ben-
zoylacetone (bzac).

Materials and methods

General culture techniques—Axenic cultures of E. huxleyi
(clone CCMP 373, Provasoli-Guillard National Center for
Culture of Marine Phytoplankton) were grown in the syn-
thetic seawater AQUIL (Price et al. 1988/1989) with a con-
stant light source of 120 umol photonsm—2stat 19 + 1°C.
Batch cultures were grown in acid-washed polycarbonate
containers and growth was monitored noninvasively using
fluorescence (Turner Instruments) as a proxy for chlorophyll
a (Chl a) (Brand et al. 1986). Exponentially growing cultures
were gently filtered onto polycarbonate filters that were pre-
viously washed with 1 M HCI and then with Milli-Q water.
The cells were rinsed with trace-meta—free AQUIL (pro-
duced by passage over a Chelex-100 resin) and resuspended
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to adensity of 200,000 cells ml—* in Chelex-purified AQUIL
with no added trace metals or EDTA. For one culture, ad-
ditions of 50 nmol L-* copper sulfate were made daily to
the resuspended cultures. For the other culture, no copper
additions were made. Duplicate samples for dissolved thiols,
particulate thiols, particulate Chl a, cell counts, and dis-
solved copper were taken from both cultures 24 hr after each
copper addition to the copper-treated culture. Following fix-
ation with Lugol’s solution, the algal cells were counted us-
ing a Levi hemocytometer (Sournia 1978). Cultures were
checked for axenicity during cell counts and by plating the
stock culture on both normal and seawater agar plates.

Nitrate- or phosphate-limited cultures—AQUIL was pre-
pared as directed in (Price et al. 1988/1989), except without
added nitrate or phosphate. Chelex-purified and filter-steril-
ized sodium nitrate and sodium phosphate were added prior
to culture inoculation. Axenic cultures of E. huxleyi were
grown with only 5 uwmol L-* of added nitrate and 10 wmol
L~ phosphate to create nitrogen-limiting conditions (N to P
ratio, 1:2). The cultures were allowed to grow until senes-
cence (when culture fluorescence and cell numbers no longer
increased exponentially), at which point 100 umol L-* so-
dium nitrate was added. Particulate thiols were sasmpled for
the next 48 hr. Separate cultures were aso grown with 1
pmol L-* phosphate and 50 umol L-* nitrate to generate
phosphate-limiting conditions (N to P ratio, 50:1). An ad-
dition of 10 wmol L-* sodium phosphate was made to the
resulting senescent cultures, from which samples for partic-
ulate thiols were taken for the next 48 hr.

Particulate thiols—Cells were collected by gently (<7.25
Pa) filtering 50 ml of culture through a 25-mm Whatman
GF/F filter that was subsequently stored in liquid nitrogen
until processing. Upon removal from liquid nitrogen, the fil-
ters were immediately heated in 2 ml of 10 mmol L~ meth-
anesulfonic acid at 70°C for 2 min before homogenization
with a Wheaton Overhead Stirrer in an ice-water bath. The
slurry was then centrifuged for 10 min at 13,000 rpm at 4°C
(Biofuge Fresco, Heraeus Instruments). An aliquot of super-
natant (800 ul) was adjusted to a pH of 9 by adding 84 wl
of 100 mmol L~ borate buffer (9.4 mmol L~ final concen-
tration) that also contained 10 mmol L-* diethylenetriami-
nepentaacetic acid (DTPA, 940 umol L-* final concentra-
tion). An addition of 15 mmol L-* dithiothreitol (DTT, 50
pmol L-* final concentration) was then made 10 min prior
to the addition of the fluorescent probe monobromobimane
(50 mmol Lt in acetonitrile, mBBr, Molecular Probes) at a
final concentration of 168 wmol L-* mBBr in the sample
(Ahner et al. 2002). Deviations from the published protocol
of Ahner et al. (2002) include no final acidification and the
exclusion of additional thiol-containing reductants following
the addition of mBBr. Particulate thiol concentrations are
normalized to particulate Chl a, which was determined by
filtering 5 ml of culture onto a Whatman GF/F filter, fol-
lowed by immediate extraction with 5 ml of 45:45:10 di-
methyl sulfoxide (DM SO) : acetone: water (Shoaf and Lium
1976). Following incubation in the dark for 4—6 hr, Chl a
fluorescence was measured with a fluorometer (Turner In-
struments) that was externaly calibrated with a spectropho-
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tometer (Beckman Instruments) and Chl a solution extracted
from spinach using the same DM SO: acetone: water solu-
tion.

Dissolved thiols—Culture media (5 ml) was gently (<7.25
Pa) filtered through a 25-mm Whatman GF/F filter, and du-
plicate aliquots (800 wl) of each filtrate were then derivatized
with mBBr, as described above. For some samples, a sepa-
rate aliquot was titrated to pH 3 or pH 1 using 1 mol L-*
HCI and allowed to equilibrate for 1 hr. At this point, DTPA
was added, and the pH was brought back to 9 with 100 mmol
L~* borate buffer prior to DTT and mBBr additions.

HPLC thiol analysis—M onobromobimane derivatized
samples were analyzed with a Beckman HPLC equipped
with a Supelco Discovery reverse-phase C-16 amide column
(2.1 X 250 mm) and a 100-ul injection loop. Compounds
were quantified postcolumn using fluorescence detection
(Gilson, excitation 310—-410 nm, emission 475-650 nm). So-
lution A was 1% acetonitrile in 0.25% acetic acid titrated to
pH 3.5 with 1 mol L-* NH,OH, while solution B was pure
acetonitrile. The elution gradient was as follows: 0% B for
8 min, a linear increase to 30% B over 60 min, a linear
increase to 60% B in 2 min to flush the column, a linear
decrease to 0% B over 10 min, and a final 20 min at 0% B
in order to re-equilibrate the column. The flow rate was 150
ul min~t. Standards of Arg-Cys, GIn-Cys (Cell Essentials),
Cys, y-Glu-Cys, and GSH (Sigma) were analyzed in order
to verify retention times and to develop standard curves for
peak area calibration. For GSH, Cys, and other singly la-
beled thiols, the sensitivity of the method is 100 fmol per
injection (1 nmol L-%). Low concentrations (<5 nmol L-%)
of phytochelatins are not measurable by this method because
of coelution with a small reagent peak and were not analyzed
in this study.

lon trap mass spectrometry—Thiol compounds isolated
from E. huxleyi cell extracts were derivatized with mBBr
and analyzed using HPL C coupled to an ion-trap mass spec-
trometer using electrospray ionization (ESI-ITMS). The ESI-
ITMS was run in positive ion mode (Thermo-Finnegan Mat
LCQ, MS Scan range = 100-1,000 amu; spray voltage: 3.5
kV; spray current: 4.8 mA; capillary voltage: 16.0 V; cap-
illary temperature: 135°C). The HPLC conditions were the
same as described above, with the exception of solution A,
which was 1% acetonitrile in 0.025% acetic acid titrated to
a pH of 3.5 with 1 mol L-* NH,OH. The molecular ions
were isolated in the ion trap and then sequentialy frag-
mented, using helium (He) as the collision gas. | dentification
of the unknown mBBr labeled thiol compounds was accom-
plished by comparing the HPLC retention times and ESI-
ITMS fragmentation patterns of the unknown compounds
with the synthetic dipeptides Arg-Cys and GIn-Cys (Cell Es-
sentials) and with Cys, y-Glu-Cys, and GSH (Sigma).

Identification of thiol-Cu complexes—Copper-exposed E.
huxleyi cultures were filtered through polycarbonate filters
(Millipore 0.2 pum) that had been washed with 1 mol L-*
HCI and Milli-Q water. The resulting filtrate was fractionated
on a size exclusion column (Alltech Macrosphere GPC, 250
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X 4.6 mm; Buffer: 10 mmol L=:1 mmol L-* NaCl: Tris,
pH 8.1; flow rate: 0.3 ml min-*) with an HPLC equipped
with a 200-ul injection loop. Fractions were collected and
thiol and copper concentrations in the fractions were deter-
mined using HPLC and graphite furnace atomic absorption
spectroscopy (GFAAYS), as described below. The copper- and
thiol-containing fractions from multiple HPLC runs were
pooled and lyophilized. The lyophilized samples were ana-
lyzed using MALDI-TOF MS (Bruker Reflex 1V) run in pos-
itive ion mode with sinaptic acid as a matrix. To verify peak
identities, observed MS profiles were compared with theo-
retical isotope ratio profiles. This was repeated with the me-
dium from a non—copper-exposed E. huxleyi culture as a
control. Sodium, potassium, and matrix peaks were used to
calibrate the mass spectrum. Isotope ratios used for species
determinations were as follows: hydrogen, 'H 99.98% and
2H 0.02%; oxygen, %0 99.76%, 7O 0.04%, and 20 0.2%;
nitrogen, 100% *4N; carbon, *?C 98.9%, *C 1.1%; sulfur, 2S
95.02%, =S 0.75%, ¥S 4.21%, and *S 0.02%; copper, %Cu
69.17% and ®Cu 30.83%.

Total copper in culture medium—Duplicate 1-ml aliquots
of culture filtrate were acidified with 5 mol L-* HCI to a
final concentration of 1 mmol L-* and stored in acid-washed
polycarbonate tubes prior to analysis with GFAAS. Standard
additions were used to account for matrix affects. Duplicate
samples were also analyzed using inductively coupled plas-
ma-mass spectrometry (ICP-MS) with stable isotope dilution
and MgQO, precipitation with good agreement (Wu and Boyle
1998; Fones pers. comm.).

Competing ligand exchange adsor ptive cathodic stripping
voltammetry (CLE-CSV)—Cu complexation in culture media
was characterized by CLE-CSV using benzoylacetone (bzac)
as the competing ligand (Moffett and Brand 1996). In this
work, the culture filtrates were divided into 20-ml aliquots
in 125-ml Teflon bottles. These were spiked with different
concentrations of copper (1-200 nmol L-*) and bzac (1-5
X 10-4mol L~*) and allowed to equilibrate for several hours.
The ligands produced by E. huxleyi and the bzac compete
for the added copper, though bzac is a Cu (1) chelator and
would not be expected to compete with thiols for Cu (I).
However, this approach should reveal whether Cu is strongly
complexed, regardless of redox state, if formation of the Cu
(I1)-benzoylacetone complex is suppressed relative to ultra-
violet-irradiated controls. Moreover, Leal and van den Berg
(1998) argued that quantitative information can be obtained
about Cu (I) complexes using a Cu (I1) competing ligand if
certain assumptions are made about rapid Cu (1)/Cu (II) re-
dox equilibriain solution. For the analysis, 10 ml of solution
was transferred to a quartz sample cup on the electrode in
static mercury drop mode. Instrument settings were as fol-
lows: deposition potential, —0.08 V (vs. Ag/AgCI electrode);
deposition time, t; = 1 min; scan range, —0.08 V to —0.5
V; scan rate 10 mV s % drop time 0.2 s; pulse height 25
mV.

Results

Intracellular thiols—HPLC-ESI-ITMS analysis of the de-
rivatized extracts of cell homogenates from both the copper-
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Fig. 1. An HPLC chromatogram (fluorescence vs. time) of a
mBBr-derivatized cell extract of a Cu-stressed E. huxleyi culture.
The identity of various peaks along with the m/z of each isindicated
on the figure. The dipeptides Arg-Cys and GIn-Cysidentified in this
article are labeled U1 and U2, respectively. The peak at 40 min is
unlabeled mBBr.

treated and non-copper-treated cultures verified the presence
of known thiols GSH, Cys, y-Glu-Cys, and phytochelatin (n
= 2) in E. huxleyi (Fig. 1). Remarkably, two peaks that did
not correspond with known standards were present on both
the fluorescence trace (Fig. 1) and the ITMS ion current
chromatogram (not shown). The mBBr-labeled compounds
responsible for these peaks have m/z of 468.2 and 440.1,
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which corresponds to masses of 278.1 and 250.0 for the
original unlabeled thiol compounds, assuming each has only
one mBBr molecule associated with it. These unidentified
compounds, present in both control and copper-treated cul-
tures, were in sufficiently high concentrations in the algal
cell extracts to sequentially trap and fragment each with
ITMS. A series of MS/MS experiments were performed in
which the molecular ion was isolated and fragmented, fol-
lowed by the isolation and fragmentation of the next largest
ion, generating fragmentation profiles up to MS*. Based on
the masses and fragmentation patterns, the compounds were
tentatively identified as arginine-cysteine (Arg-Cys) and glu-
tamine-cysteine (GIn-Cys), which we subsequently had syn-
thesized. The mass spectral fragmentation patterns of the
synthetic Arg-Cys and GIn-Cys matched those of the un-
known peaks, confirming the hypothesized identities (MS®
profiles shown in Fig. 2). These dipeptides have not been
observed in other organisms and have no previously known
biological function.

Several geographicaly distinct clones of E. huxleyi were
al found to produce intracellular Arg-Cys and GIn-Cys, but
the intracellular concentrations during late-exponential
growth were highly variable among the strains (Table 1).
GIn-Cys varied by close to 10-fold, and a factor of 26 was
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Fig. 2. MS® spectrum of mBBr-derivatized thiol-containing compounds: (A) Unknown 2, (B) synthetic GIn-Cys, (C) Unknown 1, and
(D) synthetic Arg-Cys. The GIn-Cys fragmentation pathway starts with the GIn-Cys-mBBr M+1 molecular ion (n/z = 440.2) and is
followed by the trapping and fragmentation of an ion of m/z 423.1 (neutral loss of an amine) to yield the MS* spectrum, which features
the major ion fragments (m/z = 405.0, 312.0, and 225.0) shown in panels A and B. The Arg-Cys fragmentation pathway starts with the
Arg-Cys-mBBr M+1 molecular ion (m/z = 468.2) and proceeds through an ion at m/z 451.1 (neutral loss of an amine) to yield a MS®
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Table 1. Particulate thiol concentrations (in wmol [g~* Chl a]) in several geographicaly distinct strains of E. huxleyi grown in AQUIL
at pCu 13.8 (Price et al. 1988/1989). With the exception of CCMP 373, which was used for the majority of the experiments in this study,
strains were provided by B. Paenik and D. Landry. Cells were harvested during late-exponential growth (~700,000 cells ml—%). Values
represent single measurements from individual cultures; duplication of some yielded very low variability (+5%).

Cys
(uwmol [g=* Chl a])

Strain Location Arg-Cys Gin-Cys vEC GSH
CCMP 373 N. Atlantic 260 370 90 190 700
374-10 N. Atlantic 25 50 65 125 555
CCMP 1516 N. Atlantic 10 160 110 200 510
382-1 Cal. Current 10 35 30 65 285
361-1 Cal. Current 25 75 70 130 610
EH GO Norway 35 80 155 125 520

observed between the highest and lowest concentrations of
Arg-Cys. The strain used in the majority of experiments pre-
sented in this study (CCMP 373) contained by far the highest
concentrations of both of these thiols. While glutathione con-
centrations were relatively consistent, varying at most by a
factor of 2, intracellular concentrations of y-Glu-Cys and
Cys varied three- to fivefold (Table 1). The variation be-
tween strains could not be explained by geographic distri-
bution. A limited selection of marine algae, including dia-
toms, green algae, and coccolithophores, was also surveyed
for Arg-Cys and GIn-Cys production, but only Geophyscrysa
oceanica, a coccolithophore closely related to E. huxleyi,
was found to produce small amounts of GIn-Cys, but not
Arg-Cys. It appears that these compounds are not wide-
spread among marine phytoplankton, but further work is
warranted.
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Fig. 3. Total dissolved thiol concentrations and total dissolved
copper concentrations in the growth media of an E. huxleyi culture
over 6 d with daily addition of 50 nmol L-* copper. Thiols were
measured using HPLC. Dissolved copper was measured using | CP-
MS (see Materials and methods). At the final time point, [Arg-Cys]
= 75 nmol L%, [Cys] = 60 nmol L%, and [GIn-Cys] = 50 nmol
L-*. Both dissolved Cu and total thiol measurements represent the
average of duplicate samples taken from a single experimental cul-
ture.

Dissolved thiols—To stimulate the production of copper
ligands by E. huxleyi, copper was added to cultures grown
in AQUIL with no added chelators, a similar experimental
design to that described in Moffett and Brand (1996). As
observed in that study, the total dissolved copper concentra-
tions were always lower than the amount added, presumably
because of accumulation in the cells, though after 3 d of
copper additions, the copper in the growth media increased
roughly in proportion to the amount of copper that was add-
ed (Fig. 3). Throughout the experiment, both control and
copper-treated cultures remained in exponential growth. As
copper was added to the culture medium over the course of
the experiment, total dissolved thiols were always in excess
dissolved copper (Fig. 3). The non—copper-treated control
culture showed only minor total thiol exudation over the
same time (20-30 nmol L-* over 144 hr). When this exper-
iment was repeated to obtain material for the MALDI-TOF
analysis, similar ratios of tota thiols to total dissolved Cu
were observed (data not shown). HPLC retention times of
compounds in the growth media matched those of the par-
ticulate thiols identified with the ITMS, and peak identities
were verified using standard additions because dissolved
concentrations were below the detection limit of the ITMS.
Throughout the experiment the newly identified thiols Arg-
Cys and GIn-Cys, aong with Cys, composed most (~90%)
of the dissolved thiol pool (35%, 25%, and 30%, respec-
tively), while GSH, y-Glu-Cys, and phytochelatins were pre-
sent at low concentrations or were below detection. The ab-
sence of appreciable amounts of phytochelatins, y-Glu-Cys,
and especially glutathione confirms that cell breakage or
leakage during filtration cannot be used to explain the ap-
parent exudation, as they make up a sizable fraction of the
intracellular thiol pool (Table 1).

Copper speciation and complexation—To identify specific
thiol-Cu complexes in the growth media, copper-treated E.
huxleyi culture filtrate was fractionated using size exclusion
chromatography. The majority of the thiols (primarily Cys
and Arg-Cys) and copper coeluted in one peak that was col-
lected in several fractions between 10 and 11 min (Fig. 4).
These fractions were pooled, lyophilized, and then analyzed
using MALDI-TOF MS. Peaks corresponding to the exact
masses of protonated Cys-Cu (1) (m/z = 184), (Cys),-Cu (1)
(m/z = 152.5, doubly protonated), and Arg-Cys-Cu (1)-Cys
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Fig. 4. Size exclusion chromatogram of thiols and copper from
the growth media of a copper-exposed E. huxleyi culture. The thiols
and copper in the collected fractions were measured using HPLC
and GFAAS, respectively. [Cu] in culture filtrate = 170 nmol L2,
[Arg-Cys] = 100 nmol L%, [Cys] = 60 nmol L%, [GIn-Cys] = 15
nmol L-*. GIn-Cys concentrations were below detection following
size-exclusion chromatography.

(m/z = 432) were observed and verified using theoretical
isotope ratio profiles (the MS profile of Arg-Cys-Cu (1)-Cys
is shown in Fig. 5). Peaks corresponding to free Cys and
Arg-Cys were also observed, but both free GIn-Cys and Cu
complexes containing GIn-Cys were not observed. The cul-
ture filtrate used in this experiment contained little GIn-Cys
compared to Arg-Cys and Cys (as compared to that de-
scribed in Fig. 3); therefore, GIn-Cys complexes may have
been below detection. It is aso possible that GIn-Cys, which
is readily ionized by the softer electrospray technique, does
not survive the more energetic MALDI procedure. Minor
peaks corresponding to oxidized thiols were also observed.
The MALDI-TOF peaks attributed to thiol-Cu (I) complexes
and uncomplexed thiols were not present in asimilarly treat-
ed control culture medium and were lower in intensity when
the samples were not lyophilized prior to MS analysis. GSH,
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v-Glu-Cys, phytochelatins, and copper complexes of these
compounds were not observed in any of the samples.

CLE-ACSV measurements on growth media revealed no
detectable Cu chelators, except at the final and highest Cu
concentration (153 nmol L-1). At lower Cu concentrations,
chelators may have been present, but they were unable to
compete for the Cu in solution with the 10-4 mol L-* ben-
zoylacetone added. At the final time point, however, the dis-
solved copper was complexed by a chelator or class of che-
lators with binding strength (log K’ = 11.6) comparable to
those observed in open ocean waters and in a previous study
with E. huxleyi (Leal et a. 1999). The concentrations of
these ligands (145-160 nmol L-*) were similar to the con-
centration of copper in the growth media (153 nmol L-%).
Since the measured amounts of dissolved thiols are not high
enough to support complete Cu complexation via bis com-
plexes, we suggest that there may be a mixture of both mono
and bis thiol-Cu complexes (as we observed using MALDI-
TOF mass spectrometry), and that there may be other non-
thiol-containing ligands present in the culture medium. An-
other possibility is that our HPLC measurements
underestimate the true total thiol concentrations, perhaps be-
cause a fraction of the thiols remain bound to Cu and are
thus inaccessible to the mBBr probe, despite the addition of
excess DTPA prior to derivatization. This is unlikely,
though, as acidification of some samples to both pH 3 and
pH 1 (see Materials and methods) prior to the addition of
borate buffer and DTPA vyielded nearly identical thiol con-
centrations to those presented here (data not shown).

A possible explanation for why we did not see strong
chelators throughout our experiment is that the competing
ligand used, bzac, interacts with the Cu (1)-thiol complexes,
displacing and oxidizing the Cu (1) to Cu (Il). The bzac is
now able to equilibrate with the thiols and Cu (1), and being
a stronger Cu (1) ligand, outcompetes the thiols giving the
appearance of a lack of strong copper ligands. While pos-
sible, thisis unlikely. In order for this reaction to occur, bzac
would have to bind Cu (1), and being an oxygen donor li-
gand, has only a weak affinity for a soft B-type metal like

| B

0.0

r 7 1
432 433 434 435 436
m/z

(A) Representative MALDI-TOF MS profile of the size-fractionated copper-exposed E.

huxleyi culture filtrate shown with (B) the theoretical Arg-Cys-Cu(l)-Cys isotope profile. For the
experimental data (panel A), the intensity of the peaks is relative to the most abundant cation in
the sample. For the theoretical isotope ratio profile (panel B), the most abundant isotope is given
an intensity of 1, with other isotopes plotted in proportion.
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Fig. 6. Particulate concentrations of Cys, Arg-Cys, and GIn-Cys in (A) nitrogen- and (B) phos-
phate-limited E. huxleyi following the addition of 100 umol L=t NaNO, or 10 uwmol L-* NaH,PO4,
respectively. Cultures were grown in nitrogen- or phosphate-deficient AQUIL until stationary phase
prior to nutrient addition. Glutathione concentrations were similar and remained constant during
both experiments. Error bars represent the range of duplicate measurements of the particulate thiols

in single cultures.

Cu (). Additionally, this mechanism would not explain why
we observed strong ligands at the conclusion of the experi-
ment unless there was an efflux of non-thiol Cu (11) ligands
by E. huxleyi just prior to that analysis.

N- and P-limited cultures—To determine if the nitrogen-
rich thiols Arg-Cys and GIn-Cys are involved in nitrogen
storage or assimilation, cultures were grown in N-deficient
media and treated with 100 wmol L-* sodium nitrate shortly
after the end of exponential growth. Over 24 hr, intracellular
GIn-Cys and Arg-Cys concentrations increased by 400% and
50%, respectively, while cysteine was rapidly depleted in
proportion to the molar concentrations of Arg-Cys and GlIn-
Cysformed (Fig. 6A). Conversely, little variation in the con-
centrations of these thiols was observed in phosphate-limited
cultures following phosphate addition, though the culture
conditions resulted in remarkably high cysteine and Arg-Cys
concentrations (Fig. 6B). In both experiments, glutathione
concentrations were similar (~700 umol (g=* Chl a)) and
remained constant following the addition of the limiting nu-
trient (data not shown).

Discussion

The novel thiols identified here could account for a por-
tion of the strong copper-binding ligands observed in surface
ocean waters, especialy in E. huxleyi—dominated regions.
The strong ligands responsible for the nearly complete com-
plexation of Cu in surface seawater have been assumed to
be Cu (II) chelators (Ross et al. 2003; Vachet and Callaway
2003), although appreciable levels of Cu (I) are present in
seawater (Moffett and Zika 1988). Organic complexation of
copper by thiols has been shown to stabilize Cu (1) in sea
water, and some experiments have shown that thiols may be
indistinguishable from Cu (I1) ligands (Leal and van den
Berg 1998), which analysts using a variety of speciation
techniques have generally assumed. Here we have demon-
strated that Cu (I)-thiol complexes are formed through bio-

logical activity, though the mechanism of formation is un-
certain.

We hypothesize that the Cu () complexes are formed in-
tracellularly and then exuded into the medium, as (thiol),-
Cu (I) complexes are thermodynamically favored in high-
thiol, low-Cu environments such as blood plasma (Tran-Ho
et al. 1997) or cell cytoplasm. Such a mechanism is consis-
tent with the stoichiometric export of Cd and n = 2 phyto-
chelatin by Thalassiosira weisflogii (Lee et al. 1996). Ad-
ditionally, Croot et al. (2003) have shown that
Synechococcus sp. (WH7803) actively efflux Cu following
uptake, and they have suggested that the Cu is exported as
a ligand-Cu complex. Conversely, free ligands could be re-
leased into the growth medium to decrease Cu bioavailabil-
ity, effectively blocking uptake. Given the multifaceted
chemistry of thiols and Cu in seawater, several routes of
extracellular complex formation are possible; therefore, fur-
ther investigation into the mechanism of formation is need-
ed.

Strong ligands were observed in similar concentrations to
dissolved copper at the completion of the experiment using
CLE-ACSV. Appreciable amounts of strong ligands were not
measured prior to this, but chelators weaker than the added
competing ligand (benzoylacetone, log K’ = 10.7 for the bis
complex) may have been present. While (thiol),-Cu (I) com-
plexes are likely very stable in seawater (Leal and van den
Berg 1998), the weaker (and possibly undetectable using our
CLE-ACSV technique) thiol-Cu(l) complexes may predom-
inate in our experiments. We do know from the MALDI-
TOF data that there was a mixture of mono and bis com-
plexes at the end of the experiment. It will require further
investigation to determine the relative amounts and strengths
of mono and bis thiol-Cu complexes and whether other non—
thiol-containing chelators are contributing to the pool of
strong ligands measured via CLE-ACSV.

In a previous study of copper-induced exudation by E.
huxleyi, Leal et a. (1999) reported the production of a com-
pound or class of compounds that are electrochemically ac-
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tive, producing a well defined peak at ~—0.65 V (vs. Ag/
AgCl) in cathodic stripping voltammetry. They have argued
that these peaks are probably generated by thiols, since they
are very similar to peaks produced in the presence of glu-
tathione. Our findings support their conclusion that thiols are
exuded in response to Cu, but it is clear from our study that
glutathione is not the principal exudates, as has been hy-
pothesized.

An efficient sequestration and export mechanism involv-
ing thiol-Cu (I) complexes could explain the high copper
tolerance of E. huxleyi (Brand et al. 1986), especialy in
combination with its high DM SP content, which might pro-
vide a scavenging mechanism for -OH radicals generated by
redox reactive copper (Sunda et al. 2002). Given the wide-
spread success of E. huxleyi and its capacity to form large
blooms, the exudation of copper-binding ligands by this a-
ga species could also have dramatic effects upon copper
speciation in large areas of the open ocean.

In addition to the proposed role in copper detoxification,
Arg-Cys and GIn-Cys, rich in nitrogen and structurally sim-
ilar to the nitrogen storage compound cyanophycin found in
cyanobacteria (Wingard et al. 2002), may be used by E. hux-
leyi for nitrogen storage. The response of intracellular GIn-
Cys upon the addition of nitrogen indicates arolein nitrogen
assimilation. The rapid synthesis of GIn-Cys would require
a rapid supply of glutamine, a product of glutamine synthe-
tase (GS), the enzyme responsible for inorganic nitrogen as-
similation. There are two kinetically distinct isoforms of GS
in E. huxleyi (Maurin and Le Ga 1997b), and nitrogen star-
vation can induce a shift to the isoform exhibiting a half
saturation constant (K,,) for NH, higher than that of other
algae in nitrogen-limiting environments (Maurin and Le Gal
1997a). Our data indicate that in E. huxleyi, GIn-Cys may
serve as a compound to temporarily store newly synthesized
glutamine, allowing E. huxleyi to take advantage of transi-
tory periods of enhanced nitrogen availability. While only
minor increases in Arg-Cys were observed during this ex-
periment, prolonged exposure to high nitrogen results in el-
evated intracellular concentrations (Fig. 6B and other un-
published results), implying that this compound may also
play a storage role.

Despite a reportedly low uptake rate for nitrate (Riegman
et al. 2000) and the lack of a vacuole that permits nutrient
storage, E. huxleyi can be very successful in semioligotroph-
ic regions where nitrogen is low (lglesias-Rodriguez et al.
2002). The intracellular concentrations of Arg-Cys and GIn-
Cys (0.5-5 mmol L) are similar to those of glycine betaine
and are 10 times higher than those of homarine, two nitro-
geneous osmolytesin E. huxleyi (Keller et al. 1999) and may
provide an accessible pool of nitrogen-rich amino acids.
Such a dynamic and readily available pool of nitrogen may
be an adaptation that allows E. huxleyi to compete in se-
mioligotrophic environments.
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