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The global marine distributions of Cd and phosphate are closely
correlated, which has led to Cd being considered as a marine
micronutrient, despite its toxicity to life. The explanation for this
nutrient-like behavior is unknown because there is only one
identified biochemical function for Cd, an unusual Cd/Zn carbonic
anhydrase. Recent developments in Cd isotope mass spectrometry
have revealed that Cd uptake by phytoplankton causes isotopic
fractionation in the open ocean and in culture. Here we investigate
the physiochemical pathways that fractionate Cd isotopes by
performing subcellular Cd isotope analysis on genetically modified
microorganisms. We find that expression of the Cd/Zn carbonic
anhydrase makes no difference to the Cd isotope composition of
whole cells. Instead, a large proportion of the Cd is partitioned
into cell membranes with a similar direction and magnitude of Cd
isotopic fractionation to that seen in surface seawater. This obser-
vation is well explained if Cd is mistakenly imported with other
divalent metals and subsequently managed by binding within the
cell to avoid toxicity. This process may apply to other divalent metals,
whereby nonspecific uptake and subsequent homeostasis may con-
tribute to elemental and isotopic distributions in seawater, even for
elements commonly considered as micronutrients.

biological fractionation | isotope geochemistry | metal homeostasis |
subcellular analysis | trace metal

In addition to the macronutrients nitrate, phosphate, and silicate,
marine phytoplankton require many essential metals to function
correctly (1). The uptake and utilization of these micronutrients
results in large vertical isotopic and concentration gradients for
many transition metals in seawater (2). In the open ocean, Cd
concentrations are as low as a few picomoles per kilogram (2, 3),
with associated highly fractionated Cd isotopic compositions of up
to several permil (Fig. 1) (4). In culture, phytoplankton consume
small quantities of Cd (5-7) and exhibit light Cd isotope compo-
sitions (8). Taken together, the available data suggest that the
marine geochemistry of Cd is dominated by nutrient-like pro-
cesses (i.e., required uptake). However, only one biochemical
function for Cd is known: CdCA1, a Cd/Zn carbonic anhydrase
from the marine diatom Thalassiosira weissflogii (9, 10). Although
ubiquitous in natural waters (11), CdCA1 is absent in numerous
phytoplankton including coccolithophores, cyanobacteria, ar-
chaea, and several species of diatom (11) (Table S1), and it is thus
debateable whether the expression of this single enzyme can ac-
count for the nutrient-like distribution of Cd in the global ocean.
Here we examine the isotopic fractionation of Cd associated with
CdCA1 that has been expressed in vivo by the model microor-
ganism, Escherichia coli. Because E. coli has no inherent use for
Cd, our experimental design permits comparison of cultures both
overexpressing and not expressing CdCA1 in otherwise identical
experiments. Using a systematic experimental approach, we are
able to identify the general physiochemical pathways that frac-
tionate Cd isotopes.

The role of CdCAL1 expression in determining whole-cell iso-
topic compositions was investigated by introducing the CdCAl
coding sequence from 7. weissflogii into the competent E. coli
strain BL21(DE3). Seven replicate experiments were performed
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that differed only in the final cell washing step (SI Materials and
Methods and Table S2). In each experiment, the culture suspension
was divided into two parallel cultures that were grown with and
without the addition of isopropyl-p-p-1-thiogalactopyranoside
(IPTG; a chemical inducer) to promote overexpression of
CdCALl (Fig. 2). By adding IPTG to only 7 of the 14 cultures, we
were able to independently study the role of CdCA1 expression
in determining whole-cell Cd isotopic compositions without
complications arising from differing physiologies. The 14 cul-
tures were grown for up to 4 h and harvested during the expo-
nential growth stage.

Results

The whole-cell Cd isotope compositions in the 14 cultures from
this study are lighter than the growth medium in experiments
both with and without the expression of CdCA1l. The weighted
means of the two sets of cultures are dcepis-cagaq.) = 0.99960 and
Qcells-Cd(ag) = 0.99957 for induced and uninduced cultures, re-
spectively (Fig. 2). The mean offset (dtcepis-cd(ag) ~ 0.9996) is in
agreement with the existing, albeit limited (and lower precision), Cd
isotope dataset for cultured freshwater phytoplankton (dtceiis-cd(ag.) =
0.9986 + 0.0006; ref. 8) and the growing literature for other bi-
ologically active transition metals, whereby microorganisms
exhibit a general preference for the light isotopes of a given el-
ement, e.g., Mo (12), Cu (13), Zn (14), Fe (15), and Ni (16). We
rule out adsorption as the cause of the light isotopic fraction-
ation observed for Cd in cultured cells, because a subset of cells
plunged into the growth medium for a short time (~10 s) resulted
in no fractionation of Cd isotopes (Fig. 2, control; SI Materials
and Methods).

To probe the processes responsible for Cd isotopic fraction-
ation, we dissected the E. coli cells into key subcellular compo-
nents. The cells were first mechanically separated by sonication
and centrifugation into cell membranes and the bulk cytosol. The
cytosolic components were further separated by chromatography
into the nonspecifically bound Cd (termed Cd ligand: CdL), Cd
bound in CdCA1, and denatured CdCA1 (Fig. 3).

The subcellular separates exhibited a wide range of Cd iso-
tope compositions (Table S3). The Cd bound in the cell mem-
branes exhibited isotopic compositions negatively fractionated
by SUYMOCH  branes = —0.26 + 0.05 compared with the
Luria-Bertani (LB) growth medium; §''*1'°Cd; 3 = 0] and
accounted for ~68% of the total cellular burden. Cytosolic Cd
(8"*MOCd 501 = —0.03 + 0.07) is isotopically indistinguishable
from the growth medium and contained the residual ~32% of the

Author contributions: T.J.H., R.B.Y.L,, and R.E.M.R. designed research; T.J.H. and R.B.Y.L.
performed research; G.M.H. contributed reagents/analytic tools; T.J.H., R.B.Y.L, G.M.H.,
and R.E.M.R. analyzed data; and T.J.H. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

"Present address: Department of Marine Chemistry and Geochemistry, Woods Hole
Oceanographic Institution, Woods Hole, MA 02543.

2To whom correspondence should be addressed. E-mail: Tristan.Horner@whoi.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1213857110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1213857110


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213857110/-/DCSupplemental/pnas.201213857SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213857110/-/DCSupplemental/pnas.201213857SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213857110/-/DCSupplemental/pnas.201213857SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213857110/-/DCSupplemental/pnas.201213857SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213857110/-/DCSupplemental/pnas.201213857SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213857110/-/DCSupplemental/pnas.201213857SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213857110/-/DCSupplemental/pnas.201213857SI.pdf?targetid=nameddest=ST3
mailto:Tristan.Horner@whoi.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213857110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213857110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1213857110

L T

/

1\

=y

31 B Abouchami et al. (2011) Earth Planet. Sci. Lett.
I ¢ Gault-Ringold et al. (2012) Earth Planet. Sci. Lett.
@ Ripperger et al. (2007) Earth Planet. Sci. Lett.
5 A Xue et al. (2011) Anal. Bioanal. Acta
0 Yang et al. (2012) Geochim. Cosmochim. Acta
2k
=k
Z
] L
V)
=]
o 5 o
3
© j
L T
4
O L L Lo aaal L L L a1l
0.001 0.01 0.1 1
Cd concentration (nM)
Fig. 1. Comparison of dissolved Cd isotope compositions and Cd concen-

trations for all published analyses of seawater (4, 56-59). All data have been
renormalized to NIST SRM 3108 (60). Dashed tie lines are shown for uptake
that follows closed-system Rayleigh fractionation (as various « values) as-
suming an isotopically light removal phase, where oremoval-cdag) =
(""*Cd/"*°Cd) emovarl(''*Cd/" °Cd)cy(aq)- The fractionation factor observed
for membrane storage (Cd homeostasis, ohomeo. = 0.99974 + 0.00005,
green shaded region) is consistent with the direction and magnitude of Cd
isotope fractionation observed in modern seawater. The large scatter in the
data is largely a consequence of water mass mixing of isotopically distinct
water masses.

cellular Cd (Fig. 3). The unfractionated Cd isotopic composition
of the cytosol implies that metal acquisition by E. coli either does
not fractionate Cd isotopes or that Cd isotopic equilibration
across the membrane occurs quickly.

Further seParation of the cytosolic components reveals simi-
larly large 5''¥''°Cd variations within the cytosol (Figs. 3 and 4;
Table S4). The largest pool of Cd in the cytosol was the non-
specifically bound Cd (CdL ~ 99% of cytosolic Cd), with an
isotope composition of 31M0Cd g = —0.09 + 0.06 (i.e., within
uncertainty of the bulk cytosol isotopic measurement). Insertion
of Cd into CdCA1, which occurs in vivo within the cytosol, was
observed to cause the largest isotopic fractionation within the
cell (6“4/ M0Cdegcar = =0.59 + 0.07 relative to the growth me-
dium), but accounts for only ~1% of the cytosolic Cd. In a full
replicate culture, and subsequent multistep insertion and ex-
traction of Cd into CdCA1, we obtained a statistically identical
value of "'"¥""°Cd = —0.67 + 0.07 (relative to the growth me-
dium) for Cd bound in CdCAl. Denatured CdCA1 exhibited
positive Cd isotope compositions (6“4/ M0Cdyenat. cacar = +0.17 +
0.05) but is insignificant in terms of the cytosolic mass balance,
accounting for ~0.1% of cytosolic Cd. Although there is poten-
tial for Cd isotopic fractionation during protein extraction and
purification chromatography, the subdivision of cells into mem-
branes and bulk cytosol is a mechanical process; thus, the ob-
servation that the membranes dominate the whole-cell isotopic
compositions is robust. This separation reveals that isotopic
fractionation of Cd only occurs once Cd is inside the cell and is
dominated by Cd translocation to the cell membranes (Fig. 4).

Discussion

The macroscopic whole-cell experiments and subcellular mass
balance both demonstrate that expression of the Cd enzyme,

Horner et al.

CdCALl, is not a significant contributor to the mass balance of Cd
within the cell and hence whole-cell isotopic compositions (Fig.
3). Although Cd bound to CdCAl has the most isotopically
fractionated value observed, the small fraction of cellular Cd
bound in this enzyme makes it insignificant to the overall cellular
Cd isotope composition (in agreement with observations from
the macroscopic experiments; Fig. 2). Instead, the Cd seques-
tered into the cell membrane drives the whole-cell isotopic
composition. Importantly, this observation also explains why
cells not expressing CdCAL1 exhibit identically light Cd isotope
compositions as those cells expressing it (Fig. 2). The size and
direction of the membrane-associated fractionation is in agree-
ment with Cd removal from seawater (Fig. 1).

Transport of Cd** into the cytosol likely occurs because of close
geochemical similarities to Zn>* (and/or other divalent metals, e.g.,
Co”* or Mn**), which plays an important role in many enzyme
pathways (17, 18). Culturing experiments have demonstrated that
the uptake of Cd into plankton—as with other divalent metals—
occurs in direct proportion to dissolved [Cd**], although this pat-
tern can be modulated by competition with the availability of other
metals (19, 20). For example, Zn limitation has been shown to
increase Cd uptake in bacteria (21) and phytoplankton (22-24),
with Fe restriction also promoting an increase in cellular Cd quotas
in culture (24, 25). Cd is imported by a wide range of micro-
organisms as they accumulate geochemically similar trace elements
for physiological use (26), thereby removing Cd from seawater.

The toxicity of Cd requires that it be managed if it enters a cell
(27). One role of the membranes in E. coli, and many other
microorganisms, is to ensure that metal homeostasis is maintained
by sensing, transporting, and storing metals for subsequent use
(17). E. coli cells have Cd management systems analogous to those
of eukaryotic cells, including marine phytoplankton (28). There is
genetic evidence in both pro- and eukaryotes for gene products
that manage or confer tolerance to heavy-metal stress, including
Cd (29, 30). Once internalized, Cd can interfere with essential
cellular machinery, particularly through displacement of metals
from their correct binding site (17). The cellular concentrations of
Cd and other toxic metals must therefore be tightly regulated to
prevent damage to cells (27). The mechanism of Cd management—
binding with cysteine-rich peptides such as glutathione, phy-
tochelatin, or metallothionein (31)—is a common, highly con-
served feature of many organisms including bacteria, plants, fungi,
and animals (28). The fate of these Cd complexes depends on the
organism in question, although they are commonly exported to
a vacuole (32, 33) or sometimes ejected from the cell (30, 34)
where they cannot interfere with the critical cellular machinery in
the cytosol. E. coli, which lack a vacuole, translocate Cd to their
membranes (35) by binding Cd with glutathione, a precursor of
(and functionally analogous to) phytochelatin (28). Cd is a par-
ticularly efficient metal for inducing production of metal-binding
ligands in plankton (36), with analysis of field populations (37,
38) and laboratory cultures (39, 40) demonstrating that Cd-
binding ligands are produced far in excess of that needed to
sequester any intracellular Cd (and other metals, such as Cu and
Zn; ref. 36). Our isotope data demonstrate that this process of
homeostasis can lead to the retention of isotopically light inert
Cd complexes by organisms (Fig. 4). This mechanism can ac-
count for the isotopic fractionation observed in experiments
conducted both with and without expression of CdCAL1 (Fig. 2).
However, it remains to be tested whether there are different
fractionation factors associated with various Cd-ligating pep-
tides (e.g., phytochelatin vs. glutathione) and their ultimate fate
within cells.

The implication of these experiments is that biologically medi-
ated Cd isotope fractionation occurs from growth media as organ-
isms inadvertently acquire Cd and sequester it into inert forms
within the cell. Because all organisms share a common ability to
manage Cd (28), but do not share CdCA1 (Table S1) (11), we
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Fig. 2. CdCA1 expression does not affect whole cell Cd isotopic compositions. (A) Image of an SDS/PAGE (sodium dodecyl sulphate polyacrylamide gel
electrophoresis) separation of cellular proteins (stained with Coomassie brilliant blue R-250). CdCA1 (with histidine tag) expression is seen in the induced
cultures (+IPTG) at 67.5 kDa (10) but not in the uninduced cultures (no IPTG). (B) Whole cell isotopic compositions for the control, induced, and uninduced
cultures (with the means of the induced and uninduced cultures, weighted by 1/uncertainty, shown as the red and blue horizontal bars, respectively). The mean
values of the +IPTG and —IPTG populations are indistinguishable (P = 0.94, using an unpaired two-sample t test). Isotopic data are reported relative to the Cd in the
growth solution and as fractionation factors: aceiis-ca(aq)- The control refers to cells that were harvested after ~10-s exposure to Cd?*. The spread in Cd isotopic
compositions relates primarily to the cell washing tests (S/ Materials and Methods). When cells washed with the same treatment are compared (same symbols),
+IPTG and -IPTG cultures are within analytical uncertainty.

contend that metal homeostasis, rather than physiological func-
tion, drives the vertical isotopic (4) and concentration gradients
(2, 3) of Cd seen in the global ocean. The fractionation observed
with nonspecific uptake and homeostasis (i.e., membrane stor-
age) in E. coli is consistent with the direction and magnitude of
Cd isotopic fractionation for published seawater data (Fig. 1).
Together, previous culturing studies and the genetic data are
consistent with the nonspecific uptake and homeostasis mecha-
nism proposed here, thus providing an alternative explanation as
to the cause of the Cd-P association seen in the global ocean (2, 3).

In other words, all phytoplankton, regardless of their ability to
use Cd, can contribute to the removal of Cd and fractionation of
its isotopes in seawater (Fig. 1).

Nonspecific uptake and homeostasis may contribute to the
distribution of other metals and their isotopic compositions in
the oceans. Even metals with well-understood enzymatic roles
(e.g., Fe) may exhibit a homeostasis control in regions of higher
concentration (e.g., upwelling zones of the ocean). Despite the
lack of similar subcellular analyses for other metal isotope sys-
tems, certain metal-specific storage proteins have been identified
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Fig. 3. Subcellular mass balance for E. coli cells expressing CdCA1. (Left) Isotopic composition of the cytosol (pre-separation) and cell membranes, dem-
onstrating that the membranes dominate whole-cell isotopic compositions. (Right) Isotopic composition of the cytosolic components (post chromatographic
separation); note the log scale. Nonspecifically bound Cd within the cytosol is isotopically identical to the bulk Cd isotopic composition of the cytosol and
accounts for nearly all cytosolic Cd (~99%). CACA1 is isotopically light by §'"''°Cd = —0.59 %o, equivalent to acdcat-ytosol = 0.9994 + 0.0001, whereas
denatured CdCA1 exhibits the only positively fractionated Cd within the cell.
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Fig. 4. Proposed model for Cd isotopic fractionation in E. coli. Cd isotope compositions plotted on a schematic representation of the cell for each of the
subcellular fractions, with interpretation. The measurements demonstrate that different components of E. coli cells exhibit multiple Cd isotope compositions.
The bulk cytosolic measurement is isotopically indistinguishable from the growth solution, implying either rapid Cd isotopic equilibration across the mem-
brane or that the uptake of Cd into the cytosol does not fractionate Cd isotopes.

in phytoplankton [e.g., for Fe (41), Cu (42), Zn, or Mn (43)] that
allow for the intracellular accumulation of metals during times of
metal-replete conditions. This process of luxury uptake and stor-
age has been observed in a wide range of phytoplankton lineages
(44-46) and is one of a number of survival strategies plankton use
during metal limitation (47). Subcellular isotopic analysis—as
performed for Cd in this study—may enable testing of the relative
importance of these mechanisms in setting oceanic distributions
(and isotopic compositions) for other metals.

Materials and Methods

Preparation of Transgenic E. coli and Overexpression of CdCA1. The pET15b-
CdCA1 construct was obtained from Xu et al. (10). Briefly, the CdCA1 coding
sequence for this construct was amplified from T. weissflogii cDNA. The PCR
product was subsequently cloned into a pET15b expression vector (Nova-
gen). This construct was transformed into a competent E. coli strain BL21
(DE3). Positive transformants were selected on LB plates with ampicillin (100
pg/mL). The recombinants were also screened by PCR using the T7 promoter
and T7 terminator primer. Positive clones were further sequenced with the
same primer pair.

Cells were initially grown until the exponential stage of growth in Cd-free
LB starter cultures at 37 °C to an optical density of 0.5-0.8 at 600 nm. Cd was
subsequently added to a Cd®* concentration of ~60 M (total, or analytical
[Cd], was 0.5 mM, added as CdCl,), and the culture was split into two. The
total Zn concentration of the growth medium, determined by inductively
coupled plasma mass spectrometry (ICPMS) on a Cd-free starter culture, was
~12 pM. The final Cd/Zn was ~42 mol/mol, which is marginally higher than in
previous studies (10), providing confidence that the Zn form of CdCA1 was
not produced. The Cd content and isotopic composition of the growth me-
dium did not change measurably during any experiment because of the high
Cd concentrations used. CACA1 overexpression was induced in 7 of the 14
cultures by addition of 1.0 mM IPTG to study the effect of CACA1 expression
on whole-cell isotopic compositions. Cells continued to grow in the expo-
nential stage (determined by optical density) until they were harvested,
typically after 4 h. Cells were harvested by centrifugation (5,000 x g for 15
min at 4 °C) and rinsed with 18.2 MQ H,O, and the pellets were frozen at
—80 °C until needed for further analysis.

CdCA1 Purification and Cleavage of the Histidine Tag. Nickel columns were
prepared by packing the His-Bind resin, Ni-charged, into chromatography
columns (Novagen) according to the manufacturer’s protocol. Frozen bac-
terial pellets were defrosted and resuspended in 20 mL extraction buffer (20
mM Tris-Cl, pH 8.0, 100 mM Na,SO,), with one protease inhibitor tablet
(Complete Protease Inhibitor Mixture Tablet, EDTA-free; Roche Diagnostics)

Horner et al.

and sonicated 4-6 times for 30-s bursts (on ice) with an interval of 1 min
between sonications. The lysate was centrifuged, and the supernatant was
filtered through a 0.45-um filter. The resulting filtrate was loaded onto an
equilibrated column at a flow rate of no faster than 1-2 mL/min; the pellet,
composed mostly of cell membranes (and some other cellular debris), was
stored for [Cd] and isotopic analysis. Nonspecifically bound proteins were
removed and collected by washing with 40 mL wash buffer (20 mM Tris-Cl,
pH 8.0, 100 mM Na,SO,) through the Ni columns. On-column cleavage of the
target protein from the histidine tag was carried out by loading 20 mL
elution buffer (20 mM Tris-Cl, pH 8.0, 100 mM Na,SO4, 20 mM imidazole)
into the column. After the buffer had flowed through, the column was
capped, and cleavage was allowed to occur overnight in the presence of
2 mL elution buffer with thrombin. The target protein was eluted the fol-
lowing day by adding 5 mL elution buffer and collecting the first 4 mL of the
flow-through. Purified proteins were further concentrated by passing the
extract through an Ultracel-30 membrane (Amicon Ultra-4 Centrifugal Filter
Unit, 30-kDa cutoff; Millipore). Both the purified protein and the residual
flow-through (denatured CdCA1) were stored for analysis.

SDS/PAGE and Protein Quantification. Whole cell protein extracts were sep-
arated on 12% (vol/vol) SDS/PAGE using the Laemmli method (48, 49), and
the gels were subsequently stained with Coomassie brilliant blue R-250. The
protein concentration of each sample was determined using the Bradford
method (50).

The distribution of CdCA1 homologues was investigated using BLAST (51),
with the T. weissflogii CACA1 protein sequence as query, on complete
plankton genomes found in the Joint Genome Institute (JGI) and National
Center for Biotechnology Information (NCBI) databases (Table S1).

Decomposition of Cells and Purification of Elemental Cd. Whole cells and
subcellular fractions were taken to dryness and weighed before acid di-
gestion. Typically, 1 mL concentrated aqua regia was added per 15 mg (dry
mass) of cells up to a maximum of 10 mL and refluxed at 80 °C for 24 h before
evaporating to dryness at 120 °C and resampling in 2% HNOs (vol/vol) for
analysis by ICPMS. This process was repeated until no meniscus (caused by
latent organic compounds) was observed in the suspension. To check for
congruent dissolution, four bacterial isolates were subsampled and digested
using a microwave treatment similar to the one described by Larner et al.
(52), allowing direct comparison with the hotplate method. Cells were sus-
pended in a mixture of 5 mL concentrated HNO3 and 3 mL 30% (weight
percent) H,0, and heated to 240 °C at 60 atm for 90 min. The measured Cd
isotopic compositions from the two methods, following ion exchange chro-
matography, are within 8''#1'°Cd < 0.03%o of the alternative decomposition
treatment (1:1 line R? > 0.9; Table S5; Fig. S1), suggesting that the hotplate
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method was robust in ensuring congruent dissolution and liberation of Cd
from cell organic matter.

Decomposed samples were analyzed for Cd concentrations on a Thermo
ELEMENT 2 ICPMS. A suitable mass of Cd double spike ('''Cd-""3Cd) was then
added, and the samples were purified using extraction chromatography (53,
54) in 200-pL shrink-fit polytetrafluoroethylene columns.

Isotopic Analysis of Cd. Isotopic methods have been reported in detail pre-
viously (55). Briefly, samples were introduced into a Nu Instruments DSN-100
desolvation system (at 120 pL/min) with an Elemental Scientific PFA MicroFlow
Nebulizer. The desolvated sample was introduced into a Nu Instruments Nu
Plasma multi-collector-ICPMS. All ion currents from 110 AMU (*'°Cd, '"°Pd) to
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standard was unimportant. The total analytical blank was negligible in all
cases at 8 + 6 pg Cd (1 SD, n = 7), equivalent to <0.1% of the Cd present on
any single isotopic measurement.

Where possible, uncertainties are quoted as 2x SD of sample replicates
(when n > 5). When there was insufficient Cd to repeat the isotopic analyses
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run in the same analysis session, as this is generally a good approximation of
the measurement uncertainty (53). (The uncertainty reported in the text is
always the larger of the two.) The Cd isotopic composition of FLUKA Cd,
relative to our in-house ICPMS standard OxCad (55), was determined as
8'1411%Cd = +0.75 + 0.10 (2 SD, n = 13).

ACKNOWLEDGMENTS. We thank Y. Xu for the CdCA1 construct for use in
these experiments; P. F. Holdship for help with the ICPMS; K. L. Karsh and
F. M. M. Morel for helpful discussions; and two anonymous referees for
particularly insightful comments. T.J.H. is supported by the Natural Environ-
ment Research Council (NE/G524060/1) and Nu Instruments. This work was
funded by the Oxford-Princeton Research Partnership (R.E.M.R. and F. M. M.
Morel), NERC, and the European Research Council (SP2-GA-2008-200915).

28. Prévéral S, et al. (2009) A common highly conserved cadmium detoxification mech-
anism from bacteria to humans: heavy metal tolerance conferred by the ATP-binding
cassette (ABC) transporter SpHMT1 requires glutathione but not metal-chelating
phytochelatin peptides. J Biol Chem 284(8):4936-4943.

29. Cobbett C, Goldsbrough P (2002) Phytochelatins and metallothioneins: Roles in heavy
metal detoxification and homeostasis. Annu Rev Plant Biol 53:159-182.

30. Silver S, Phung T (2005) A bacterial view of the periodic table: Genes and proteins for
toxic inorganic ions. J Ind Microbiol Biotechnol 32(11-12):587-605.

31. Grill E, Winnacker EL, Zenk MH (1987) Phytochelatins, a class of heavy-metal-binding
peptides from plants, are functionally analogous to metallothioneins. Proc Nat/ Acad
Sci USA 84(2):439-443.

32. Mendoza-Cézatl DG, et al. (2010) Tonoplast-localized Abc2 transporter mediates
phytochelatin accumulation in vacuoles and confers cadmium tolerance. J Biol Chem
285(52):40416-40426.

33. Ortiz DF, Ruscitti T, McCue KF, Ow DW (1995) Transport of metal-binding peptides by
HMT1, a fission yeast ABC-type vacuolar membrane protein. J Biol Chem 270(9):
4721-4728.

34. Lee JG, Ahner BA, Morel FMM (1996) Export of cadmium and phytochelatin by the
marine diatom Thalassiosira weissflogii. Environ Sci Technol 30(6):1814-1821.

35. Mitra RS, Gray RH, Chin B, Bernstein IA (1975) Molecular mechanisms of accommo-
dation in Escherichia coli to toxic levels of Cd%*. J Bacteriol 121(3):1180-1188.

36. Ahner BA, Morel FMM (1995) Phytochelatin production in marine algae. 2. Induction
by various metals. Limnol Oceanogr 40(4):658-665.

37. Dupont CL, Moffett JW, Bidigare RR, Ahner BA (2006) Distributions of dissolved and
particulate biogenic thiols in the subartic pacific ocean. Deep Sea Res Part | Oceanogr
Res Pap 53(12):1961-1974.

38. Ahner BA, Lee JG, Price NM, Morel FMM (1998) Phytochelatin concentrations in the
equatorial pacific. Deep Sea Res Part | Oceanogr Res Pap 45(11):1779-1796.

39. Ahner BA, Kong S, Morel FMM (1995) Phytochelatin production in marine algae. 1. An
interspecies comparison. Limnol Oceanogr 40(4):649-657.

40. Dupont CL, Ahner BA (2005) Effects of copper, cadmium, and zinc on the production
and exudation of thiols by Emiliania huxleyi. Limnol Oceanogr 50(2):508-515.

41. Marchetti A, et al. (2009) Ferritin is used for iron storage in bloom-forming marine
pennate diatoms. Nature 457(7228):467-470.

42. Dupont CL, Nelson RK, Bashir S, Moffett JW, Ahner BA (2004) Novel copper-binding
and nitrogen-rich thiols produced and exuded by Emiliania huxleyi. Limnol Oceanogr
49(5):1754-1762.

43. Tottey S, et al. (2008) Protein-folding location can regulate manganese-binding versus
copper- or zinc-binding. Nature 455(7216):1138-1142.

44. Sunda WG, Huntsman SA (1995) Iron uptake and growth limitation in oceanic and
coastal phytoplankton. Mar Chem 50(1-4):189-206.

45. Kustka A, Safiudo-Wilhelmy S, Carpenter EJ, Capone DG, Raven JA (2003) A revised
estimate of the iron use efficiency of nitrogen fixation, with special reference to the
marine cyanobacterium Trichodesmium spp. (cyanophyta). J Phycol 39(1):12-25.

46. Kustka AB, Allen AE, Morel FMM (2007) Sequence analysis and transcriptional regu-
lation of iron acquisition genes in two marine diatoms. J Phycol 43(4):715-729.

47. Saito MA, et al. (2011) Iron conservation by reduction of metalloenzyme inventories
in the marine diazotroph Crocosphaera watsonii. Proc Natl Acad Sci USA 108(6):
2184-2189.

48. Laemmli UK (1970) Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature 227(5259):680-685.

49. Sambrook J, Russell DW (2001) Molecular Cloning: A Laboratory Manual (Cold Spring
Harbor Laboratory, New York), p 2344.

50. Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal Biochem 72:
248-254.

51. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment
search tool. J Mol Biol 215(3):403-410.

52. Larner F, et al. (2011) A new separation procedure for Cu prior to stable isotope
analysis by MC-ICP-MS. J Anal at Spectrom 26(8):1627-1632.

Horner et al.


www.pnas.org/cgi/doi/10.1073/pnas.1213857110

yd
=y

53.

54.

55.

56.

Ripperger S, Rehkamper M (2007) Precise determination of cadmium isotope frac-
tionation in seawater by double spike MC-ICPMS. Geochim Cosmochim Acta 71(3):
631-642.

Wombacher F, Rehkdamper M, Mezger K, Munker C (2003) Stable isotope composi-
tions of cadmium in geological materials and meteorites determined by multiple-
collector ICPMS. Geochim Cosmochim Acta 67(23):4639-4654.

Horner TJ, Rickaby REM, Henderson GM (2011) Isotopic fractionation of cadmium into
calcite. Farth Planet Sci Lett 312(1-2):243-253.

Abouchami W, et al. (2011) Modulation of the southern ocean cadmium isotope signa-
ture by ocean circulation and primary productivity. Earth Planet Sci Lett 305(1-2):83-91.

Horner et al.

57.

58.

59.

60.

Xue Z, Rehkdamper M, Schénbéchler M, Statham PJ, Coles BJ (2012) A new method-
ology for precise cadmium isotope analyses of seawater. Anal Bioanal Chem 402(2):
883-893.

Yang SC, Lee DC, Ho TY (2012) The isotopic composition of cadmium in the water
column of the South China Sea. Geochim Cosmochim Acta 98:66-77.

Gault-Ringold M, Adu T, Stirling CH, Frew RD, Hunter KA (2012) Anomalous bio-
geochemical behavior of cadmium in subantarctic surface waters: Mechanistic con-
straints from cadmium isotopes. Earth Planet Sci Lett 341:94-103.

Abouchami W, et al. (2012) A common reference material for cadmium isotope
studies—NIST SRM 3108 Cd. Geostand Geoanal Res, 10.1111/1.1751-908X.2012.00175.x.

PNAS | February 12,2013 | vol. 110 | no.7 | 2505

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES

ENVIRONMENTAL

SCIENCES



