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Abstract
Divalent zinc, Zn(II), is an abundant and essential metal ion for human health. Across diverse biological
settings, it stabilizes the structure of proteins, serves as a catalytic cofactor in enzymes with disparate functions,
and mediates important signaling events. The ability of cells to apply Zn(II) in all these roles is contingent upon
their ability to ensure adequate, but not excessive, Zn(II) levels. This control process, or homeostasis, is
maintained by at least 24 transporters, including 14 ZIPs that increase the transition metal ion concentration of
the cytosol and 10 ZnTs that decrease the transition metal ion concentration of the cytosol. Zn(II) homeostasis
can be challenged either by excessive or inadequate nutritional Zn(II) or by interference of other metal ions with
Zn(II) uptake transporters. Neither the molecular consequences of Zn(II) deficiency nor the molecular basis of
ZIP-mediated selective metal uptake is well defined.
To address both these issues, I developed and applied new methodologies to study transition metal
homeostasis. First, I report the preparation and use of "A12-resin", comprising the Zn(II)-binding protein
S100A12 conjugated to agarose, that is capable of selective depletion of Zn(II) from diverse biological media. I
deplete cell culture media of Zn(II) by using this resin and characterize the effects of Zn(II) insufficiency on the
metabolism, transcriptome, and metallome of HEK293 cells. Second, I further apply Zn(II)-depleted cell culture
media in a Zn(II) uptake assay. I show that repletion of Zn(II) depleted media with°Zn(II), a naturally lowabundance, stable isotope of Zn(II), enables sensitive, inductively coupled plasma-mass spectrometry-based
measurements of Zn(II) uptake. Finally, I apply this assay to characterize the metal ion selectivity of human LIV-1
subfamily Zn(II) transporters. I show that the kinetic parameters associated with ZIP4, ZIPS, ZIP8, and ZIP10
transport of Mn(II), Cd(II), and Zn(II) are distinct, and that metal ion selectivity is conferred by the
transmembrane domains of the proteins rather than by the extracellular N-terminal domains. Taken together, the
work presented in this thesis enables and motivates future work to interrogate transition metal homeostasis in
human cells.
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Overview
Life on earth requires Zn(II). This thesis explores that point in the context of mammalian cells
(Figure 1.1). In this introduction, we discuss five topics that bear on the extent and limitations of data
regarding Zn(II) in human health and cell biology:
i.

The history of Zn(II) in animal and human health

ii.

The bioinorganic chemistry of Zn(II) and how the chemistry of the ion enables specific roles of

Zn(II) in biology (Figure 1.1)
The nature of Zn(II) homeostasis -

iii.

what it is, how it is maintained, and how it enables Zn(II)

proteins to execute biological functions (Figure 1.1)
iv.

The consequences of Zn(II) dysregulation (Figure 1.1)

v.

The interaction of Zn(II) homeostatic machinery with other metals (Figure 1.1)

Taken together, these points motivate the experiments described in the following thesis.

Physiology

Chemistry
Properties of Zn(l)

Roles of Zn(Il) in Biology

Pathology

Zn(ll) Homeostasis
Other Metals

30

NN-Zn(Hi)

Enable

Enables

Zn

Figure 1.1 Overview of, and correspondence between, topics discussed in this chapter.
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Genetic Disease
Environment

History and Importance of Zn(II) in Human Health
The hard-won proof that Zn(II) is essential for the growth and development of metazoans was
made in 1933.'Work in the preceding decades had been stymied by the difficulty of preparing lowZn(II) animal feed. Only by careful depletion and quantitation of Zn(II) in a specially designed diet was
it discovered that Zn(II) is an essential element in rats.
Over subsequent decades, Zn(II) deficiency was recognized in other animals. In 1955,
parakeratosis, characterized by dermal abnormalities and poor hair growth, was recognized to be a
consequence of Zn(II) deficiency in swine and cattle.2 Three years later, slow growth of chicks was
similarly associated with Zn(II) deficiency. 3 Evidencing the challenge of studying Zn(II) deficiency in
the laboratory, chickens in such experiments were able to acquire sufficient dietary Zn(II) by pecking
their cages. This experimental complication was addressed by coating the cages of the broilers with a
lacquer. 3These and other cases, established the importance of Zn(II) in the diet of animals, and implied
that Zn(II) had important biological functions.
It was not until 1961, however, that evidence emerged that Zn(II) deficiency could afflict
humans. In this year, Ananda Prasad suggested that the gonadal abnormalities and dwarfism of an
anemic (iron-deficient) Iranian population were the result of Zn(II) deficiency. 4 Two years later, in
1963, further characterization of this and other similar populations strongly suggested that Zn(II)
deficiency could account for this syndrome.' Indeed, the symptoms of this population could be
ameliorated with dietary co-supplementation of iron and Zn(II), but not iron alone; Zn(II)
supplementation led to 15 cm of growth and normalization of the genitals within one year.
Both geophagy and high dietary phosphorus were initially suggested as causes of Zn(II)
deficiency in the Iranian population. 4The latter hypothesis appears to be correct; the proximal cause of
the combination of anemia and Zn(II) deficiency was traced to the high amount of phytate that this
population consumed.'" Phytate, which is a phosphate storage molecule in plants (cereal grains in
particular), can bind up to five equivalents of Zn(II) with sufficient affinity that the ion cannot be
absorbed by the gut.'" Consequently, a diet replete with Zn(II) can cause an individual to become
Zn(II)-deficient if the diet is also high in phytate. 9,"
Even in some patients who consume sufficient Zn(II) and whose diet does not contain phytate,
mutations in genes encoding Zn(II) importers can cause symptoms of Zn(II) deficiency. This
condition, known as acrodermatitis enteropathica, was first recognized in 1973 in a young girl
experiencing symptoms similar to those that Prasad had observed in Iran. 2 Fortunately, the symptoms
are treatable by supplementation of the diet with Zn(II). In 2002, genetic analysis revealed that this
condition was caused by mutations in the Zn(II) transporter ZIP4." Further discussion of this and
related transporters is provided in the section entitled 'Molecular Players in Zn(II) homeostasis.'
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Irrespective of cause, severe Zn(II) deficiency remains a serious challenge in the developing
world. A United Nations/World Health Organization states that up to 800,000 people die per year
because of Zn(II) deficiency and s 2.9% of the global loss of disability adjusted life years is attributable
to Zn(II) deficiency.

4

A key challenge remains to identify the extent to which Zn(II) deficiency is pervasive in both the
developing and developed world. Some investigators suggest that'marginal'or'moderate'Zn(II)
deficiency is a global health challenge." Available evidence neither supports nor refutes this claim, in
part because the condition is so ill-defined. Neither the pervasiveness nor the consequences of this
condition are well-characterized in humans because reliable biomarkers for Zn(II) status have not been
identified.l"
The foregoing points regarding the dramatic consequences of Zn(II) deficiency highlight the
importance of Zn(II) in biology. The remainder of this thesis explores the roles of the Zn(II) in
mammalian cell physiology. Further discussion of Zn(II) deficiency is included throughout.
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The Bioinorganic Chemistry of Zn(II) and the Disparate Roles of the Ion in Biology
BioinorganicChemistry of Zn(II)
Diverse biomolecules bind Zn(II) and gain physiological function. Its closed-shell configuration
and the Lewis acidity of its complexes explain the many roles of Zn(II) in biology. The former makes it
difficult for Zn(II) to be oxidized or reduced under physiological conditions. As a result, Zn(II) in
biology is the divalent cation. Nonetheless, it can mediate redox chemistry as in the case of alcohol
dehydrogenase. Moreover, the closed shell configuration also allows Zn(II) centers in biology to have a
number of coordination sites and geometries.

,17,

In contrast to most d-block elements, biological

Zn(II) often attains a tetrahedral coordination environment. This point is related to the discussion in
the Section entitled'How Does Zn(II) Homeostasis Interact with that of Other Metals' regarding
toxicity of Cd(II) and Zn(II) because Cd(II), which, like Zn(II), has a delectronic configuration,
might bind at similar sites in proteins as does Zn(II).'"
An additional feature of biological Zn(II) is its Lewis acidity. Water coordination to carbonic
anhydrase, for instance has a pKa of approximately 7,"1" compared to a value of 14 for pure water.

Ligand binding to Zn(II) can also increase the electrophilicity of the ligand, as is observed in alkaline
phosphatase.
The roles of Zn(II) in biology can be categorized as (i) structural, (ii) catalytic, or (iii) signaling.
Examples of Zn(II) in each role follow and introduce the ensuing discussion of Zn(II)
(dys)homeostasis.
StructuralRoles of Zn(II)
A key example of proteins in which Zn(II) serves a structural role is zinc fingers. First, on a
protein identity basis they likely constitute at least 50% of Zn(II)-binding proteins in mammalian
cells."'" Second, they execute a variety of cellular functions that range from serving as transcription
factors to mediating protein-protein interactions."
Transcription Factor IIIA (TFIIIA, (Figure 1.2a) is the prototypical zinc finger family (ZNF)
member. Indeed, it was the first zinc finger to be discovered and was identified as such by Klug in 198524
while studying transcription.2 Subsequent crystallographic 26 and NMR" analysis of two different ZNFfamily members (Zif268 and ADR1) revealed that the motif comprises two beta sheets and an alpha
helix that together provide two cysteines and two histidine residues to ligate Zn(II). These structural
features are also present in TFIIIA (Figure 1.2a).
Since the discovery of this first zinc finger, 30 families of zinc finger proteins have been
identified, each distinct from the canonical TFIIIA structure described above. Members of two of these
families, the ZNF family (i.e., TFIIIA) and the RING (Really Interesting New Protein) finger family
(RNF) family are shown in Figure 1.2b and the ZNF family is further described below.
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ZNF proteins (like TFIIIA) are transcription factors. Two features define the interaction of the
ZNF motif with DNA. First, because zinc fingers do not fold into a'finger'without Zn(II),2 7 ZNF
protein interaction with DNA requires Zn(II) binding. Second, ZNF proteins are selective for particular
DNA sequences. Selectivity for a particular three nucleotide sequence is engendered by the identity of
amino acids in the alpha helix of themotif. The sequences of the alpha helix confer DNA sequence
selectivity because the alpha helices lie within, and contact bases in, the major groove of DNA."
Homologation of ZNF domains can increase the affinity of proteins containing zinc fingers for DNA
beyond the affinity of a single zinc finger domain.2

1

The ZNF family member MTF-1 (metal responsive transcription factor 1) illustrates both
points. MTF-1, which is comprised of six zinc finger domains and three transactivation domains, is the
central node in the metazoan response to metal stress.2 9 Stimulation of metazoan cells with Zn(II) or
heavy metals (Cd(II), As(III)) drives MTF-1 translocation to the nucleus. There, MTF-1 binds to the
metal response element" and initiates transactivation of the Zn(II) exporter ZnT1,1,32 the Zn(II)buffering protein metallothionein, 33 and other genes. 3 In an alternative mode of action, MTF-1
represses transcription of the Zn(II) importer ZIP1O.

34,31 When

Zn(II) is limiting for growth, ZIP10

expression is derepressed and the mRNA encoding the protein is transcribed.3 This repressive action of
MTF-1 is realized by binding of MTF-1 to a metal response element downstream of the transcription
start site of ZIP10, thereby inhibiting transcription.5
CatalyticRoles of Zn(II)
Zn(II) serves as a catalytic cofactor in enzymes of all classes. 22 In the following section, we
describe two enzymes that apply Zn(II) to promote different functions, namely, alkaline phosphatase
and alcohol dehydrogenase. In alkaline phosphatase, Zn(II) activates an electrophile for nucleophilic
attack. Alcohol dehydrogenase, on the other hand, achieves redox catalysis by using redox-inert Zn(II).
Both the structure and catalytic mechanism of each enzyme will be briefly discussed.
Escherichiacoli alkaline phosphatase was first identified as a Zn(II) enzyme in 1962 by Vallee
and coworkers. 3

37 The

enzyme bears two dinuclear Zn(II) sites (Figure 1.2c) 3 that independently

catalyze the hydrolysis of phosphomonoesters. The catalytic cycle of the enzyme proceeds through a
covalent phosphoseryl intermediate that is subsequently hydrolyzed or alcoholyzed to regenerate the
unmodified enzyme (Figure 1.2c). 9Apart from Zn(II), the enzyme also requires a Mg(II) ion near the
catalytic site (Figure 1.2c).
Humans express four isoforms of alkaline phosphatase in a somewhat tissue-dependent manner:
intestinal alkaline phosphatase, placental alkaline phosphatase, germ cell alkaline phosphatase, and tissue
nonspecific alkaline phosphatase (TNAP)." This last isoform is critical for human health -

32

characterized mutations in the gene result in hypophosphatasia, a disease characterized by symptoms
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that range in severity from weakened bones to death in utero as a consequence of poor bone
mineralization.
Another important Zn(II) metalloenzyme is alcohol dehydrogenase, which offers a key defense
mechanism against alcohol poisoning in the liver (Figure 1.2d). The alcohol-oxidizing activity of animal
tissue was first identified in 1910, but isolation and characterization of alcohol dehydrogenase began in
the 1930s. 4 Later work by Vallee and coworkers identified both the yeast and horse liver alcohol
dehydrogenase as Zn(II) enzymes. 43 44Whereas the dimeric yeast enzyme binds four equivalents of
Zn(II), the monomeric equine homolog binds only two. Twenty years later, in 1976, Eklund and
coworkers refined the structure of horse liver alcohol dehydrogenase (Figure 1.2d), revealing the
Cys 2 His, coordination environment of the catalytic Zn(II) in the enzyme (Figure 1.2d), and that of the
structural Zn(II), which is ligated by four cysteine residues. 45 Alcohol binding to the catalytic Zn(II)
enables c-hydride transfer to nicotinamide adenine dinucleotide (Figure 1.2d).
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Catalytic roles of Zn(II). PDB IDs, (a-e): 1TF3, 1FBV, 2SOD, 1ALK, 1A71.
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Zn(II) Signals
The best-characterized signaling role of Zn(II) occurs in the central nervous system (CNS),
where it has been investigated for more than three decades. 4 6 For instance, Zn(II) binding to the NMDA
receptor inhibits post-synaptic calcium flux. 47 4 8Zinc involved in signaling of this kind, so-called 'mobile
Zn(II)', is co-secreted with the neurotransmitter glutamate from pre-synaptic terminals in the CNS.
Propagation of a post-synaptic action potential requires glutamate binding to a post-synaptic NMDA
receptor, thereby opening a Ca(II) channel in the membrane and permitting flux of Ca(II) down its
membrane potential into the post-synaptic neuron. Zn(II) binding to the NMDA receptor can inhibit
this process. In particular, Zn(II) binds at the GluN2A/B subunit of the NMDA receptor preventing
channel opening in response to glutamate. 49 Adding complexity to the roles of Zn(II) in the brain,
Zn(II) also appears to inhibit AMPA-receptors. -`The totality of physiological contexts in which such
inhibition is relevant is still being defined, but recent work suggests that Zn(II) may control the gain of
'

excitatory signals in the central nervous systems.4 7 5

A further role of Zn(II) in signaling is in oocyte maturation and fertilization. Prior to maturation,
oocytes take up -20 billion zinc ions. 2 Immediately following fertilization, a bolus of Zn(II) is released
from the oocyte. 5 3Such boluses of Zn(II), termed'Zn(II) sparks'ensue from the release of thousands of
Zn(II)-loaded vesicles. 5 4Remarkably, the size of a Zn(II) spark is positively correlated with propensity
of the oocytes to form blastocysts (i.e., to mature).55 Molecular mechanisms underpinning the roles of
Zn(II) in the process of fertilization remain opaque.
The intracellular roles of Zn(II) in signaling are less well understood than those of extracellular
mobile Zn(II). Zn(II) has been proposed to be an intracellular second messenger - that is, its release
amplifies a primary signal. For example, stimulation of the FcsRI receptor, an immune response protein,
by its ligand, immunoglobulin E, engenders a perinuclear rise in labile Zn(II) levels assessed with the
small-molecule Zn(II) sensor Newport Green.5 6 The physiological implications of this finding remain
unclear, but the authors suggest that this released, labile Zn(II) might inhibit phosphatases. This
assertion is consistent with data from Maret and coworkers suggesting that physiological concentrations
oflabile Zn(II) could inhibit protein tyrosine phosphatases.-<
Conclusions
The foregoing discussion of both the chemistry of Zn(II) and its roles in biology highlights the
importance of the ion in humans. The discussion thus far has focused on either isolated proteins or
specific cases of Zn(II) function. But, how do cells ensure that Zn(II)-requiring proteins and vesicles
obtain and bind the ion? This question, and the limitations of available data regarding its answers are
addressed in the subsequent section.
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Zn(II) Homeostasis
Overview
Zn(II) homeostasis is a condition in biological systems whereby sufficient, but not excess,
Zn(II) is available at the right time and at the right place to enable a physiological process. Despite being
accurate, such an abstract definition obscures the attendant complexity of biological homeostasis and
belies the distinction between systems-level and molecular-level aspects of Zn(II) homeostasis. In order
to address both features, we discuss four points: (i) the Zn(II) content of biological tissues, (ii) the
distribution of Zn(II) among proteins 6 in human cells, (iii) the molecular players that maintain Zn(II)
homeostasis, and (iv) biological systems in which the consequences of perturbed Zn(II) homeostasis
are well-defined.
Taken together, these four points will reveal the latent depth of the definition of Zn(II)
homeostasis presented above. Moreover, the following discussion emphasizes how little is known
regarding each of the four points. I, therefore, advocate several avenues for future work.
QuantitativeDescriptionsof Zn(II) Content in Different Tissues
Organismal Zn(II) content can be categorized as either labile or bound. Labile Zn(II) is
involved in signaling (i.e. NMDA receptor, fertilization, immune response) and bound Zn(II) is Zn(II)
stably coordinated to proteins (i.e. zinc fingers, alcohol dehydrogenase, alkaline phosphatase) and other
cellular components not discussed.
Labile, loosely bound, Zn(II) concentrations in cells are highly variable within tissues and
between cell types. Two key examples highlight this point. First, pancreateic insulin-containing secretory
vesicles in beta cells contain millimolar concentrations of Zn(II), whereas the secretory vesicles of
glucagon-secreting alpha cells contain low levels of Zn(II).A,"2 Second, glutamate-containing secretory
vesicles in some, but not all, neurons similarly contain high concentrations of Zn(II)." Early work
regarding both examples suggests that, in these cell types, approximately 20% of cellular Zn(II) is
contained within secretory vesicles.4 6 ,"
The high concentrations of mobile Zn(II) measured in these secretory cells contrasts with the
low nM concentrations of free Zn(II) measured in many cell lines by using ratiometric protein-based
sensors (Table

1.1).63,64

Data regarding levels of cellular free Zn(II) are challenging to interpret,

however. First, different sensors directed toward the same subcellular compartment in the same cell line
detect different concentrations of free Zn(II) (Table 1.1).64-7 Second, and related to the first point, it
remains uncertain what such protein-based Zn(II) sensors actually detect in cells. The proteins certainly
respond to Zn(II) in a predictable manner in vitro. But the degree to which the in vitro measured
dissociation constant of the protein bears on Zn(II) binding in vivo is an open question.
Nonetheless, there are trends in the cited data. Primarily, the sensors report that cytosolic free
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Zn(II) concentrations are on the order of hundreds of picomolar to nanomolar. These values are of the
same order of magnitude as some of the seven dissociation constants for Zn-metallothionein (the
protein binds up to seven Zn(II) ions), the Zn(II)-buffering protein in metazoan cells, which could
suggest that these values are reasonable approximations of cytosolic free Zn(II) content.
But because labile Zn(II) in many cell lines is on the order of hundreds of picomolar to
nanomolar, and total Zn(II) is on the order of hundreds of micromolar, the majority of Zn(II) in cell
lines and tissues is not labile. Measurements of total Zn(II), therefore, provide a reasonable estimate for
total Zn(II) in many tissues.
Published measurements of murine tissue Zn(II) content are reported in Figure 1.3.785 We
attempted to avoid bias in data selection by including values from manuscripts published over a span of

Table 1.1. Measured free Zn(II) concentrations in a subset of subcellular locales and celllines
Sensor

Measured [Zn(l)]

Cell Line/Type Citation

Cytosol

ZapCY1
eZinCh-2
eZinCh-2
eZinCh-2
eZinCh-2
ZapCY2
ZapCY2
ZapCY2
ZapCY2
eCALWY1-6

0.9 ± 0.1 pM
0.44 ± 0.06 nM
0.65 ± 0.06 nM
0.87 ± 0.10 nM
0.83 ± 0.10 nM
75 pM
65 pM
110 pM
80 pM
400 pM
0.9 ± 0.1 pM
1.18 ± 0.21 nM
0.8 ± 0.6 nM
1.84 ±0.18 nM
5.58 ± 0.7 nM
1.89 ± 0.28 nM
2.2 ± 0.6 nM
0.54 ± 0.27 nM
0.75 ± 0.49 nM
0.6 ± 0.1 nM
0.3 ±0.04 nM
0.22
680 140 nM
0.25 0.03 nM
0.25 0.07 nM
0.25 0.03 nM

HeLa
MCF-7
TamR
HeLa
HEK293T
HeLa
RWPE-1
MIN6
Neurons
HeLa
HeLa
HeLa
HeLa
HEK293T
HEK293T
MIN6
human beta cells
MCF-7
TamR
HeLa

Palmer et al. PNAS 2011
Merkx et al. Metallomics 2016
Merkx et al. Metallomics 2016
Merkx et al. ACS Chem. Biol. 2015
Merkx et al. ACS Chem. Biol. 2015
Palmer et al. ACS Chem. Biol. 2013
Palmer et al. ACS Chem. Biol. 2013
Palmer et al. ACS Chem. Biol. 2013
Palmer et al. ACS Chem. Biol. 2013
Merkx et al. Nat. Methods 2009
Palmer et al. PNAS 2011
Rutter et al. ACS Chem. Biol. 2014
Merkx et al. ACS Chem. Biol. 2015
Rutter et al. ACS Chem. Biol. 2014
Rutter et al. ACS Chem. Biol. 2014
Rutter et al. ACS Chem. Biol. 2014
Rutter et al. ACS Chem. Biol. 2014
Merkx et al. Metallomics 2016
Merkx et al. Metallomics 2016
Palmer et al. PNAS 2011

HeLa
HeLa
HeLa
HEK293T
MIN6
human beta cells

Rutter et al. ACS Chem. Biol. 2014
Palmer et al. ACS Chem. Biol. 2012
Palmer et al. ACS Chem. Biol. 2012
Rutter et al. A CS Chem. Biol. 2014
Rutter et al. A CS Chem. Biol. 2014
Rutter et al. A CS Chem. Bio. 2014

ER

Golgi
Mitochondria
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ZapCY1
ER-eCALWY-4
eZinCh-2
ER-eCALWY-4
ER-eCALWY-6
ER-eCALWY-4
ER-eCALWY-4
eZinCh-2
eZinCh-2
ZapCY1
ER-eCALWY-4
Mito-ZapCY1
Mito-ZifCY1
ER-eCALWY-4
ER-eCALWY-4
ER-eCALWY-4

Ref

#

Organelle

66
67
67
70
70
68
68
68
68
69
66
64
70
64
64
64
64
67
67
66
64
65
65
64
64
64
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Figure 1.3. Zn(II) concentrations in diverse murine tissues. The presented data are aggregated from
publications spanning four decades. Data were collected by using inductively-coupled mass
spectrometry or atomic absorption spectroscopy.
approximately 40 years by different laboratories. Only data from mice maintained under normal growth
conditions are plotted. In considering these data, it is important to bear in mind the intrinsic differences
between mice used in different studies (strain, gender, and age) as well as extrinsic distinctions between
mice environments (diet, exercise). The effect each parameter has on organ Zn(II) content is not
necessarily well-defined.
Inspection of these data yields two important insights. First, and unsurprisingly different tissues
have different Zn(II) content. Second, there is some consistency between measured metal
concentrations among experiments. For instance, liver tissue generally has more Zn(II) than kidney
tissue (discounting the measured Zn values greater than 1,000 nmol/g tissue, p < 0.004). Moreover,
such values are heuristically useful for the interpretation of data regarding cellular metal content from
work in vitro (vide infra). Reliable measures of Zn(II) content of cell samples from tissue culture are
typically on the order of 1-10 nmol/mg protein, which is in rough agreement with the above values
assuming that tissue is 70-80% water.
Identificationof the Roles ofBound Zn(II) in Cells
An important requirement in the definition of Zn(II) homeostasis provided above is, 'the right
place.' Therefore, understanding of Zn(II) homeostasis requires identification of the proteins to which
Zn(II) binds. Over the last fifteen years, several attempts have been made to identify the members of the
so-called Zn(II) proteome. After discussing the experimental challenges attendant to defining the
Zn(II) proteome, we highlight three approaches taken to achieve this goal in yeast and metazoa.
Subsequently, we provide an alternative perspective on the distribution of Zn(II) in the human
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proteome by analyzing the expression of Zn(II) proteins across cell lines by using publicly available
RNA-Seq data.
There are at least three challenges to defining the Zn(II) proteome: conceptual, experimental,
and technical. The key conceptual question to address is, 'what is the maximum Kdvalue of a protein for
Zn(II) such that it can be classified a member of the Zn(II) proteome?'There may be many low-affinity
Zn(II)-binding sites in the human proteome. For instance, zinc-finger-like proteins are encoded in the
human genome that lack one of the Zn(II)-binding ligands of canonical Zn(II) fingers." Peptides
corresponding to putative Zn(II)-binding domains of these proteins have dissociation constants for
Zn(II) approximately four orders of magnitude greater (i.e., weaker binding affinity) than peptides
having 'complete' zinc fingers."Whether such low affinities are sufficient for capturing Zn(II) in cells
remains unclear. This uncertainty reflects a more general question regarding how Zn(II)-binding
kinetics and thermodynamics interact to result in Zn(II)-loaded proteins in cells.
An adequate answer to the conceptual question must take into account the experimental
question: in what cell line and under what conditions are we interested in defining the Zn(II) proteome?
There can be different levels of free Zn(II) at different subcellular locales, and stimuli can result in
different fluxes of free Zn(II). Therefore, selection of conditions under which to assess the Zn(II)
proteome should be carefully considered.
As an example, consider Zn(II) inhibition of receptor tyrosine phosphatases,5 8 8 7 which are
probably not constitutively inhibited. Maret and coworkers have speculated that inhibition of these
proteins might be mediated by Zn(II) released from the endoplasmic reticulum - i.e., that inhibition
maybe context-dependent.88
A further example of the same is Zn(II) inhibition of caspases. Early work suggested that Zn(II)
inhibited caspase 3, a protease involved in apoptosis, in cell lysates with an ICso of 0.1 M. 89 The free
Zn(II) concentrations delineated in Table 1.1 make clear that physiological concentrations of free
Zn(II) would be unlikely to inhibit caspase activity. More recent work in which caspase activity was
measured in vitro in the presence of Zn(II) buffers, suggests that Zn(II) inhibits the activity of caspases3, -6, -7, and -8 at concentrations of Zn(II) close to or below that of cellular free Zn(II).9 °
Clearly any measurement of the Zn(II) proteome depends on the instantaneous concentrations
of available cellular Zn(II) and must be understood as a snapshot, rather than as a steady-state
description of the cellular Zn(II) proteome.
Finally, there are two technical considerations. First, depending on the protocol used to identify
Zn(II)-bound proteins, it might be important that protein-Zn(II) coordination is maintained in cell
lysate. However, it is not evident that Zn(II) coordination is maintained in cell lysate. This point has
been considered in the context of bacteria." It was found that no general protocol suitably maintains the
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in vivo coordination of all Zn(II) ions in lysate, much less all metal ions, in lysate. However, it is certainly
the case that some lysis protocols are superior, on the basis of the degree of Zn(II) association with
proteins of different molecular weights, to others.9 2 Second, even if the protocol used to identify Zn(II)binding proteins does not require that Zn(II)-binding be maintained in lysate, difference cell lysis
methods will solubilize different proteins." Proteins that are not solubilized would likely not be able to
be detected as binding Zn(II).
With these considerations in mind, it is possible to appreciate the most substantive work
undertaken to define the Zn(II) proteomes of human cells and S. cerevisiae.A significant advance in
understanding the roles that Zn(II) plays in vivo came in 2006 when Rosato and coworkers
computationally identified a set of proteins that likely to bind Zn(II) in human cells." Evidence that
these proteins bound Zn(II) was based on their membership in at least two of three classes: (i) a protein
family (PFAM)/domain known to bind Zn(II), (ii) the protein data bank (PDB)/sequence similarity to
PDB members with deposited structures to which Zn(II) was bound, and (iii) annotated as Zn(II)binding. Sixteen-hundred proteins met all three criteria, whereas 2800 proteins met two out of the three
criteria. The authors concluded that approximately 10% of the human proteome likely binds Zn(II). An
interesting point made in the paper is that the largest classes of Zn(II) binding proteins in human cells
are theCys 2His2 andCys 4 zinc finger proteins. Note that this point is distinct from that regarding which
proteins bind the majority of Zn(II) in cells.
Given the computational rather than experimental nature of this manuscript, the conceptual,
experimental, and technical considerations discussed above are not explicitly treated. Implicit, however,
is the notion that characterized Zn(II) binding sites represent the Zn(II) proteome. This assumption is
not necessarily correct. Moreover, this analysis is over a decade old and sequence annotations have been
updated and PDB entries added since the release of this manuscript. Probably to partially address both
concerns, the metalPDB," which catalogs the coordination chemistry of the PDB, is regularly updated
and is maintained by many of the same authors that published this paper in 2006. Other Zn(II)-specific
databases are also maintained.9 4
A second critical advance in identification of the human Zn(II) proteome came in 2014 when
Weerapana and coworkers applied mass spectrometry to measure how the labeling of cellular proteins
with a cysteine-reactive chemical probe changed upon treatment of with a Zn(II) chelator.

The

chemical rationale for this approach is that cysteine residues bound to Zn(II) in proteins are less
nucleophilic than those that are not bound to Zn(II). Therefore, an increase in reactivity of a particular
cysteine residue subsequent to chelation of protein-bound Zn(II) with EDTA or TPEN implies that a
given cysteine was bound to Zn(II).
After establishing an experimental protocol based on this rationale, quantitative proteomics was
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used to identify putative Zn(II)-binding proteins. Many of the proteins identified by application of this
workflow had been previously annotated as Zn(II)-binding -including

ribosomal proteins, hydrolases,

and tubulin alpha and beta chains - but others had not been previously annotated as Zn(II)-binding.
This work constituted a significant advance for two key reasons. First, putative Zn(II)-binding
sites were identified in the human proteome. Second, it provides a powerful approach for subsequent
work to delineate how cellular context affects the Zn(II)-occupancy of Zn(II)-binding proteins.
Little follow-up work in this regard has been undertaken in human cells. However, recent work
to identify the Saccharomyces cerevisiae response to Zn(II) deficiency emphasizes a related point that
both proteomics and cysteine-labeling are important and useful tools to define cellular Zn(II)
proteomes.

96

In order to probe how the yeast proteome changes in response to Zn(II) deficiency, two
questions were addressed: (i) how does the abundance of Zn(II)-binding proteins -

defined on a total

Zn(II)-binding site basis - change as a consequence of Zn(II) deficiency and (ii) how does the amount
of Zn(II) per cell change during Zn(II) deficiency. Addressing both of these questions in S. cerevisiae
rather than in metazoan cells simplifies Zn(II) proteome analysis because only 580 yeast proteins 96 (out
of approximately 5,000) are thought to bind Zn(II) compared over 2000 in humans."
These two questions are related. Contingent on cells not storing substantial amounts of Zn(II)
under replete conditions, a greater decline in the amount of Zn(II) in cells relative to the number of
Zn(II) binding sites in the proteome implies that Zn(II) deficiency causes apo (metal-free) protein to
exist in cells. Consistent with this notion, Zn(II)-deficiency caused the total copy number of Zn(II)
binding proteins to decrease by 40%, compared to a 25% decline in the proteome overall. Moreover,
Zn(II) availability per cell decreased over 16 h of Zn(II) starvation such that, at maximum, only 30% of
Zn(II) binding sites could have been occupied by Zn(II). This remarkable observation, that apo Zn(II)
metalloproteins can exist in cells, highlights the complexity of predicting the Zn(II) proteome and begs
the question of whether there are physiological scenarios in which Zn(II) apometalloproteins are
important/relevant.
Taken together, the above findings emphasize that details regarding the distribution of Zn(II) in
eukaryotes are just beginning to emerge. But a key question that future work could help to address is 'to
what proteins is the majority of cellular Zn(II) bound?'To begin to address this question, it is helpful to
first look outside metazoa.
In numerous bacterial species, Zn(II) starvation modulates ribosomal protein expression. For
instance, a key response of Bacillus subtilis to Zn(II) deficiency is postulated to be exchange of a
ribosomal protein that binds Zn(II) for a ribosomal protein that does not bind Zn(II). 97 The
observation of ribosomal autophagy in S. cerevisiae due to Zn(II) starvation is similarly consistent with
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this notion.9 8 Moreover, in the proteomic analysis

a

described above, Eide and coworkers noted
decreases in expression of Zn(II)-binding ribosomal
proteins 9 6 and argued that the observed decline in
ribosomal protein expression the observed
accounted for an approximately 50% decrease in the
amount of Zn(II) Saccharomyces cerevisiae required.
Overall these data are consistent with a model
wherein the ribosome binds the majority of cellular
Zn(II) such that Zn(II) can be liberated by some
means when it is limiting for growth.
There is no evidence that Zn(II) bound to
the human ribosome can be liberated during Zn(II)
starvation. However, a back of the envelope

4UGO

calculation based on the Zn(II) content of the
human ribosome (Figure 1.4)'9 affirms the notion

b
Human Ribosomal Proteins that Bind Zn(l)

that a significant fraction ~50% of cellular Zn(II) in
gRPL40
humans could be bound to ribosomes.

RPL34

RPS11

RPL36A

RPS3

RPL37A

RPS11

Inspection of the Zn(II) transcriptome,
meaning the mRNA corresponding
meaningRPS23to Zn(II)-

RPL23

RPS2

binding proteins (zinc binding protein ID's are from
UniProt; transcriptomic Data was downloaded from
the Human Cell Atlas), across seven human cell lines
similarlysuggeststhatribosomalproteinsbindmuch
of cellular Zn(II) (Figure 1.5). More specifically,

RPS26

RPS4X
Figure 1.4. (a) Structure of the human
ribosome with ribosomal (RNA), zinc-binding
large ribosomal subunit proteins (red), and
zinc-binding small ribosomal subunit proteins
(pink). (b) Table with list of human ribosomal
proteins that bind Zn(II).

delineation of the most abundantly expressed
members of the Zn(II) transcriptome reveals that, across cell lines, ribosomal protein s27 (RPS27) and
ribosomal protein s27A (RPS27A) are some of the most highly expressed mRNAs that encode Zn(II)binding proteins.
Disproportionate representation of some members of the Zn(II) transcriptome is not limited to
ribosomal proteins. Across these seven cell lines, approximately 30% of the expression of RNA encoding
Zn(II)-binding proteins corresponds to only 19 out of the approximately 2000 putative Zn(II)-binding
proteins. Therefore, these data could suggest that, across cell lines, a significant fraction of cellular
Zn(II) is bound to the same family of proteins.
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Progress over the last fifteen years has advanced understanding of the identity of the proteins
that comprise the Zn(II)-proteome. Questions remain, however, reflecting the difficulty of studying the
roles of Zn(II) in cells.
MolecularPlayersin Zn(II) homeostasis
The broad definition of Zn(II) homeostasis articulated in the foregoing sections highlights that
spatiotemporal localization of Zn(II) is key to Zn(II) homeostasis. Here, we discuss two aspects of how
Zn(II) homeostasis is likely established and maintained: (i) the molecular identities of, and what is
known regarding the mechanisms of, Zn(II) transporters and (ii) the roles of intracellular Zn(II)buffering proteins in the maintenance of Zn(II) homeostasis.
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Figure 1.5. Analysis of the transcriptomes of common laboratory cell lines reveals that approximately
30% of the RNA corresponding to Zn(II)-binding proteins is accounted for by-~20transcripts. Gene
abbreviations: PH C1, Polyhomeotic Homolog 1; MT1X, Metallothionein 1X; MT2A, Metallothionein

2A; PDLIM1, PDZ and LIM domain 1; DNAJA1, DNAJ Heat Shock Protein Family (Hsp40OMember
Al); RPS27L, Ribosomal Protein Small Subunit Protein 27L; TIMP1; Tissue Inhibitor of
Metalloproteinase 1; FUS, Heterogeneous Nuclear Ribonucleoprotein P2; RNA Polymerase II Subunit
L; RPL37, Ribosomal Protein Large Subunit 37; COX5B, Cytochrome COxidase Subunit 5b; SOD1,
Superoxide Dismutase 1; PARP1, Poly(ADP-Ribose) Polymerase 1; CALR, Calreticulin; MAZ, Myc
Associated Zinc Finger Protein; CA2, Carbonic Anhydrase 2; RPS27A, Ribosomal Protein Small
Subunit 27A; TRIM28, Tripartite Containing Motif 28; RPS27, Ribosomal Protein Small Subunit 27.
Cell Line Tissues of Origin: CACO-2, Colorectal Adenocarcinoma; HEK293, Human Embryonic
Kidney; HeLa, Cervical Adenocarcinoma; HepG2, Hepatocellular Carcinoma; NTERA-2, Neuronal
Precursor cells; PC-3 human prostate cancer cell line; U-2 OS, Bone Osteosarcoma.
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First, the ZnT family of transporters (Figure 1.6), which flux metal ions from the cytosol into
organelles or to the extracellular space. The first member of the family was identified in yeast."° Six years
later, the first mammalian family member was identified.' It is now well-established that human cells
encode 10 ZnT family members.'0 2
Most of the work to delineate the molecular mechanisms of ZnT-mediated metal flux has been
performed on the bacterial family member YiiP because it has been characterized by crystallography and
cryo-electron microscopy and can be reconstituted for transport assays. Homology within the ZnT
family, however, has enabled structural and mechanistic inferences to be drawn regarding mammalian
ZnTs based onYiiP.

0 3- 5

ZnT proteins have been characterized as dimers.' 06

09

Two hypotheses have been advanced to

explain the dimerization of ZnT-family transporters. First, dimers are maintained by the intracellular Cterminal domain -

either via an intracellular salt bridge" 0 or by a Zn(II) ion.' 09"'Contradicting both

notions, a YiiP variant that lacks either a Zn(II)-binding motif or residues involved in the salt-bridge is
most likely a dimer.' 09 The second hypothesis to explain the dimerization of ZIPs is that dimers are
maintained by interactions within the transmembrane domains of monomers.'0 9 Unless cross-linking is
performed prior to structural analysis, however, such inter-transmembrane-domain interactions are not
observed; rather a 'splayed' conformation of ZnTs is captured as shown in Figure 1.6.09 The molecular
basis of ZnT dimerization in the case ofYiiP or for other ZnTs is not fully established.
7
Metal transport occurs through a single monomer.'°O'9
The transmembrane domain of a ZnT

monomer is comprised of six transmembrane helices.°7 0 9 These helices form a six-helix bundle through
which metal ions pass, likely via an alternating access mechanism.'0 7 ' 0 9 The identified metal-binding site
that appears relevant for metal translocation in YiiP is comprised of three aspartate residues and one
histidine (D 3H 1) residue (Figure 1.6).'07Homology models indicate that the location of the metal
binding site within the transmembrane helices is maintained in eukaryotic family members. Rather than
a D 3H, metal-binding motif, human ZnTs utilize D 2H 2 ligands.1 0 3 As a consequence, human ZnTs are
significantly less efficient Cd(II) transporters than is YiiP (vide infra).

3

Moreover, metal transport through ZnTs is proton-coupled.' 4 "'2 This observation was first
made in E. coli," 2 where such coupling is common for secondary transporters."

3

Proton dependence of

human ZnT-mediated metal transport has similarly been demonstrated for human ZnT and 6.°04
Treatment of HEK293T cells expressing the human ZnTS and ZnT6 with ammonium chloride to
activate V-type ATPases (increase vesicular proton concentration) and subsequent measurement of
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Zn(II) transport from the cytosol revealed that a steeper proton gradient gives rise to faster ZnTS/6
mediated Zn(II) transport.1 0 4The molecular basis of proton-metal antiport remains unclear.
Further, ZnT-mediated metal transport occurs with relatively low affinity compared to
intracellular Zn(II) concentrations. ZnTs mediate removal of cytosolic metal ions. Free cytosolic Zn(II)
in bacteria and humans is on the order of hundreds of nanomolar to picomolar. However, measured K
03 2
values for ZnT-mediated metal transport in vitro are on the order of hundreds of micromolar." '
Whether the in vivo affinity of ZnTs for Zn(II) is higher than what is measured in vitro or whether ZnTs
require metallochaperones for function remains unclear.
Finally, the intracellular domain of YiiP bears remarkable similarity to the structure of Atox1.07
Atox1 is a copper chaperone that delivers Cu(II) to the copper transporters ATP7A and ATP7B."1

1 7

The implication, therefore, is that this domain is involved in metal'handoff from intracellular proteins
to YiiP. This hypothesis has not yet been substantiated. Complicating inference regarding human
transporters, recent work suggests that the intracellular domains of some human ZnTs might have
different metal-binding properties than does YiiP."' Further structural and biochemical work is essential
in order to define the molecular function of the ZnT family.
A well-understood biological role ofhuman ZnT transporters that reveals the importance of
members of this family in maintenance of Zn(II) homeostasis is the activation of Zn(II) metalloenzymes
in the secretory pathway. 1 19 22 Initial reports demonstrated that either the heterodimer of ZnTS/6 or
homodimers of ZnT7, each of which localizes to membranes in the secretory pathway, is essential to
promote the activity of tissue-nonspecific alkaline phosphatase (TNAP), a Zn(II) enzyme (vide supra).

Trasmembrane
Domain

Intracellular
Atox1-like
domain

Figure 1.6. Structure of the Escherichia coli ZnT-family member YiiP (PDBID:
2QFI) with emphasis on the D 3H metal-binding center necessary for metal
transport. Green spheres represent Zn(II) ions.
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Analysis of the consequences of ZnTS/6/7 knockout on the activity and secretion of other
Zn(II) metalloenzymes reveals differences between different enzymes."n2 For instance, carbonic
anhydrase IX retains full activity in the triple knockout background. Only when the metal uptake
transporter ZIP4 is knocked out as well is the activity of the enzyme diminished.
Taken together, these fascinating examples of ZnT requirements for Zn(II) enzyme activation
reveal the key role of the ZnT family in maintenance of cellular Zn(II) homeostasis in metazoan cells.
More broadly, these data serve to illustrate the point that knowledge of the mechanism by which a single
metalloenzyme is activated affords only moderate predictive power regarding the mechanism by which
others are activated; the data reflect the complexity of Zn(II) homeostasis.
Possibly because a crystal structure of a ZIP family member was not published until 11 years
after the publication of the structure of YiiP,"' considerably less is known regarding the molecular
structure and function of ZIP-family transporters than about ZnT family transporters. In contrast to
ZnTs, these proteins increase cytosolic concentrations of Zn(II) and other metals.'4 Moreover, human
cells encode 14 ZIP family members that have significantly different sequences, metal ion selectivities,
and metal transport kinetics.'4 In order to convey differences between human ZIPs, we first describe key
aspects of the structure of the only crystallized ZIP family member, that from Bordetella bronchiseptica,

BbZIP.
The structure of BbZIP reveals two key features (Figure 1.7a-c). First, BbZIP appears to
function as a monomer. This result is, perhaps, unexpected. Prior work involving the purification of
BbZIP had reconstituted the dimer as a competent transporter."' Moreover, experimental evidence
indicates that ZIP6 and ZIP10 heterodimerize'1 and that ZIP4,1
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and ZIP13 homodimerize."'

Recent

work similarly suggests that ZIP4 functions as a dimer. 2 9 All these data seem to contradict the notion
that BbZIP is a monomer. But, in actuality, there is no direct proof for a dimer in metal ion transport.
Regardless, the key point to take away from the crystal structure with respect to the monomer/dimer
question is that transport of metal ions occurs through the 8-helix bundle of a ZIP monomer and does
not occur at the interface of two ZIP monomers. The question of whether/which ZIPs function as
dimers or monomers remains open, but will likely yield to future investigations. Perhaps the more
significant insight from the crystal structure of BbZIP are the identities of the metal-coordinating
residues in the structure (Figure 1.7c). There are two sites at which metals are bound in the structure of
BbZIP. First, a binuclear metal center sits in the membrane-spanning portion of BbZIP. Second, a
channel that has inward-facing metal binding residues leads away (going into the cell) from this
binuclear metal center.
The existence of the dinuclear metal center remains surprising for two reasons. First, it is not a
prioriobvious why a binuclear metal center might be superior to a mononuclear center for metal
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transport. Second, a computational model of ZIP4'2 7 that predicted a structure almost topologically
identical to that of BbZIP predicted a mononuclear site (Figure 1.7d). A reasonable explanation for this
difference is that BbZIP is a member of the gufA subfamily of ZIP transporters, whereas ZIP4 is a
member of the LIV-1 subfamily and the structure of metal binding sites might differ between
subfamilies.
Regardless of its nuclearity, the position of this metal-binding site in the structure of BbZIP and
the computational model of ZIP4 suggests the functional significance of this site. It is possible, and
others have tentatively speculated, 13 this site serves as a fulcrum about which the helices of the structure
a Cartoon Representation of a ZIP
N-Terminal Domain

h

Structure of BbZIP

c Bincuclear Metal Center in BbZIP

N
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Histidine-Rich Domain

PAL-containing Domain

Histidine-Rich Domain

Figure 1.7. (a) Schematic of the topology of a LIV-1 subfamily ZIP. (b) Cartoon representation of the
structure of the gufA subfamily bacterial ZIP, BbZIP, from Bordetella bronchiseptica. (c) Metal binding
site identified in the structure of BbZIP. (d) Predicted metal-binding ligands in ZIP4 based on a
computational model of ZIP4 made by using Rosetta. (e) Structure of the dimeric N-terminal domain of
fruit-bat ZIP4 (PDBID: 4X82). Green spheres represent Zn(II) ions and purple spheres represent

Cd(II) ions.
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rotate as metals enter and exit the site. Given the fact that BbZIP was only captured in one
conformation, this hypothesis is not substantiated by structural data. Consistent with this model, metal
uptake data collected from cells expressing ZIPs suggest saturable, concentration-dependent metal
uptake.
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" The transport properties of purified and reconstituted BbZIP, including minimal

dependence of rate on temperature, however, appear more consistent with channel-like metal transport
than transporter-like metal transport. 5
Questions remain regarding the molecular function of BbZIP. In particular, to what extent is
BbZIP a robust model for most human ZIPs? To highlight why BbZIP might not be, we note the
differences between human ZIPs and BbZIP. Below, we have focused on the LIV-1 subfamily of ZIPs
because it is the largest and best-studied in humans.
The N-terminal domain of BbZIP is not resolved in the crystal structure. This domain of BbZIP
is significantly shorter than that of many human ZIP-family transporters (-SO amino acids compared to
between 70 and 400) (Figure 1.9b). A crystal structure of the NTD of fruit-bat ZIP4 does afford some
insight into the function of the domain (Figure 1.7e).

3

'

The structure reveals two key subdomains in the

NTD. First, a histidine-rich domain (HRD) that forms the 'winglike' components of the dimers. A
second so-called 'PAL' containing domain, where 'PAL' refers to the conserved proline-alanine-leucine
motif that is present at the dimeric interface of the purified NTD. The effects of variants of or deletions
of these domains on ZIP4 function differ. HRD deletion diminishes Zn(II) uptake, but does not
compromise surface expression of the protein.' 3 Variation of the PAL motif to AAA severely abrogates
cell surface expression."' Clearly, the NTD of human ZIPs is essential, in at least one ZIP, for proper
ZIP function.
Several questions remain unanswered, however. Does the domain bind metal? If so, does metal
binding in this domain affect transporter-mediated metal translocation? And, given the considerable
homology between the N-terminal domains of different LIV-1 family members, do ZIPs apart from
ZIP6 and ZIP10 heterodimerize?1 2" 3 If so, why? If not, what are the molecular features of particular
ZIPs that prevent heterodimerization or favor homodimerization? Clearly this area is ripe for future
exploration.
A second feature that is poorly resolved in the structure of BbZIP is the intracellular loop that
interposes between transmembrane helix III and IV. Given that this domain in ZIP4 is predicted to be
unstructured,'3 it is not surprising that the corresponding domain in BbZIP was too disordered to
resolve. More importantly, the domain in BbZIP is only -20 amino acids whereas in the LIV-1 subfamily
it is up to ~150 amino acids in length, implying that, were it structurally characterized, it might also be a
poor model for that of human LIV-1 subfamily ZIPs.
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Work in cell culture revealed the importance of this intracellular domain in regulating ZIP4
surface expression in cells challenged with moderate and high concentrations of extracellular Zn(II).
Treatment of HEK293T cells transfected with either human or mouse ZIP4 with Zn(II) causes ZIP4
internalization and degradation of the protein.1 3

,11

In particular, a histidine-rich cluster is essential for

the ubiquitination and degradation of the transporter in response to treatment of cells with high
(200 pM) concentrations of Zn(II).

The mechanism by which this domain senses Zn(II) remains unknown. One possibility is that
conformational changes of the domain upon metal binding promote ubiquitination. Consistent with this
notion, in vitro characterization of the metal binding properties of the domain by both fluorescent
chelator competition and EXAFS demonstrated that both histidine and cysteine residues within the
domain are involved in Zn(II) binding.3 3
Questions remain regarding the roles of this domain. First, to our knowledge only the
intracellular loop of ZIP4 has been studied. Are observations made regarding its metal-binding
characteristics generalizable to that of other ZIPs? The high density of metal binding residues in this
domain in other human LIV-1 subfamily ZIPs are consistent with, but not evidence for, this notion.
Moreover, the physiological role of the intracellular domain has not been well explored even for ZIP4,
much less other ZIPs. In particular, the molecular mechanism underlying Zn(II)-promoted recognition
and degradation of ZIP4 remains mysterious.
There are at least two other families of metal importers that transport Zn(II): the natural
resistance-associated macrophage proteins (NRAMPs, SLC39A11) and the transient receptor potential
cation channel subfamily M member 7 (TRPM7). Compared to the ZnT and ZIP families of
transporters, the relevance of these to Zn(II) homeostasis is much less clear. Each is briefly discussed
below
NRAMPS are a broadly conserved family of metal transporters. There are two human orthologs:
NRAMP1 (SLC11A2) and NRAMP2 (also referred to as divalent metal transporter 1/DMT1).
NRAMP1 is predominantly expressed in macrophages, where it is localized to lysosomes and
endosomes." The primary function of NRAMP2/DMT1 is likely Fe(II) acquisition from the small
intestine, but the transporter is permeable to Zn(II) albeit with a significantly higher Km for the latter
than the former (-30 iM vs-6 pM for Fe(II)).137 The low measured Km for Zn(II) is consistent with
the observation that NRAMP2 knockout mice do not exhibit decreased tissue Zn content, but do exhibit

decreased tissue Fe.3 8
The TRPM7 transporter was recently identified as a chanzyme (channel+ chromatin-modifying
enzyme) that might regulate Zn(II) homeostasis in some cell types.1 39 Knockout of TRPM7 decreases
cytosolic labile Zn(II) levels (assessed with the protein-based, ratiometric Zn(II)-sensor eCALWY-
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46939Whether

this diminution is a consequence ofloss of channel activity or a downstream

consequence of enzymatic activity is unclear. Recent work suggests that TRPM7 is predominantly
localized to intracellular vesicles and causes Zn(II) release into the cytosol due to oxidative stress."°
TRPM7 is involved in Zn(II) homeostasis, but significant work remains to define the breadth of
biological settings in which TRPM7-mediated transport is important.
According to one model of intracellular Zn(II) homeostasis, intracellular Zn(II) buffers
coordinate with transporters to both maintain a low concentration of free Zn(II),63 but simultaneously
ensure that Zn(II) is available to proteins. In metazoa, these buffering proteins are members of the
metallothionein (MT) family. The first-described member of this family was identified as a cadmiumbinding protein in the cortex of the horse kidney. 41 Subsequently the protein was identified as both a
Zn(II) and Cd(II)-binding protein and it is now appreciated that the protein is involved in Zn(II)

homeostasis. 12
Humans express proteins from four distinct families of metallothioneins. In general, the proteins
are approximately 60-70 amino acids long and have approximately 20 cysteine residues. Although there
is significant sequence similarity between the four human metallothioneins, evidence is emerging to
suggest that the proteins are non-redundant and have distinct and specific biological roles. For instance,
there are differences in tissue expression between the metallothionein families. MT1 and MT2 are
4

expressed ubiquitously, 43 MT3 is expressed brain,'
epithelia.

4

and MT4 is expressed in stratified squamous

Moreover, different metallothionein families are induced differently in response to stimuli.

MT1 and MT2 are induced (to different degrees)
glucocorticoids

4614

6

4

in response to Zn(II), Cd(II), and

4
but MT3/MT4 expression is less responsive to thesestimuli.
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Intriguingly, given the similar primary structure of these proteins, their metal binding properties
are distinct. Analysis of human metallothioneins 1 and 4 heterologously expressed in E. coli revealed that
MT4 binds Cd(II) to a lesser degree than does MT1..49 However, MT4 has a greater propensity to bind
Cu(II) than does MT 1.149The MT1/MT2 comparison similarly reveals opposite rank ordering of metal
affinity. MT2, in contrast to MT1, is a significantly better ligand for Zn(II) than for Cd(II)."' Further,
and again unlike MT1, MT2 does not bind Cu(I) well (mouse protein, not human). IS
Zn(II) Dyshomeostasis
The coordinated network of Zn(II) transporters and buffers that function to ensure Zn(II)
availability 'at the right place and time' can fail for one of three key reasons: (i) inadequate available
Zn(II), (ii) a primary pathology that results in aberrant Zn(II) accumulation or deficiency in particular
tissues, or (iii) mutations in DNA that encodes Zn(II) transporters. In the following section, we describe
select phenotypes associated with each.
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As described in Section II, Zn(II) deficiency in lower mammals has been known for almost a
century, but recognition of the condition in humans did not occur until 1963. Over the last 90 years,
data have accumulated regarding the phenotypic consequences of Zn(II) deficiency in humans and
other mammals.',- 7 Taken together these data reveal that Zn(II) deficiency gives rise to complex and
organism-wide symptoms including hypogonadism, hepatosplenomegaly, and dwarfism.
In order to understand the molecular details of these phenotypes, it is useful to work in cell
culture for several reasons, including but not limited to precise control of Zn(II) levels available to cells
and segregation of the extrinsic from the intrinsic (cell autonomous) response. However, there are
experimental challenges to studying Zn(II) deficiency in cell culture.
Zn(II) deficiency has been studied in cell culture in two ways. The most common approach is to
apply a chelator to cells. The chelators typically used are N,N,N',N'-tetrakis(2-pyridinylmethyl)-1,2ethanediamine (TPEN) and ethylenediaminetetraacetic acid (EDTA), both of which have a high (-1016 M-1) affinity for Zn(II). 5' The assumptions that underlie this approach are that
these chelators are
Zn(II)-selective and therefore that application of a chelator to cells is physiologically equivalent to
starving a cell of Zn(II).
Both assumptions are incorrect. Indeed, what is gained in the simplicity of adding a small
molecule chelator to media is lost many times over with the realization that chelators are not selective
and no set of controls can isolate the observed effect of chelators on cells to their association with Zn(II)
deficiency. Several reports are consistent with this point (below). Thus, application of chelators to study
Zn(II) deficiency is unlikely to provide biologically relevant data.
Regarding metal ion selectivity, neither chelator is selective or specific for Zn(II)." At the 4-20
pM concentrations of TPEN typically applied in cell culture' 3 4

S2 S,

the high affinity of TPEN for

Mn(II), Co(II), and Cu(II) will likely render all transition metals in cell culture media kinetically
inaccessible to cells because the total transition metal content of cell culture media is less than 10
pM.I.'

51 5 4

Second, even if chelators were Zn(II)-selective, application of a chelator to cells has effects
clearly distinct from Zn(II) deficiency. In particular, chelators extract Zn(II) from proteins or inhibit
protein activity. We have demonstrated that TPEN inhibits alkaline phosphatase activity in cell culture
media.S4 Other work suggests that TPEN can strip Zn(II) from up to 35% of the Zn(II) proteome 5 5
and it is well-established in vitro that EDTA, a similarly high-affinity chelator, will strip Zn(II) from
proteins and can cause their irreversible aggregation."' Clearly the application of chelators to cells is a
poor proxy for Zn(II) deficiency because Zn(II) deficiency does not involve stripping of Zn(II) from
the proteome.
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The alternative to applying chelators to cells is to grow cells in media depleted of Zn(II). There
are two approaches to obtain Zn(II)-depleted media. First, custom formulations can be commercially
sourced.' 5 7Purchasing media can be prohibitively expensive and is not suitable for all cell lines.
Alternatively, media selectively depleted of Zn(II) can be prepared at the point of use.
One approach is to deplete either FBS or full media (i.e. DMEM/FBS) with Chelex Resin,
which nonspecifically depletes divalent cations from cell culture media. Subsequent replenishment of
the media with all ions but Zn(II) affords Zn(II)-depleted media. This approach is time-consuming and
challenging to perform properly without routine access to an ICP-MS. The most straightforward
approach is to use the A12-resin (Chapter 2) to directly and selectively deplete biological media of
Zn(II). We argue that this is the most general approach to deplete biological media of Zn(II) and
provides a robust paradigm for studying Zn(II) deficiency.
Zn(II) dyshomeostasis can also be caused by mutations in Zn(II) transporters. Three such
examples are discussed below.
First, acrodermatitis enteropathica (AE), which is caused by mutations in ZIP4, manifests with
severe conditions similar to those observed due to Zn(II) deficiency including skin lesions, poor
digestion, and slow hair and nail growth. Interestingly, the condition may have been first recognized in
swine and cattle, referred to as parakeratosis in these animals, as early as the 1950s.2 In 1973, it was
shown that the condition in humans could be treated with a synthetic diet that contained a high
concentration of Zn(II) and no chemical species capable of chelating Zn(II) with high affinity."' In
2002, the gene responsible for AE was identified as ZIP4."3"'
One key question regarding ZIP4 and acrodermatitis enteropathica is,'why do mutations in
ZIP4 give rise to clinical symptoms similar to Zn(II) deficiency?' Based on the hypothesis that ZIP4 is
essential for acquisition of Zn(II) from the diet 3 and is therefore expressed and active in the gut, a
mouse model of AE was made wherein ZIP4 can be inducibly and selectively knocked out from
enterocytes. 1" To drive understanding of the consequences of AE, two parameters regarding this mouse
were assessed.
First, the metal content of the organs of the knockout mice were measured and compared to
concentrations from control mice. ZIP4 knockout decreased Zn(II) levels in the liver, intestine and
pancreas. Interestingly, and by an unknown mechanism, ZIP4 knockout caused iron levels in the liver to
increase and manganese levels in the liver to decrease.'
Second, ZIP4 knockout significantly alters the structure of intestinal crypts."° The molecular
connection between Zn(II), ZIP4, and the structure of the crypts remains opaque. Taken together, these
data suggest that mouse ZIP4, and presumably human ZIP4, has a privileged role in Zn(II) acquisition
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from the diet and are therefore consistent with the idea that acrodermatitis enteropathica should
manifest with symptoms similar to Zn(II) deficiency.
Many different mutations in ZIP4 give rise to acrodermatitis enteropathica.

35 91 6 1

The

molecular basis of the disease is different for different mutations. First, some mutations in ZIP4 prevent
the protein from properly folding and trafficking to the cell surface." 2 In contrast, other mutations in
1 62
ZIP4 minimally perturb protein trafficking, but significantly diminish VMa for Zn(II) transport.

Because the mechanism of metal transport through ZIPs is not well-understood, it is currently not
possible to explain the effects of these variants on metal transport.
ZIP4 is an essential node in whole-body Zn(II) homeostasis, and its obvious connection to
disease redounds to its significance. Indeed, the majority of published work on metazoan ZIPs is on
ZIP4, likely because of its early association with a disease. However, two other ZIPs have also been
associated with disease: ZIP13 and ZIP8. Each is discussed below.
Mutations in the gene encoding ZIP13 prevent proper connective tissue development.1

1

3

Human patients with two ZIP13 mutant alleles exhibit mild osteopenia and vertebral flattening. They
also have thin, translucent, and hyperelastic skin and some have hypermobile joints.1

63 ZIP13

knockout

mice also exhibit skeletal defects. By three to four weeks of age, they display dramatic reductions in longbone length and dermal fibroblasts from these knockout mice have an irregular or 'stellate' morphology
that contrasts with the typical elongated morphology of healthy fibroblasts.1 3 Taken together, mutation
of ZIP13 in humans and ZIP13 knockout in mice both change the anatomical properties of, and resident
cell characteristics of, connective tissue.
Several hypotheses have been advanced to explain how ZIP13 functions in the development of
bone and connective tissue: (i) ZIP13 is involved in BMP/TGF@ signaling pathways,1 4 (ii) ZIP13, as
well as being a zinc transporter, fluxes iron into the secretory pathway" 5 (iii) ZIP13 is essential for the
removal of zinc from the secretory pathway," 8 ' 14 and (iv) ZIP13 is essential to mobilize zinc into the
secretory pathway. 1 66Only (3) and (4) are mutually exclusive; and none of the above hypotheses is
supported by a clear molecular mechanism. Key questions remain regarding the molecular function of
ZIP13.
Finally, regarding ZIP8, accumulated data from genome-wide association studies (GWAS)
suggest that mutations in ZIP8 are connected to schizophrenia,1

67 ,16

Crohn's disease, 69and high blood

pressure.1771 There are two key challenges in interpreting first, if, and second, why, ZIP8 is involved in
these diseases. First, the molecular function of ZIP8 is poorly understood (vide infra). Second, all of
these conditions are likely multifactorial and therefore identifying the particular contribution of ZIP8 to
their incidence is challenging. Significant work remains to be done to elucidate the connection between
ZIP8 and any of these conditions.
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A number of diseases cause dysregulation of Zn(II) levels in a manner that does not appear to be
due to changes in dietary Zn(II) or mutations in Zn(II) transporters. Two are highlighted below.
First, osteoarthritis. An important symptom of osteoarthritis is cartilage degradation.
Chondrocyte-specific knockout of ZIP8 prevents cartilage degradation in the context of osteoarthritis. 7

2

This phenomenon is attributed to prevention of ZIP8-mediated Zn(II) influx. Indeed, enhanced
expression of ZIP8 in the context of osteoarthritis increases MTF-1-mediated transcription of matrix
metalloproteases (Zn(II)-enzymes that degrade cartilage/extracellular matrices).'

2

The degree to

which this remarkable mechanism of transcriptional activation is extensible to other tissues and
conditions is uncertain.
Second, cancer. This topic has been reviewed extensively elsewhere.1 7 3 It is sufficient to note
here that it has long been recognized that Zn(II) uptake in cancerous tissue is significantly different than
that in normal tissue.177s General effects of cancer on Zn(II) homeostasis remain unclear.1 7 3
Conclusions
In studying tissues and organs, scientists have had access to methods that measure the broad
metallomic consequences of particular perturbations for decades. At the molecular level, tools and
techniques are similarly available to define and assess function of some metalloproteins. But between the
macro- and nano-scale, much regarding Zn(II) biology remains opaque and the development of tools
and approaches to address questions in Zn(II) biology remains critical.
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How Does Zn(II) Homeostasis Interact with that of Other Metals Ions?
Overview
In this section, we lay out what is known regarding two aspects of the interaction between noncognate metals and the Zn(II) homeostatic machinery: (i) metal transporters, and (ii) the MTF-1/MT
axis. In the discussion of metal transporters, we will focus on the approaches used to delineate
transporter metal ion selectivity in order that the limitations of available data are manifest. In discussing
the MTF-1/MT axis we describe the activation of this network by toxic metals and argue that Zn(II)
homeostasis cannot be fully understood without due consideration of biomolecule metal ion selectivity.
The Metal Ion Selectivity of ZIPs and ZnTs in vitro
As described above, two key families of transporters associated with Zn(II) transport in vivo are
the ZnTs and ZIPs. In order to emphasize how little is known regarding the selectivity of these
transporters, we describe how this property is interrogated both in vitro and in vivo. Note, however, that
only the metal ion selectivity of members of bacterial members have been studied in vitro. The metal ion
selectivity of metazoan family members has only been studied in cell culture.
In general, the techniques applied to study the metal uptake selectivity of ZIP and ZnT-family
transporters in vitro are similar: monitor metal uptake into liposomes containing a metal-responsive
fluorescent sensor or via ICP-MS. Three ZnT family members have been purified, reconstituted in
liposomes, and subjected to kinetic analysis,' 0 3 ' 2',

7

but only the metal ion selectivity of the bacterial

ZIPs YiiP (vide infra) and ZitB have been assessed in vitro. In both cases, the kinetic parameters for two
metals, Cd(II) and Zn(II) were directly measured via reconstitution of YiiP into a liposome containing
the Cd(II)/Zn(II) responsive fluorescent sensor Fluozin-1 followed by measurement of kinetic
parameters by using stop-flow. Such experiments revealed that YiiP and ZitB have similar Km values for
both Zn(II) and Cd(II).' 0 "'2 An alternative approach also taken to measure the metal ion selectivity of
YiiP was to reconstitute the protein in liposomes then deposit the liposomes on a nitrocellulose filter.

3

Treatment of these proteoliposomes with metal salts for 15 s, followed by washing and ICP-MS analysis
of bound metal ions revealed that, in vitro, YiiP only transports Zn(II) and Cd(II). This latter approach
was also taken to measure the metal ion selectivity of BbZIP in vitro,2 2 revealing that the substrate scope

of BbZIP appears to be similarly limited to Cd(II) and Zn(II).
Studying ZIP and ZnT transportersin vivo
There are two approaches commonly taken to assess the metal ion selectivity of metal
transporters in vivo: (i) knock out the transporter or (ii) overexpress the transporter. Each has been
applied to study ZIP and ZnT metal ion selectivity. However, some assays subsequent to genetic
perturbation are only amenable to interrogation of ZIP function.
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Before discussing such assays, it is important to note a fundamental caveat to all metal-transport
studies performed in living cells: introduction of metal transporters to metazoan or bacterial cells via
transfection/transduction or transformation respectively, can significantly alter total cellular metal
levels. Indeed, we have observed changes in metallothionein transcript abundance as a consequence of
ZIP4, ZIP8, and ZIP10 overexpression consistent with the notion that cellular metal homeostasis is
perturbed by ZIP overexpression. 'Whether cells respond to metal transporter overexpression or
knockout in general by modulating expression or localization of other metal transporters remains
uncertain.
A further point to consider in any effort to delineate the metal ion selectivity of a particular
transporter is the cell type/organism in which the experiment will be carried out. In some organisms,
particular transporter knockouts are lethal, for example in ZIP4 knockout in mice.' Furthermore, a
particular transporter might have different kinetic properties expressed in one cell type versus another.
Indeed, emerging data suggests that ZIPs and ZnTs are regulated by ionic membrane
1
potentials 04, 221 12 s,23 0178
and in

intrellee differences have been invoked to explain differences in

measured transport parameters between labs and cell lines.'
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With these caveats in mind, the

experimental approaches applied to delineate the metal ion selectivity of ZIPs and ZnTs can be
discussed.
The first approach that can be applied to indirectly monitor metal transport mediated by ZIPs
and ZnTs is to knock out a transporter and assess the phenotypic consequences of the knockout on
cellular or organismal metal homeostasis. Because the approaches to assess the phenotypes of a
knockout will vary with the particular knockout, we have highlighted an example of a ZIP knockout and
ZnT knockout below, each of which reveals a physiological function of a transporter. First, ZIP8
knockout globally decreases Mn(II) levels in mice and decreases the activity of Mn(II)-dependent
enzymes in the liver.'" Indeed, the authors demonstrated that these phenotypes are likely due to a role
of ZIP8 in reclaiming Mn(II) from bile in the liver by recapitulating phenotypes of the global knockout
in-liver specific knockout mice. Second, in 2012 it was observed that mutations in ZnT10 give rise to
manganese dysregulation resulting in Parkinson's-like symptoms in humans.'8

18

2 Subsequent

work in a

ZnT10 knockout mouse failed to identify pathological changes in neuronal tissue as a consequence of
the knockout, but noted that the knockout increased blood, brain, and hepatic liver Mn concentrations
by 20-60-fold compared to control mice.' 8 3 Mn(II) accumulation could be attenuated by feeding the
knockout mice a diet low in Mn(II).
Second, a metal transporter can be overexpressed. There are three key assays often performed in
the context of transporter overexpression experiments to delineate the metal ion selectivity of a
particular transporter: (i) measure change in toxicity of a metal ion to cells, (ii) assess suppression of
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Zn(II) uptake, (iii) or directly quantitate metal uptake with either a radioisotope of by ICP-MS. The
advantages and drawbacks of each are discussed.
First, expression of a metal transporter in cells can change the sensitivity of a cell line to that
05 4
metal (Figure 1.8a).A
" Aprecondition to detect a change in sensitivity is that transporter expression

must change either the cellular Vmapp for metal transport, Km,app for metal transport, or both. Taking the
importer and exporter cases separately, if a metal ion is a substrate for a metal importer, expression of a
metal importer might increase the toxicity (decrease the ICso) of a metal ion. This strategy was applied
to show that ZIP8 expression in the testes is responsible for acute Cd(II) damage to the tissue.

4

In

contrast, overexpression of a metal exporter should decrease the toxicity (increase the LCso) of a metal
ion if that metal ion is a substrate for the transporter. This strategy has been applied to provide evidence
that ZnT10 transports Mn(II).

05

The results from this type of assay are not always easy to interpret, however. For instance,
expression of ZIP10 in HEK29T cells increases the LCso value for Cd(II) in this cell type (my work, data
not shown). This result is consistent with a number of distinct hypotheses either regarding the substrate
scope of ZIP10 itself or the effect of ZIP10 expression on expression/activity of other metal transporters.
The second approach applied in the context of transporter overexpression is to measure the
suppression of uptake of a radioisotope of Zn(II) by other metals. In a typical experimental approach,
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Figure 1.8 Approaches to determine whether a particular transporter fluxes a particular metal ion. (a)
Overexpression of a metal importer can increase the toxicity of metal ions to particular cells. (b)
Suppression of uptake of a tracer isotope can be measured if suppression of uptake is taken to indicate
transport of the suppressing metal. (c) Metal uptake can be directly measured either by using a stable
isotope or radioisotope.
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cells are stimulated with 3-5

Ml 8 5 65Zn(II)

(a radioactive isotope) and 10-20 equivalents of a metal

ion. Expression of the ZIP changes the extent to which these added metal ions suppress 65 Zn(II) uptake
(Figure 1.8b).
This experiment provides more granular and more direct data regarding metal transport
selectivity than does simple measurement of metal toxicity in the context of overexpression. However,
there are two significant caveats to rigorous interpretation of these data. First, in this experimental
approach, it is challenging to distinguish the mechanism underlying abrogation of Zn(II) uptake by
other metal ions. Because only 65Zn(II) uptake is measured, it is uncertain whether other metals
compete with Zn(II) for uptake or instead are allosterically modulating metal transport. We have shown
that application of an ICP-MS based variation of this approach can help to uncouple these
possibilities,

77

but even with an ICP-MS workflow to monitor the import of other metals, this caveat

must be borne in mind. Second, even assuming that allosteric interactions do not underlie decreased
transport rates, it is mathematically impossible to deconvolute underlying kinetic parameters (Km, Vma)
from such competition experiments. Measurement of the suppression of Zn(II) uptake can be useful,
but is generally a molecularly incoherent approach to measure metal ion selectivity.
A third approach is to measure the uptake rate of particular metal ions at particular metal
concentrations (Figure 1.8c). Not only is this approach more technically challenging than the
aforementioned approaches, but it is also considerably more resource-intensive and time-consuming.
However, such Michaelian analysis profitably reveals kinetic parameters inaccessible to the approaches
discussed thus far.
An important parameter that must be selected is choice of approach to measure metal uptake.
There are three options. First, a small molecule fluorescent sensor that exhibits an increase in
fluorescence upon binding of a metal ion can be applied to cells prior to stimulation of cells with metal.
Turn-on of the sensor is putatively related to metal uptake.2 2 One substantive challenge precluding this
approach is that ratiometric sensors, meaning those that enable quantitation of metal ion
concentration, are only available to detect a subset of metal ions.63 Moreover, it is challenging to identify
whether an increase or change in fluorescence emission from such sensors directly reflects a change in
Zn(II) uptake or a change in cellular Zn(II) distribution.
An alternative is to directly monitor metal uptake. One way uptake can be directly measured is
with a radioisotope. However, many transition metal ions emit gamma radiation, raising safety concerns
that complicate experiment design.
ICP-MS-based approaches to measure metal uptake compromise sensitivity compared to
radioisotope-based approaches, but resolve many of the challenges attendant to work with
radioisotopes. Indeed, we and others have demonstrated

77 8 6, 87

that approaches based on measuring
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uptake of low-abundance Zn(II) isotopes enable sensitive measurement of metal uptake. Moreover,
ICP-MS permits simultaneous quantitation of multiple metal ions such that the uptake of multiple metal
ions can be quantified in a single experiment, enabling accurate comparison of uptake velocities of
different metal ions (vide supra).
Figure 1.9 summarizes what is known regarding the metal ion selectivity of human ZIPs based
tpake.e1276 6 18,',8 89
on either the competition studies described above or direct measuremetal
177,190-194 What is perhaps most apparent upon inspection of Figure 1.9b is how little is known regarding
the metal transport properties of ZIP family members. The paucity of available data render delineation
of structure-function relationships in the family challenging.
Activation of the MTF-1 axis in response to non-cognate metals
As described in Section III, stimulation of cells with Zn(II) induces MTF-1 mediated
transactivation of MT and ZnT1. Zn(II) is not the only metal that causes this response. Both Cd(II) 3 3
and As(III) 1 95 can also induce MTF-1-mediated transcription of metallothionein.
Cd(II) induction of metallothionein is tissue-protective; 1 96 if Cd(II) is consumed, a significant
proportion of ingested Cd(II) is bound to metallothionein within hours.

97 Further,

Zn(II)

consumption, by increasing metallothionein abundance, is protective against Cd(II)toxicity.1
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Figure 1.9. (a) Schematic alignment of human ZIPs, highlighting the LIV-1 subfamily. (b) The
measured metal ion selectivity ofhuman ZIPs assessed by the two protocols described in the text. No
entry in the table indicates that no measurement has, to our knowledge, been made. An'x' indicates that
transport is not suppressed. References corresponding to the data in this figure can be found in Table 4.2
and Table 4.3
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Particularly with regard to Cd(II), it is important to consider the mechanism of activation of
MTF-1 by Cd(II). There are two possibilities: (i) Cd(II) could directly activate MTF-1, or (ii) Cd(II)
could liberate Zn(II) from metallothionein and liberated Zn(II) might activate MTF-1. Given the high
abundance of cellular metallothionein and the significantly more favorable equilibrium constants for
metallothionein-Cd(II) than for metallothionein-Zn(II), it has been proposed that the latter is more
likely.

9 8To

the best of our knowledge, this hypothesis has not yet been tested.

Conclusions
Taken together, putative Zn(II) homeostatic machinery cannot be conceived of as purely
distinct from that of other metals. Indeed, ZIPs drive accumulation of both essential metals (Mn(II),
Zn(II), Fe(II)) and toxic metals (Cd(II), As(II)) in tissues. Moreover, the metallothionein/MTF-1 axis
is cytoprotective in response to toxic metals. Overall, much is known, but significant work remains to be
done to untangle the relationship between the transport and homeostasis of Zn(II) and other metals.
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Outline of Original Research Contributions
On the one hand, this introduction can be summarized in a single phrase:'zinc is important for
human health.' On the other hand, such abstraction elides the complexity of the ion in biology. The
following chapters lay out our work at the interface bioinorganic chemistry, biochemistry, and cell
biology to define both biological roles of Zn(II) and its interaction with other metals.
Chapter 2 describes our development of'A12-resin'. After demonstrating that the resin
selectively depletes Zn(II) from a range of biological media including human serum we apply the resin
to study Zn(II) deficiency in HEK293 cells. We show that levels of labile Zn(II), assessed with the
BLZinCh-1 sensor, are stable in HEK293T cells grown in Zn(II)-depleted media for 24 h, but that total
Zn(II) decreases by approximately 40%. This chapter is reformatted from the published manuscript
Chapter 3 demonstrates that replenishment of Zn(II)-depleted media with "Zn(II), a lowabundance isotope of Zn(II), enables straightforward measurement of Zn(II) uptake by inductively
coupled plasma-mass spectrometry. We demonstrate that this approach can be applied to assess the
effects of chemical and genetic perturbagens on Zn(II) uptake. Moreover, we apply a variation of this
method to show that cells starved of Zn(II) exhibit greater selectivity for Zn(II) over Cd(II) than do
cells grown with sufficient Zn(II).
Chapter 4 compares the Mn(II), Zn(II), and Cd(II) selectivities of members of the LIV-1
subfamily of Zn(II) transporters. We find that different ZIPs, expressed in HEK293T cells, exhibit
significantly different metal selectivities. In the case of two such transporters, ZIP4 and ZIP8, we identify
the transmembrane domain rather than the N-terminal domain as conferring metal ion selectivity.
Finally, we identify a glutamate residue in ZIP8 that appears necessary for high-affinity Mn(II)
transport, but show that introduction of glutamate at this position in ZIP4 is not sufficient to confer
Mn(II) transport to ZIP4.
Chapter 5 offers perspectives on the field and outlines experimental avenues that might be
valuable for future investigators to pursue.

so
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Biological Media and Evaluation of
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Deficiency

Reprinted (adapted) with permission from (Richardson, C. E. R.; Cunden, L. S.; Nolan, E. M.; Lippard,
S. J.; Shoulders, M. D. J. Am. Chem. Soc. 2018, 140, 7, 2413-2416.). Copyright (2018) American
Chemical Society.

Author Contributions
Christopher E. R Richardson, Elizabeth M. Nolan, Stephen J. Lippard, and Matthew D. Shoulders
conceived of the project. Christopher E. R. Richardson designed and performed experiments, and
analyzed data. Lisa S. Cunden designed and performed experiments, and analyzed data. Elizabeth M.
Nolan, Stephen J. Lippard, and Matthew D. Shoulders designed experiments, analyzed data, and
supervised the research.

FundingSources
This work was supported by the

5 6 tEdward

MallinckrodtJr. Foundation Faculty Scholar Award, a Pilot

Grant from the MIT Center for Environmental Health Sciences supported by NIEHS P30-ES002109,
and NIH grant R01-AR071443 (all to M.D.S.), NIH grant R01-GM065519 (S.J.L.), the NSF (CHE1352132; E.M.N.), and NIH T32-EB019940 (C.E.R.R). This work was also supported in part by the
Koch Institute Support (core) Grant P30-CA14OS1 from the NCI.

63

Abstract
We describe the preparation, evaluation, and application of an S10OA12 protein-conjugated
solid support, hereafter the "Al2-resin," that can remove 99% of Zn(II) from complex biological
solutions without significantly perturbing the concentrations of other metal ions. The A12-resin can be
applied to selectively deplete Zn(II) from diverse tissue culture media and from other biological fluids,
including human serum. To further demonstrate the utility of this approach, we investigated metabolic,
transcriptomic, and metallomic responses of HEK293 cells cultured in medium depleted of Zn(II) using
S10OA12. We expect that the A12-resin will facilitate interrogation of disrupted Zn(II) homeostasis in
biological settings, uncovering novel roles for Zn(II) in biology.
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Introduction
Elucidating roles of Zn(II) in biology benefits from methods to image," quantify, 45 and perturb'
both labile and bound' Zn(II) in living cells. Fluorescent sensors have revealed that labile Zn(II)
concentrations are tightly controlled in most cells at sub-nM levels.'" Stimulation of cells with high
concentrations of Zn(II) was instrumental in defining the metazoan response to Zn(II) overload."
However, a major obstacle impeding progress in Zn(II) biology is the inability to selectively and
efficiently deplete Zn(II) from complex biological media. One strategy is to nonspecifically remove
metal ions using resin-supported chelators, such as Chelex* (Figure 2.1a,b, Table 2.2), iminodiacetate on
a solid support, and then add back all metal ions except Zn(II)." This strategy requires quantitation of
metal ions before and after Chelex* treatment. Moreover, even careful metal repletion may not restore
the metal ion speciation of untreated media.
Another approach used to study Zn(II) deficiency is to treat cells with a chelator such as
N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN). '" 3However, this reagent has a high
affinity for other d-block metal ions, 4 and it can inhibit the activity of metalloproteins. For instance,
TPEN strongly blocks the Zn(II)-dependent hydrolytic activity's of tissue nonspecific alkaline
phosphatase (Figure 2.1c). The risk of TPEN inhibiting metalloenzymes or affecting other metaldependent processes precludes its application to cells as a means to effect Zn(II) deficiency. Moreover,
incubation of cells with TPEN or any other small-molecule chelator is not equivalent to Zn(II)
deficiency. Cells may be able to recover TPEN-complexed Zn(II) and/or TPEN itself may have
unappreciated biological activities."
a Chelex Nonspecifically Depletes Media of Metal Ions (pM)
Post-Treatment
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Metal
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Figure 2.1 (a/b) Chelex* resin nonspecifically
depletes cations from media (n=4, ±SEM). (c)
TPEN treatment of alkaline phosphatase secreted
from transfected HEK293T cells diminishes the
activity of the enzyme (n=3, SEM).
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A third strategy to study Zn(II) deficiency is to obtain a custom-made, chemically defined cell
culture medium that lacks Zn(II). 7 This approach is time-consuming, expensive, and only a subset of
cells can be cultured in such media.1 8
None of the above approaches or related alternatives allow researchers to address the generic
issue of Zn(II) deficiency in cells. A robust Zn(II) depletion method must (1) selectively deplete Zn(II)
from diverse and complex biological media, (2) be easy to use, and (3) be cost-effective. Here we
describe a protocol that meets these criteria, enabling precise modulation of Zn(II) content in biological
media and facilitating the investigation of many aspects of biology.
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Materials and Methods
Chemicals and Instrumentation
Chemicals and consumables: Phosphate buffered saline was purchased either as a 1x solution
21-040-CV) or alOx concentrate (46-013-CM) from Corning. Tris
(tris(hydroxymethyl)aminomethane) was purchased as a solid from Millipore Sigma (T1503, 2 99.5%).
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) was purchased as a solid from Millipore
Sigma (either RDD002 or H3375, both
Millipore Sigma (S7653,

99.5%). Sodium chloride was purchased as a solid from

99.5%). Ammonium sulfate was purchased as a solid from Mallinckrodt

(3512). Sodium hydroxide was purchased as a solid from Mallinckrodt (7708-06). Triton x-100 was
purchased from Alfa Aesar (A16046). PMSF was purchased as a solid from Amresco (M145). TPEN
(N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine) was purchased from Sigma Aldrich (P4413).
DMEM (15-017-CM) was purchased from Corning as a solution. Ham's F-12K (Kaighn's)
(21127022), McCoy's (16600082), and RPMI (11875093) were purchased from ThermoFisher as
solutions. FBS was purchased from Corning (35-010-CV). Freestyle TM medium was purchased as a
solution from ThermoFisher (LifeTechologies 12338-018). Nitric acid was purchased from Aristar
Ultra as a concentrated solution (87003-226, ultra-high purity for quantitative trace metal analysis at the
part per trillion level). ICP-MS calibration standard was purchased from Agilent as a solution in 10%
nitric acid (5183-4688). Amicon Ultra-I

molecular weight cutoff filters were purchased from Millipore

Pierce TM NHS-Activated

Agarose, dry, was purchased from VWR (P126196). ZnCl 2 was

(UFC901008).

purchased as a solution from Sigma Aldrich (39059). ZnSO 4 was purchased as solution from Sigma
Aldrich (35393). Human serum was purchased from ZenBio (HSER-10 mL). Anti Human ENRAGE/S100A12 was purchased from R&D Systems (161205). Agilent ICP-MS internal standard mix
was purchased from Agilent (5188-6525). ICP-MS Sample Tubes were purchased from VWR (97012778). pCMV-BLZinCh-1 was a gift from Maarten Merkx (Addgene plasmid # 85082).
Instrumentation: Luminescence measurements (BLZinChl, CellTiter-Glo) were made on a
BioTek Synergy H1 Hybrid Reader equipped with filters (460/40; 528/20 for BLZinCh1
measurements). Fluorescence measurements were made on a BioTek Synergy Hi Hybrid Reader
equipped with monochromaters. ICP-MS was performed on an Agilent 7900 ICP-MS in Helium mode
equipped with an integrated autosampler. Two internal standards, scandium and terbium (Agilent),
were monitored. Protein purification was carried out on an AktaPurifier with a MonoQ(GE, 17-516701) and S75 column (hand-packed). Centrifugation during protein preparation was carried out in a
Beckman Coulter AvantiJ-25 centrifuge equipped with either aJA-10 orJA2S.50 rotor.
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Expression and Purificationof S100A12
This protocol is a slight modification of the previously published protocol for the purification of
S100A12." When we initiated this work, S100A12 was the only known member of the S100-family for
which Zn(II) selectivity had been demonstrated. Recent experiments suggest that S100A7 might also be
suitable for selective Zn(II) depletion. 20
Overexpression: S100A12 in a pET41a plasmid was obtained as previously described

9

and

received from the Nolan lab at MIT and BL21 (DE3) cells carrying the vector were inoculated into an
overnight culture containing kanamycin sulfate (50

g/L). The next morning, the overnight culture was

diluted (1:100) into 2 L of LB containing kanamycin sulfate (50 ig/L) in a 4 L baffled flask maintained
in a shaking incubator (150 RPM) at 37 °C. When the OD6 0 0 of the culture reached 0.6 (typically 1-2 h
after addition of overnight culture), freshly prepared IPTG (1 mL of 0.5 M stock diluted to a final
concentration of 250 pM) was added to the 2 L culture. After 4 h of expression, the culture was collected
by centrifugation (8,000 RPM, JA10 rotor, 4

CC,

10 min) and scraped into a 50 mL falcon tube. The

paste was pelleted by brief centrifugation (3,000 RPM) in a benchtop centrifuge and the resulting pellet
was frozen in liquid nitrogen then stored at -80 CC. Pellets typically had a volume of 4-5 mL.
Lysis and refolding: A pellet of S1OOA12 was thawed on ice for 1-3 h before being resuspended in

lysis buffer (50 mM Tris pH 8.0, 100 mM NaCl, 1 mM EDTA, 1 mM PMSF,0.5% Triton X-100; 50
mL). The suspension was homogenized (dounce homogenizer) before sonication (30% amplitude, 2:30
total time, 30 s on, 10 s off, no microtip). The sonicated lysate was pelleted to afford soluble and
insoluble fractions (16,000 RPM,JA25.5 rotor, 4 °C, 10 min). The soluble fraction was decanted and
stored at 4 °C. The insoluble portion was resuspended, homogenized, and sonicated as above, before
being subjected to another round of centrifugation (16,000 RPM,JA25.50 rotor, 4 °C, 10 min). The
second soluble portion was combined with the first soluble portion. Next, ammonium sulfate (37.5 g)
was added over 15 min to gently stirring soluble lysate at 4 °C. Stirring was continued at 4 °C for 1-3 h.
Lysate was centrifuged (16,000 RPM, JA25.5 rotor, 4

CC,

10 min), decanted into a clean plastic beaker,

then added to a dialysis bag (3,500 Da molecular weight cutoff) and dialyzed against MonoQBuffer A
(20 mM HEPES, pH = 8.0) at 4 °C. The dialysis buffer was changed a minimum of four times with at
least 12 h between each change.
ChromatographyPreparation:Prior to chromatography, all buffers were prepared with Milli-Q
water (resistivity of 18.2 mQ x cm) and filtered through a 0.22 pm bottle top filter (VWR) prior to
chromatography. Prior to first use, all columns were washed with EDTA (500 M, 2 Column Volumes
(CV) for MonoQ 100 mL for S75) then with water.
MonoQ10/100 Column: The MonoQcolumn was washed immediately prior to use with 2 CV
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20 mM HEPES pH = 8.0 (MonoQA), 2 CV 20 mM HEPES pH = 8.0 + 1.0 M NaCl (MonoQB), 2 CV
MonoQA, 2 CV MonoQB, 2 CV MonoQA at 2-4 mL/minute. After every protein preparation, the

column was washed with 2 CV 2 M NaCl, 2 CV 2 M NaOH, 4 CV 2M NaCl, and then finally 4 CV
MonoQA, according to the manufacturer's instructions. Whenever pressure increases were observed
(typical operating pressure: 1.7 MPa), the column was washed with 6 M guanidinium hydrochloride to
elute strongly bound proteins.
S75 Column (320 mL volume): The S75 column was washed with 100 mL of water, 100 mL 1
M NaOH, 100 mL water, before pre-equilibration with either 450mL 20 mM Tris (pH = 7.5) + 100

mM NaCl + or 450 mL of Corning PBS (10 mM NaH 2PO 4,1.8 mM KH 2PO 4 (137 mM NaCl, 2.7 mM
KCl).
Chromatography:Prior to FPLC purification, lysate was filtered through a 0.2 pm bottle top
filter into a 250 mL plastic bottle. 30-SOmL of lysate was loaded through the A line of the FPLC at a
rate of 2 mL/min. After the sample was loaded the column was washed with MonoQA (9 CV, 2
mL/min) before S100A12 was eluted in 10% MonoQB (8 CV, 2 mL/min), 50% B (7 CV, 50% B), and
finally 100% B (6 CV, 2 mL/min). MonoQruns were repeated until all lysate was purified. Fractions
that eluted at 10% MonoQB were pooled and concentrated with a 10 kDa MWCO filter (Amicon) to a
volume ofless than 10 mL. After filtration through a 0.2 pm filter (regenerated cellulose, VWR 28145477), the partially purified lysate was then loaded onto an S75 column, either by direct addition onto the
column with a syringe or through the A line of the FPLC. Protein was eluted with isocratic flow of 1.4
CV of either 100 mM NaCl + 20 mM Tris pH =7.5 or PBS. Typical yields for S100A12 were between
100 and 200 mg/2 L of bacterial culture. Yields of S1OOA12AHis 3Asp, the metal-binding site null variant
of S1OOA12, varied more widely -

between 15 and 60 mg/L bacterial culture. The purity of each

protein was assessed by gel electrophoresis (15% denaturing gel, 100V, 100 min). The identity of each
protein was verified with MALDI (Matrix: sinapinic acid).
Notes: Protein concentration was measured using a Take3 plate reader based on the predicted
extinction coefficient of the S100A12 dimer (5960 M'cm') and a path length of 0.048 cm.
Depletion of DMEM/FBS and FreestyleM Medium with Chelex*
Each medium (1 mL) was incubated with Chelex resin (50 mg) in an Eppendorf tube (room
temperature, 16 h). Subsequently, the resin was pelleted by centrifugation (13,000 RPM, benchtop
centrifuge) and medium (750 pL) was analyzed for metal content by ICP-MS (Section VIII).
Depletion ofFreestyleMedium with Si00A12
S100A12 was thawed at room temperature before being brought to a concentration of 250 pM
(Buffer: 20 mM Tris pH = 7.5, 100 mM NaCl). S100A12 was diluted 1:10 to a final concentration of 25
pM in FreestyleTMmedium and the solution was incubated at room temperature for between 4-24 h on
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a rotator. Subsequently, protein was removed from Freestyle medium with a molecular weight cutoff
filter (Millipore Amicon 10 kDa) that had been washed with EDTA (50 M) followed by PBS (3x15
mL washes). The MWCO filter flow-through was collected and the metal content of the flow-through
was analyzed by ICP-MS (Section VIII).
PreparationofA12-resin
Optimization of resin loading: S100A12 at 0, 1.0, 2.0, 3.0,4.0, 5.0 7.0, 10.0, or 15.0 mg/mL in
PBS, assessed by the absorbance of the protein at 280 nm, was incubated on a rotator at rt with 75 mg
NHS Agarose per mL of protein solution in a 1.7 mL Eppendorf tube. After 2 h, the resin was pelleted at
10,000xg in a benchtop centrifuge and the protein content of the supernatant was measured with the
Pierce 660 nm protein assay. The assay was carried out by adding protein solution (10 pL) to assay
reagent (150 pL) in a 96 well, clear bottom plate, and measuring the absorbance in a plate reader.
Concentrations of protein greater than 2 mg/mL were diluted to the linear range of the assay (0-2.0
mg/mL).
Note: Per the manufacturer, some assays are unsuitable for quantitation of protein
concentration in the supernatant of a coupling reaction, as the succinimide byproduct of the coupling
reaction absorbs at 280 nm and interferes with both the BCA and Bradford protein concentration assays.
Preparation of Al2-resin: S100A12 or S1O0A12AHis 3Asp (5 mg/mL in PBS) was incubated
with NHS agarose (75 mg/mL protein solution) for 2 h at rt in a BioRad protein purification column
(731-1550). We chose this resin to protein ratio because at this ratio all input protein bound to the resin
(Section IV.A). After 2 h, the supernatant was eluted from the column and the resin was quenched with
Tris (1.0 M pH = 7.5) for 30 min. Subsequently, the resin was washed three times with 10 mL of PBS
then incubated with acetic acid (pH = 3.8, 1 mL/mL resin) for 30 min before being washed thoroughly
with PBS, then DMEM containing phenol red (no FBS) until the DMEM no longer eluted as a yellow
solution. Finally, the resin was washed with 5 mL PBS per mL resin.
Depletion of cell culture medium: In a typical depletion, 1.0 mg of protein on resin, prepared as
above, was incubated with 2.5 mL of medium to remove Zn(II). In Figure 2c, medium was incubated
with resin for 48 h. We typically observe that longer incubations result in better Zn(II) depletions.
Depletion of human serum: In a typical depletion, 1.0 mg of protein on resin, prepared as above,
is used to deplete 250 pL of human serum. On such a small scale, the high ratio of resin-to-serum
volume causes the latter to be diluted slightly, with a correspondingly modest effect on metal ion
concentrations.
Reuse of resin: The resin was washed with PBS before being suspended in acetic acid (1 M, pH
=3.8,

1 mL/0.2 mL dry resin) for 10 min. The resin was then washed with PBS (10 mL) before being

washed with phenol red-containing DMEM (10 mL; [Zn] in DMEM is approximately 18 ppb) until the
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DMEM turned red, which indicates the pH of the DMEM is greater than 6.8. The resin was then washed
with PBS before being reapplied to deplete a solution of Zn(II)
In order to verify that S100A12 is not released from the resin upon incubation with medium, we
incubated medium with resin at a typical ratio of resin to medium. Medium was loaded directly onto a
15% SDS-PAGE gel after 1:6 dilution with 6x Laemmli buffer containing 1 M DTT. When the dye front
was at the end of the gel, protein was transferred to nitrocellulose with a Trans-Blot Turbo Transfer
System, stained with Ponceau, blocked with milk, probed with anti-S100A12 (overnight, 4 °C), and
then probed with an anti-mouse secondary antibody before visualization on a LI-COR Odyssey imager.
Resazurin Assay
In a typical assay, 15,000 cells (count assessed by Countessa II Hemocytometer) were plated
from a suspension in PBS (1,000,000/mL) into a 96-well black-bottom plate containing the treated cell
culture medium. At designated time points after plating, 10.00 pL of 0.10 mg/mL of resazurin (sodium
salt) was added to wells containing cells, as well as to wells containing medium but no cells (blank wells).
Reduction of resazurin to resorufin was monitored by fluorescence on a Gen5 plate reader (k,: 530,em:
590).
Data analysis: The Gen5 plate reader used automatically adjusts the fluorescence gain for each
plate that it reads. Therefore, to compare data from different days data were transformed to relative
viability compared to blank wells. That is, the average fluorescent signal for control cells was normalized
to 100 and other treatments were normalized by the same factor tooutput the relative viability of a
population compared to control. The dynamic range of a resazurin assay is 12-15-fold based on the
readings from wells to which no cells were added but which contained medium and resazurin. Thus, the
minimum viability that this assay can detect is 8-10%.
CellTiter-Glo*
In a typical assay, cells were plated from a suspension (I

iL of 1,000,000 cells/mL in PBS

assessed by Countessa II Hemocytometer) into a 96-well opaque-bottom plate containing either
untreated, depleted, or repleted medium. 1, 2, 3, and 4 d after plating, CellTiter-Glo* assay lysis buffer
(100 pL) was added to each well. The plate was incubated for5 min on a rocker before being analyzed
on a Take3 Plate reader (gain = 135; Integration time = 1 s; read height = 1.00 mm).

ICP-MS
ICP-MS was performed on an Agilent 7900 ICP-MS in Helium mode equipped with an
integrated autosampler. Two internal standards, scandium and terbium (Agilent), were monitored.
Note that all collected data are reported even in cases where the least concentrated, non-blank sample is
more concentrated than the measured concentration of a particular metal in that sample.
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ICP-MS of Cell Culture Medium
3

.

Serum Free: FreestyleTM medium was acidified by direct addition of concentrated HNO

Calibration: Five serial dilutions (1:10) of Agilent ICP-MS Environmental Calibration Standard
mix and a blank were prepared. Concentrated nitric acid was added to each sample to a final
concentration of 3%.
Serum Containing: Equal volumes of 3% nitric acid were mixed with samples. This
concentration of nitric acid does not precipitate proteins in cell culture medium. When this protocol was
followed, calibration standards were diluted 1:2 with 3% nitric acid prior to addition of internal standard.
Calibration: Five serial dilutions (1:10 of Agilent ICP-MS Environmental Calibration Standard
mix) and a blank were prepared by diluting each calibration standard 1:2 in 3% nitric acid.
ICP-MS of Human Serum: Serum was spun down in a benchtop centrifuge (13,000 RPM) in a
1.5 mL Eppendorf tube. The serum was diluted 1:10 in water then analyzed identically to serumcontaining cell culture medium.
ICP-MS Data Processing
Unnormalized data were exported from MassHunter. Concentrations of analyzed elements were
normalized to untreated medium with the calculated variance in the data derived from at least three,
typically four, separate replicates. The error in the normalized data was calculated from the
equation

+,

where x and y are the metal concentration of treated and untreated

media respectively and 5 denotes the standard error in each."
In order to calculate the molarities of metals in each culture medium, a density of 1.00 g/mL was
assumed. Therefore, 1.00 ppb is equal to 1.00 pg/L and the molarity of a particular solution is equal to
the measured concentration of a particular ion in ppb divided by the exact mass of the ion, divided by
106.

Cell Pellet ICP-MS: 24 h prior to treating cells with the Al2-resin or control-treated medium
HEK293T cells (3.5 million assessed by Countessa II Hemocytometer) were plated in a 10 cm dish.
After a subsequent 24 h of culture in treated medium, cell monolayers were washed twice with PBS then
scraped into water and collected in a 15 mL polypropylene tube. Fifty pL of this suspension was
subjected to CellTiter-Glo assay. Cell pellets were frozen in liquid nitrogen and then lyophilized
overnight before being digested in nitric acid (200 pL, 2 h, 70 °C). The resulting solution (64.5 L) was
added to 1.5 mL Milli-Qwater containing internal standard (30 ptL, 100 ppb). Samples were run on the
ICPMS as described above. Raw ppb data from the ICPMS were normalized to measured CellTiter-Glo
Signal.
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Labile Zinc Measurement with BLZinCh-1
BLZinCh-1 was transfected into a 90% confluent, 10 cm dish of HEK293T cells with PEI (1 mL
OptiMEM, 10 pg DNA, 60 pL PEI) in OptiMEM. 4 h later the transfection reagent was removed and
the medium was changed to DMEM + 10% FBS. 20 h later, cells were lifted with trypsin and plated in 12
well dishes (120,000 cells/well). After a subsequent 24 h, medium was changed to Al2-resin or controlresin-treated medium. Cells were cultured in these media for 24 h, at which time the cells were released
from dishes with trypsin, which was subsequently quenched with fresh medium - Al2-resin-treated
medium was used to quench trypsin on cells cultured in Zn(II)-depleted medium. Cells were then
pelleted at 500 RPM in a swinging bucket rotor (Beckman GS-6R) before being resuspended in live cell
imaging buffer (20 mM HEPES pH = 7.4,140 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl 2, 1 mM MgCl 2 ).
For luminescence measurements oflabile zinc levels, a portion of each cell suspension (1 SpL) was
added to a well of a 96-well plate containing live cell imaging buffer (135S L) followed by furimazine
(1.00 pL of 1:20 dilution of Promega catalog number NI1110). Luminescence was monitored with a
Take3 Plate Reader with a both a 460/40 filter and a528/20 filter (1.00 second integration time). After
15 min, TPEN (SO pM final concentration) was added and luminescence was monitored. After a
subsequent 15 min, a solution of zinc sulfate (200 pM final concentration) and pyrithione (10

M final

concentration) was added to the cell suspension and luminescence was monitored. Luminescence
readings were stopped for approximately 2 min between readings. Cytosolic free zinc concentrations
were calculated based on the dissociation constant of BLZinChl obtained in the original report of this
sensor (160 pM). Briefly: [Zn(II)]=

RRin
Rmax-R

K. R for each treatment was taken as the average for

the treatment, Rmi for each treatment was taken as the average of the minimum signal (TPEN
stimulation) for each cell treatment, and R. was taken as the average maximum signal (zinc pyrithione
stimulation) for each treatment.
Alkaline PhosphataseActivity Assay
HEK293T cells were seeded in 6-well plates at a density of600,000/well. 24 h later, cells were
transfected either with a vector encoding TdTomato or Tissue Nonspecific Alkaline Phosphatase
(TNAP) with Lipofectamine 3000. Three days later, the medium was harvested from each well and was
sterile filtered. The medium was then incubated with TPEN at indicated concentrations (S8) for 24 h
with a final concentration of 5% DMSO in each sample. After 24 h, 10 pL of sample was added to a 96well plate containing 56 jL of 2-AMP buffer (2-amino-1-propanol, 0.5 M, pH = 10.0). para-Nitrophenol-phosphate was then added (33 pL, 10 mg/mL) and absorbance was monitored as a function of
time at 405 nm.
Data analysis: Kinetic data were extracted from the activity assay performed above with the
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linest function in Microsoft Excel. The data from biological replicates was averaged and standard errors
were computed for each concentration of TPEN assayed. These data were then normalized to vehicle
Sq

treatment (DMSO). Error was propagated with the equation,-=

)+

The\

resutan
.Theresultant

TPEN concentration vs. relative activity data were log transformed to enable plotting oflog[TPEN] vs
relative activity before nonlinear regression in Prism (log(inhibitor) vs. response - Variable slope (four
parameters)).
RNA Harvestingfor qPCR:
24 h prior to treating cells with A12-resin or control resin-treated medium or repleted medium,
HEK293T cells were plated in 12 well dishes (120,000 cells/well, count assessed by Countessa II
automatic hemocytomer). After 8, 16, 24, and 36 h the medium was changed on the HEK293T cells,
RNA was harvested with a Qiagen RNeasy Plus Kit after homogenization of cells with a QAshredder.
The experiment was performed in biological quadruplicate.
cDNA Synthesisfor qPCR:
cDNA was prepared with the Invitrogen High Capacity Reverse cDNA Kit (4368813). RNA
concentration was determined with a Take3 Plate reader. Typically, 1 pg of RNA was suspended in 14.2
pL RNAse free water (Corning, 46-000-CM). To RNA samples was added a mixture of dNTPs (0.8 tL,
Buffer (2.00 pL), random primers (2.00 pL), and reverse transcriptase (1.00 pL). According to the
manufacturer's instructions, samples were incubated at 25 C for 10 min, 37 °C for 120 min, 85 C for 5
min before being maintained at 4 °C until samples were used for qPCR.
qPCR
cDNA samples were diluted with between 20 and 70 pL ddH 2O(Corning, 46-000-CM) and
vortexed vigorously. cDNA (2.00 pL) was added to a 384-well qPCR plate containing primers (0.25 pL
each primer), water (2.5 pL), and 2 x Sybr (Kapa or Roche, S pL). The plate was sealed with adhesive
film and qPCR was carried out in a Light Cycler in the MIT BioMicroCenter. Primer Integrity was
assessed by thermal melt to ensure homogeneity and PCR products were analyzed by agarose gel
electrophoresis to ensure amplification of a single DNA target. Transcripts were normalized to the
housekeeping gene RPLP2 (Table 2.1), and all measurements were performed in biological triplicate or
quadruplicate and technical quadruplicate.
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Table 2.1. qPCR primers
PrimerName

Sequence

RPLP2Fwd

5'-CCATTCAGCTCACTGATAACCTTG-3'

RPLP2 Rev

5'-CGTCGCCTCCTACCTGCT-3'

MT1A Fwd

5'-TGGACCCCAACTGCTCCTG-3'

MT1A Rev

5'-5CTTCTCTGATGCCCCTTTGC-3'

RNA HarvestingforRNA-Seq
Prior to beginning the experiment, HEK293 Freestyle cells were suspended at a density of
1,000,000 cells/mL in a total volume of 40 mL Freestyle medium for at least 18 h. A portion of cells was
then washed with PBS 3x and brought to a density of 4,000,000 cells/mL in PBS before being plated
into a 12-well plate containing either untreated Freestyle Medium, Zinc-Depleted Freestyle Medium, or
Repleted Freestyle Medium that had been washed with 500 M EDTA then three times with PBS. 36 h
later, RNA was harvested with a

Qagen RNeasy Plus kit after homogenization of cells with a

QlAshredder. The experiment was performed in biological triplicate. Total RNA was submitted to the
MIT BioMicroCenter for library preparation and sequencing.
RNA-Seq Library Preparationand Sequencing
RNA integrity and concentration were assessed on a Fragment Analyzer (Advanced Analytical).
The mRNA was purified by polyA-tail enrichment, fragmented, and reverse transcribed into cDNA
(Illumina TruSeq). cDNA samples were then end-repaired and adaptor-ligated using the SPRI-works
Fragment Library System I (Beckman Coulter Genomics) and indexed during amplification. Libraries
were quantified using the Fragment Analyzer (Advanced Analytical) and qPCR before being loaded for
single-end sequencing using the Illumina HiSeq 2000.
RNA Seq DataProcessing:
Quality control: Reads were aligned against hg19 (Feb. 2009) using bwa mem v. 0.7.12-r1039
[https://github.com/lh3/bwa] with flags -t 16 -f.

Mapping rates, fraction of multiply-mapping reads,

number of unique 20-mers at the 5' end of the reads, insert size distributions, and fraction of ribosomal
RNAs were calculated using dedicated perl scripts and bedtools v. 2.25.0." In addition, each resulting
bam file was randomly down-sampled to a million reads, which were then aligned against hg19 and read
density across genomic features was estimated for RNA-Seq-specific quality control metrics.
RNA-Seq mapping and quantitation:Reads were aligned against an hg19 / ENSEMBL GRCh37
75 annotation (without added polyA) using rsem v. 1.2.6 / bowtie v. 1.0.1 with the following flags: -p4 -output-genome-bam --calc-ci --bowtie-chunkmbs 1024.2 3,4Posterior mean estimates of counts and
estimated RPKM were retrieved.
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DifferentialExpressionAnalysis: Pairwise comparisons of differential gene expression between
samples cultured in untreated, depleted, and repleted mediumwere performed in the R statistical
environment (R v. 3.2.3) using Bioconductor's DESeq package on the protein-coding genes only.
Dataset parameters were estimated using the estimateSizeFactors() function for each sample, and
estimateDispersions() across all conditions. Read counts across conditions were modeled based on a
negative binomial distribution and p-values were calculated as a one-tailed test of the value pair
distribution leading to more extreme fold-changes than observed, given the respective library size factors
(all folded into nbinomTestO). Fold-changes, p-values and Benjamini-Hochberg-adjusted p-values were
reported for each protein-coding gene."
Gene ontology analysis: Genes with adjustedp-values < 0.05 were considered for Gene Ontology
enrichment analysis using the DAVID online webtool, considering as a background the union of all
genes with a non-zero baseMean value across any of the DE comparison (based on ENSEMBL IDs).26

27

Hierarchical clustering and visualization were performed using Spotfire (Tibco). GO functional
categories with Benjamini-Hochberg-adjustedp-values < 0.1 were used for downstream analyses. GSEA
was performed using the GSEA v2.0 desktop implementation against MSigDB v. 5.1, using a .gct file
containing gene expression values in FPKMs, with phenotype permutation (n=1000), meandiv
normalization and weighted scoring scheme, using gene symbols as keys and Signal2Noise as the
ranking metric.
HeatMap Construction:The heatmap in Figure 3 was constructed using Morpheus
(https://software.broadinstitute.org/morpheus/) with a one minus Pearson correlation distance matrix
and an average linkage function. The /default color scheme was used in which the maximum and
minimum expression value for each column correlates with the most intense reds and blues in the heat
map respectively.

76

Results and Discussion
Our approach was inspired by the existence of proteins that sequester nutrient metal ions from
invading pathogens. Such proteins are important components of the mammalian innate immune system.
Human S100A12 is one such protein that harbors two His 3Asp sites that coordinate Zn(II) with sub-nM
affinity."," Moreover, S100A12 can deplete Zn(II) from microbial growth medium. 9
We therefore wondered whether the selectivity of S100A12 for Zn(II) could facilitate the
development of a Zn(II) depletion method meeting the above requirements. To test this possibility, we
first evaluated whether recombinant S100A12 depletes Zn(II) from chemically-defined, protein-free
TM
Freestyle T Mmammalian cell culture medium. We incubated S100A12 (25 iM) with Freestyle

medium for 4 h prior to filtering it through a 10-kDa molecular weight cutoff filter to remove the protein
and protein-bound metal. ICP-MS measurements of the metal ion concentrations in untreated versus
TM
S100A12-treated media revealed selective depletion of >99% of total Zn from Freestyle medium

(Figure 2.2a, Table 2.3). Chelex treatment, in contrast, removed multiple metal ions (Figure 2.1a).
We next sought to deplete Zn(II) from more widely used media formulations that are not
chemically defined and contain high concentrations of protein or fetal bovine serum (FBS). The method
described above could not be used to selectively deplete Zn(II) from such complex media formulations
a
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Figure 2.2. (a) ICP-MS analysis indicating that Freestyle TM medium is depleted of Zn(II) by direct
addition of S10OA12 followed by removal of Zn(II)-bound S100A12 with a 10-kDa molecular weight
cutoff filter (n=3, ±SEM). (b) S100A12 or S100A12 AHis3 Asp can be conjugated to agarose to afford
two distinct resins. (c) A12-resin specifically depletes Zn(II) from DMEM/FBS, whereas the
S10OA12AHis3Asp (control) resin does not affect the metal ion concentrations of the medium (n=3,
±SEM). (d) A12-resin depletes Zn(II) from an array of diverse cell culture medium formulations (n=4,
±SEM). (e) A12-resin selectively depletes human serum of zinc. (f) Regeneration of the A12-resin in 1.0
M acetic acid (pH=3.8) enables multiple cycles of resin reuse (n=4, SEM).
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because separation of Zn(II)-bound S100A12 from the treated
media using a molecular weight cutoff filter would also deplete
other high molecular weight biomolecules, thereby perturbing
the composition of the media.

~

To solve this problem, we immobilized S100A12 on a
solid support by incubating recombinant protein (5 mg/mL)
with NHS-agarose for 2 h (Figure 2.2b. As anticipated, the
A12-resin was capable of selectively removing Zn(II)

0resulting
u

from complex cell culture medium. ICP-MS analysis indicated

that treatment of the commonly employed Dulbecco's
Modified Eagle's Medium (DMEM) containing 10% FBS with
A12-resin, followed by removal of the resin by passage of
0-

treated medium through a 0.2 pm filter, selectively depleted
99% of Zn(II) from the medium (Figure 2.2c,Table 2.4).

Figure 2.3 No component in A12resin treated medium is reactive with
an anti-S100A12 antibody,
indicating that S100A12 does not
idtcatabgylach0oA12roesinot
detectably leach from A12-resin.

Considering that Zn(II) binding by S100A12 requires the
association of two polypeptides, 2 9 it is remarkable that covalent,
nonspecific immobilization of S100A12 did not prevent Zn(II)
binding. We confirmed by Western blot analysis of Al2-resintreated DMEM/FBS using an anti-S100A12 antibody that no

detectable quantity of protein leached from the resin (Figure 2.3).
In addition to the experiment described above, we prepared a control resin composed of
agarose-conjugated S100A12 AHis 3Asp, a variant of S1OOA12 that lacks the His 3Asp Zn(II)-binding
sites. Treatment of DMEM/FBS with this A12A-modified resin did not significantly affect the
concentration of Zn(II) or other metal ions (Figure 2.2b and c, Table 2.4).
To define the scope of Zn(II) depletion using our method, we tested the A12-resin against six
additional complex media formulations, including RPMI/FBS, McCoy's SA/FBS, Ham's F-12K/FBS,
DMEM/NuSerum TM , RPMI/Nu-Serum T M, and OptiMEM T M. Al2-resin selectively depleted Zn(II)
from all of these diverse cell culture media (Figure 2d, Table 2.5). We also found that the A12-resin
could be applied to deplete Zn(II) from other complex, biologically relevant fluids. For example, the
A12-resin depleted up to 85% of Zn(II) from human serum (Figure 2.2e, Table 2.6).
Not only does A12-resin remove Zn(II) from a range of biological media, it can also be
regenerated. After depleting DMEM/FBS of Zn(II) with the A12-resin, we treated the recovered
material with 1.0 M acetic acid (pH = 3.8) for 15 min at room temperature and then washed the resin
with PBS and DMEM to neutralize the pH of the resin suspension. Strikingly, the protein retained its
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Zn(II)-binding capacity after this harsh treatment, yielding a refreshed A12-resin that could remove
Zn(II) from subsequent batches of medium. This recycling protocol was repeated four times with
negligible loss of Zn(II) removal efficacy (Figure 2.2f, Table 2.7).
Having demonstrated the selectivity of the A12-resin, we next studied the response of cells to
growth in Zn(II)-depleted and Zn(II)-repleted media, providing insight into the consequences of
prolonged Zn(II) depletion. We characterized the metabolic, transcriptomic, and metallomic
consequences of Zn(II) deficiency for HEK293 cells.
The metabolic activity of two HEK293-derived cell lines cultured in Zn(II)-depleted medium
decreases significantly after 3 d of culture compared to control. This defect was revealed by both a
CellTiter-Glo* assay (Figure 2.4a; luminescent readout proportional to total ATP) or a resazurin assay
(Figure 2.4b; fluorescent readout proportional to metabolic activity). In both cases, Zn(II) repletion
rescues the observed metabolic defects.
Next, we interrogated the transcriptional response of HEK293 cells to Zn(II) deficiency. We
first verified that HEK293 cells cultured for 1.5 d in Zn(II)-depleted medium have a diminished level of
metallothionein mRNA, which is an established marker of Zn(II) starvation (Figure 2.5, Figure 2.6)."
Subsequently, we surveyed the transcriptome of HEK293 Freestyle cells cultured in untreated,
S10OA12-treated (Figure 2.2a), or Zn(II)-repleted medium using RNA-Seq after the same duration of
culture. Hierarchical clustering of all expressed genes exposed two clades in the RNA-Seq data (Figure
2.4c). The first clade clusters transcriptomic information from HEK293 Freestyle cells cultured in
Zn(II)-depleted Freestyle TM medium. The second clade clusters transcriptomic information from cells
cultured in repleted and untreated medium. The co-clustering of the latter two conditions is consistent
with highly Zn(II)-selective metal depletion by S1OOA12. Moreover, the extensive remodeling of the
transcriptome after 1.5 d of culture in Zn(II)-depleted medium suggests a massive cellular response to
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Figure 2.4. (a) HEK293 Freestyle cells cultured in a Zn(II)-depleted medium exhibit a loss of metabolic activity, as assessed

by CellTiter-Glo* assay over 4 d of culture (n=3,

SEM). (b) HEK293T cells cultured in a Zn(II)-depleted DMEM/FBS

exhibit a loss of metabolic activity, as assessed by resazurin assay over 4 d of culture (n=3, SEM). (c) Heat map from RNA
Seq of HEK-293 Freestyle cells cultured in untreated, depleted, and repleted medium reveals the specificity of S100A12
medium depletion for Zn(II). (d) Total cellular Zn(II) content of HEK293T cultured in Zn(II)-depleted medium is
diminished relative to cells cultured in Zn(II)-adequate medium (na6, ±SEM). (e) Culture of HEK293T cells in Zn(II)
depleted medium does not affect intracellular free Zn(II) concentration (n=6, ±SEM).
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zinc deprivation, despite the lack of a metabolic phenotype after 1.5 d (Figure 2.4a). Indeed, the
expression of >75% of transcripts is significantly altered(padj < 0.01) in Zn(II)-depleted HEK293
Freestyle cells (Figure 2.7).
Finally, we assessed the metallomic consequences for HEK293T cells cultured in A12-resintreated DMEM/FBS. We first examined how total cellular Zn(II) changed as a consequence of 1 d of
growth in Zn(II)-depleted medium. We chose this time point because HEK293T cells double
approximately once per day. Consistent with this growth rate and the fact that little extracellular Zn(II)
was available for uptake, cells cultured in Zn(II)-depleted medium exhibit a decrease in total cellular
levels of the ion compared to control cells by ~40% (Figure 2.4d). The total concentrations of other
metals were unperturbed by culture in Zn(II)-depleted medium (Figure 2.8).
A 40% reduction in total cellular Zn(II) content might be expected to alter labile Zn(II) levels
inside cells. Labile Zn(II) comprises a pool of zinc in cells for which roles in intra-

and intercellular'

signaling and regulation have been hypothesized and demonstrated. Labile Zn(II) levels can be
interrogated using a variety of protein-based sensors, including the BLZinCh-1 sensor,4 which has 160
pM affinity for Zn(II). Remarkably, the difference between labile Zn(II)-levels in cells grown for 24 h in
A12-resin-treated medium,4 and control cells is not statistically significant as measured using BLZinCh-1
(Figure 2.4e). Although further work is required to validate this observation, it suggests, intriguingly,
that cells may have mechanisms to maintain labile Zn(II) concentrations even when Zn(II) is a limiting
nutrient.
In conclusion, we report a method for perturbing Zn(II) levels in complex biological media.
A12-resin is selective for Zn(II), is straightforward to use - requiring only incubation with biological
medium followed by filtration - can be applied in diverse and complex biological media, and is
recyclable. Phenotypic characterization of cells cultured in A12-resin-treated medium supports the
argument that the method is highly specific for Zn(II). Beyond studies of severe Zn(II) deficiency, we
note that this method will facilitate precise titration of different concentrations of Zn(II) into medium,
as well as enable enrichment of medium with a stable or radioisotope of Zn(II). In sum, this method
provides researchers with an improved capacity to tune Zn(II) levels and interrogate mechanistic
consequences of dysregulated Zn(II) homeostasis in complex biological settings.
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Table 2.2. Chelex nonselectively depletes cell culture
medium of metal ions.

Metal Statistic

Mg

31000

190

10

400

20

4

4

4

4

100000

640

5800

90

9000

50

70

7

4

4

4

4

Mean Conc. (ppb)

4.6

4.1

0.7

0.1

SEM (ppb)

0.3

0.3

0.3

0.1

4

4

4

4

270

270

147

3

20

30

3

3

4

4

4

4

Mean Conc. (ppb)

0.093

0.069

52.3

49.6

SEM (ppb)

0.006

0.009

0.4

0.7

4

4

4

4

Mean Conc. (ppb)

0.7

0.6

10

0.3

SEM (ppb)

0.1

0.5

5

0.2

4

4

4

4

Mean Conc. (ppb)

16

5

16

0.3

SEM (ppb)

0.7

0.7

0.5

0.4

4

4

4

4

330

14

323

4.5

20

2

4

2

4

4

4

4

Mean Conc. (ppb)
n

n
Mean Conc. (ppb)
SEM (ppb)
n
Co

n
Ni

n
Cu

n
Zn

Medium+
e
Medium Chelex
110

SEM (ppb)

Fe

Freestyl Freestyle

10%FBS
Chelex

1700

n

Mn

DMEM+

26000

Mean Conc. (ppb)
SEM (ppb)

Ca

DMM

Mean Conc. (ppb)
SEM (ppb)
n
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Table 2.3. S100A12 Selectively Removes Zn(II)
from Freestyle Cell Culture Medium.
Freestyle
Metal Ion

Statistic

Mg

Mean Conc. (ppb)
SEM (ppb)
n

Ca

Mean Conc. (ppb)
SEM (ppb)
n

Mn

Co

Ni

3

4600

4430

260

80
3
0.33

SEM (ppb)

0.02

0.01

Mean Conc. (ppb)

3

3

79

79

SEM (ppb)

2

2

n

3

3

38

38

SEM (ppb)

1

4

n

3

3

Mean Conc. (ppb)

1.2

2.11

SEM (ppb)

0.2

0.02

Mean Conc. (ppb)

Mean Conc. (ppb)
n

84

500

3

0.33

SEM (ppb)
Zn

26000

1000

Mean Conc. (ppb)

n
Cu

24000

3

n
Fe

retleMdu
FrsTred
S10OA12 Treated

MediumUntrated
Untreated

Mean Conc. (ppb)

3

3

12.2

11.2

0.4

0.2

3

3

247

0.09

SEM (ppb)

6

1

n

3

3

Table 2.4. A12-Resin Can Deplete up to 99% of Zn(II)
from DMEM + 10% FBS

Metal

Statistic

Mg

Mean Conc. (ppb)

21000

400

60

3

3

3

82600

81000

82300

600

3000

700

3

3

3

Mean Conc. (ppb)

3.87

3.9

3.83

SEM (ppb)

0.06

0.2

0.02

3

3

3

252.1

254

255

SEM (ppb)

1

6

2

n

3

3

3

Mean Conc. (ppb)

0.04

0.023

0.03

SEM (ppb)

0.01

0.005

0.01

3

3

3

0.83

1

1.8

0.1

0.2

0.6

3

3

3

16.08

15.8

16.7

0.08

0.5

0.001

3

3

3

315

3.34

291.9

SEM (ppb)

1

0.12

0.9

n

3

3

3

Mean Conc. (ppb)
SEM (ppb)
n

n
Fe

Co

Mean Conc. (ppb)

n
Ni

Mean Conc. (ppb)
SEM (ppb)
n

Cu

Mean Conc. (ppb)
SEM (ppb)
n

Zn

+

21000

300

n

Mn

FBS+
S100A12A
S100A12Resin
Resin

21000

SEM (ppb)
Ca

DMEM+10%
FBS

DMEM +10%

DMEM +10%
FBS

Mean Conc. (ppb)
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Table 2.5. A12-Resin Selectively Depletes Zn(II) from a Range of Mammalian Cell Culture Media.

Mg

Statistic

Mean Conc. (ppb)
SEM (ppb)
n

Ca

Mean Conc. (ppb)

Cu

NuSerum

NuSerum+
S100A12

S100A12A
Resin

FBS

FBS+
S100A12

10%FBS
FBS+
S10OA12A

RPMI+

RPMI+10%
FBS +

RPMI+10%
FBS

S10OA12
Resin

S100A12A
Resin

15530

151130

15140

17220

16400

16660

9500

92609

9200

70

100

30

90

200

30

20

20

30

4

4

4

4

4

4

4

4

4

38900

38900

25600

23900

300

400

300

200

300

100

100

100

100

4

4

4

4

4

4

4

4

4

Mean Conc. (ppb)

1.17

1.05

1.06

3.28

3.21

3.204

3.32

3.26

3.23

SEM (ppb)

0.08

0.03

0.01

0.02

0.08

0.009

0.02

0.06

0.03

4

4

4

4

4

4

4

4

4

88

85

86

222

217

216.8

229

227

223

SEM (ppb)

3

1

2

1

5

0.6

1

2

2

n

4

4

4

4

4

4

4

4

4

Mean Conc. (ppb)

Mean Conc. (ppb)

3.07

3

3

63.9

61.5

62

0.201

0.21

0.19

SEM (ppb)

0.01

0.01

0.03

0.1

0.5

0.2

0.006

0.01

0.004

4

4

4

4

4

4

4

4

4

Mean Conc. (ppb)

0.58

1

0.63

0.43

0.59

2

0.54

0.73

1.1

SEM (ppb)

0.01

0.03

0.2

0.03

0.3

0.02

0.02

0.03

1

n

4

4

4

4

4

4

4

4

4

Mean Conc. (ppb)

4

3.36

3.54

14

12.73

13.7

17

14.7

14

0.2

0.05

0.03

0.2

0.09

0.1

3

0.8

0.2

4

4

4

4

4

4

4

4

4

83

3.5

76.4

267

22

265

274

25

261

SEM (ppb)

1

0.4

0.6

1

3

1

4

3

1

n

4

4

4

4

4

4

4

4

4

Mean Conc. (ppb)

0.024

0.005

0.018

0.006

0.0013

0.008

0.014

0.007

0.015

SEM (ppb)

0.009

0.002

0.001

0.001

0.0003

0.001

0.002

0.001

0.001

4

4

4

4

4

4

4

4

n

Cd

McCoy's
SA+10%

38200

SEM (ppb)
Zn

McCoy's
5A+10%

40700

n
Ni

McCoy's
+ 10%

59000

n

Co

DMEM+10%
Nu Serum

58900

n

Fe

DMEM+
10%

61100

SEM (ppb)
Mn

DMEM+
10%

+

Metal

Mean Conc. (ppb)

n

4

1.

Table 2.5 Continued.

Statistic

DMEM+
10%
NuSerum

Mg

Mean Conc. (ppb)

Resin

Resin
92609

9200

70

100

30

90

200

30

20

20

30

4

4

4

4

4

4

4

4

4

61100

58900

59000

40700

38200

38900

38900

25600

23900

300

400

300

200

300

100

100

100

100

4

4

4

4

4

4

4

4

4

Mean Conc. (ppb)

1.17

1.05

1.06

3.28

3.21

3.204

3.32

3.26

3.23

SEM (ppb)

0.08

0.03

0.01

0.02

0.08

0.009

0.02

0.06

0.03

4

4

4

4

4

4

4

4

4

88

85

86

222

217

216.8

229

227

223
2

Mean Conc. (ppb)

Mean Conc. (ppb)
SEM (ppb)

3

1

2

1

5

0.6

1

2

n

4

4

4

4

4

4

4

4

4

Mean Conc. (ppb)

3.07

3

3

63.9

61.5

62

0.201

0.21

0.19

SEM (ppb)

0.01

0.004

0.01

0.03

0.1

0.5

0.2

0.006

0.01

4

4

4

4

4

4

4

4

4

Mean Conc. (ppb)

0.58

1

0.63

0.43

0.59

2

0.54

0.73

1.1

SEM (ppb)

0.2

0.03

0.3

0.02

0.02

0.03

1

0.01

0.03

n

4

4

4

4

4

4

4

4

4

Mean Conc. (ppb)

4

3.36

3.54

14

12.73

13.7

17

14.7

14

0.2

0.05

0.03

0.2

0.09

0.1

3

0.8

0.2

4

4

4

4

4

4

4

4

4

83

3.5

76.4

267

22

265

274

25

261

SEM (ppb)

1

0.4

0.6

1

3

1

4

3

1

n

4

4

4

4

4

4

4

4

4

MeanConc.(ppb)

0.024

0.005

0.018

0.006

0.0013

0.008

0.014

0.007

0.015

SEM (ppb)

0.009

0.002

0.001

0.001

0.0003

0.001

0.002

0.001

0.001

4

4

4

4

4

4

4

4

4

n

Cd

RPMI+10%
FBS
S100A12A

9500

SEM (ppb)
Zn

S100A12A

RPMI+10%
FBS +
S100A12

16660

n

Cu

S100A12

RPMI+
10%FBS

16400

n

Ni

FBS

McCoy's
SA+10%
FBS+

17220

n

Co

Resin

McCoy's
5A+10%
FBS+

15140

SEM (ppb)

Fe

S100A12

+ 10%

151130

n

Mn

DMEM + 10%
Nu Serum
S100A12A

15530

SEM (ppb)
Ca

DMEM+
10%
NuSerum+

+

Metal

Mean Conc. (ppb)

n

Table 2.6 A12-Resin Selectively Depletes Zn(II) from
Human Serum.
A12-Resin
Medium

Formulation

Mg

Mean Conc. (ppb)
SEM (ppb)

1360

1310

40

80

80

3

3

3

8600

7300

7100

200

500

400

3

3

3

Mean Conc. (ppb)

0.07

0.08

0.07

SEM (ppb)

0.02

0.03

0.02

3

3

3

60

56

54

SEM (ppb)

1

3

3

n

3

3

3

Mean Conc. (ppb)

0.002

0.012

0.0077

SEM (ppb)

0.002

0.007

0.0003

3

3

3

Mean Conc. (ppb)

0.2

0.16

0.2

SEM (ppb)

0.1

0.07

0.1

3

3

3

103

91

88

SEM (ppb)

2

3

5

n

3

3

3

75

11

62
3

Mean Conc. (ppb)
SEM (ppb)
n

Mn

n
Fe

Co

Mean Conc. (ppb)

n
Ni

n
Cu

Zn

Cd

Mean Conc. (ppb)

Mean Conc. (ppb)
SEM (ppb)

3

5

n

3

3

3

Mean Conc. (ppb)

0.003

0.003

0.002

SEM (ppb)

0.001

0.003

0.002

3

3

3

n

88

Human Serum
1570

n
Ca

Control Resin

treated Human treated Human
Serum
Serum

Table 2.7. A12-Resin Can Be Reused at Least Four Times to Deplete Cell Culture Medium of Zn(II).

Medium

Mg

Formulation

DMEM +
10% FBS

DMEM +
10%FBS

DMEM + DMEM + DMEM + DMEM
10%FBS 10% FBS 10%FBS +10%

DMEM + DMEM + DMEM + DMEM
10%FBS 10%FBS 10% FBS + 10%

Resin

N/A

S10OA12

S10OA12A S10OA12

S10OA12A S10OA12

S10OA12A S10OA12

S10OA12A S10OA12 S10OA12A

Reuse Number

N/A

1

1

2

3

4

Mean Conc. (ppb)

19200

19430

19730

19560

19680

19500

200

400

100

100

100

100

90

80

60

so

100

5

4

4

4

4

4

4

4

4

4

4

80000

78000
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Chapter 3 A sensitive, non-radioactive

assay for Zn(II) uptake into metazoan
cells

Reprinted (adapted) with permission from (Richardson, C. E. R.; Nolan, E. M.; Shoulders, M. D.;
Lippard, S. J. Biochemistry, 2018, 57, 50, 6807-6815.). Copyright (2018) American Chemical Society.
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Abstract
Sensitive measurements of cellular Zn(II) uptake currently rely on quantitating radioactive
emissions from cells treated with 65 Zn(II). Here, we describe a straightforward and reliable method
employing a stable isotope to sensitively monitor Zn(II) uptake by metazoan cells. First, biological
media selectively depleted of natural abundance Zn(II) using A12-resin [Richardson, C. E. R. et al.

J.

Am. Chem. Soc. 2018, 140, 2413] is restored to physiological levels of Zn(II) by addition of a nonnatural Zn(II) isotope distribution comprising 70% 70 Zn(II). The resulting 7°Zn(II)-enriched media
facilitates quantitation of Zn(II) uptake using inductively coupled plasma-mass spectrometry (ICPMS). This sensitive and reliable assay assesses Zn(II)-uptake kinetics at early timepoints and can be
used to delineate how chemical and genetic perturbations influence Zn(II) uptake. Further, the use of
ICP-MS in a Zn(II)-uptake assay permits simultaneous measurement of multiple metal ion
concentrations. We used this capability to show that, across three cell lines, Zn(II) deficiency enhances
selectivity for Zn(II) over Cd(II) uptake.
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Introduction
Zn(II) mediates inter- and intra-cellular signaling- 4 and is an obligatory cofactor for members of
nearly all enzyme classes.5' 6Loosely bound or'mobile'pools of zinc modulate neurotransmission,7'
particularly in the context of sensory perception,13 and Zn(II) fluxes play important roles in diverse
biological settings, including immune responses, 9 fertilization,'," and mammary tissue function."

3

Establishing mechanisms of Zn(II) function in these and other processes benefits from methods to assay
cellular Zn(II) uptake and trafficking.
Small molecule sensors and genetically encoded sensors that exhibit a fluorescent signal upon
Zn(II) binding are valuable tools for studying the roles of Zn(II) in tissues and cells.4 - 8 These sensors,
however, are designed to detect mobile Zn(II), which is a labile pool of Zn(II) that comprises only a
small fraction of the total Zn(II) in most cell types." Consequently, they are not generally useful for
quantifying Zn(II) uptake or measuring changes in total cellular Zn(II).
Instead, investigators typically measure cellular assimilation of the radioisotope 6 5Zn(II), a
gamma emitter(t/2= 244 d), that can be spiked into cell culture media or a defined media, or
administered to a live animal.19- 2 ' Despite the high sensitivity afforded by the use of a radioactive isotope,
broad application of 65Zn(II) to monitor Zn(II) uptake is hampered by practical concerns associated
with a gamma-emitting radioisotope, including requirements for specialized protective equipment.
Furthermore, measurement of 65Zn(II) uptake cannot report on total cellular Zn(II), an important
parameter that must then be evaluated in a parallel assay. In contrast, inductively coupled plasma-mass
spectrometry (ICP-MS) permits sensitive measurement of total cellular metal content, but routine ICPMS experiments only provide total metal per unit of cellular material and often cannot readily define
Zn(II) uptake rates.
A protocol combining the advantages of both methods - the high signal-to-noise ratio afforded
by radioactivity-based assays and the experimental simplicity and capacity to quantitate total Zn(II)
provided by ICP-MS - would be valuable. The 7"Zn(II) isotope occurs in natural abundance at 0.62%,
but it can be sourced at high enrichment (up to 72%) and is readily quantitated using ICP-MS. 22 Thus,
one approach previously applied in whole animal studies and bacterial/yeast experiments is to employ a
highly 7°Zn(II)-enriched diet or chemically defined microbial growth media followed by ICP-MS to
quantitate 7 0Zn(II) during uptake or excretion studies. 22 -2 6 A similar approach to measure Zn(II) uptake
could, in principle, be taken for mammalian cell culture. One option is to spike tissue culture media
containing natural abundance Zn(II) isotope distributions with 7°Zn

).

27

Unfortunately, this strategy

suffers from low sensitivity at early time points unless a large quantity of 7 1Zn(II) is added to the media,
elevating total media Zn(II) concentrations to levels that far exceed those in unmodified media. An
alternative option would be to deplete the cell culture medium of Zn(II), then add 70 Zn(II) back at high
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enrichment.
We recently developed the "A12-resin," comprising the Zn(II)-binding S100A12 protein
immobilized on an agarose support.2 8 A12-resin selectively removes Zn(II) from diverse and complex
biological media without perturbing concentrations of other metal ions.2 9 We anticipated that by
treating tissue culture media with A12-resin to remove natural abundance Zn(II), followed by repletion
with 7 Zn(II) we could enrich 70Zn(II) by greater than 100-fold over its natural abundance in normal
media. In order to measure the kinetics of 70 Zn(II) uptake, cells could then be 'pulsed'with this 7°Zn(II)enriched medium and the intracellular accumulation of the isotope could be measured by ICP-MS as a
function of time (Figure 3.1). Such a protocol would enable ICP-MS-based measurements of Zn(II)
uptake by cells cultured in media containing typical Zn(II) concentrations (Figure 3.1), unlike the
70
Zn(II) "spike-in" approach mentioned above.2 7
Based on the foregoing premise, we developed and optimized an assay for quantitation of Zn(II)
uptake by metazoan cells. To demonstrate the utility of the method, we (i) measured 07 Zn(II) uptake
kinetics in several cell lines, (ii) assessed the enhancement or attenuation of Zn(II) uptake by a variety of
chemical or genetic perturbations, and (iii) investigated whether cell state and lineage alter selectivity for
Zn(II) versus Cd(II) uptake. The results are reported here.

7
Enrichment of Medium with Zn(II) and Experimental Workflow to Measure "Zn(II) Uptake
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Figure 3.1. Method to prepare 7°Zn-enriched medium and experimental workflow to monitor 7°Zn(II)
uptake into metazoan cells.
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Materials and Methods
Chemicals and Consumables
Phosphate buffered saline was purchased either as a 1x solution 21-040-CV) or a 1Ox
concentrate (46-013-CM) from Corning. Tris (tris(hydroxymethyl)aminomethane) was purchased as a
solid from Millipore Sigma (T1503,

99.5%). HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid) was purchased as a solid from Millipore Sigma (either RDD002 or H3375, both
chloride was purchased as a solid from Millipore Sigma (S7653,

99.5%). Sodium

99.5%). Ammonium sulfate was

purchased as a solid from Mallinckrodt (3512). Sodium hydroxide was purchased as a solid from
Mallinckrodt (7708-06). Triton X-100 was purchased from Alfa Aesar (A16046). PMSF was purchased
as a solid from Amresco (M145). TPEN (N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine) was
purchased from Millipore Sigma (P4413-100MG) as a solid and dissolved in DMSO to a final
concentration of 20 mM. Dulbecco's Modification of Eagle's Medium (DMEM) (15-017-CM) was
purchased from Corning as a solution to which glutamine (Corning, 25-005-Cl, 2 mM final
concentration) and penicillin-streptomycin (Corning, 30-002-CI, 100 IU/L penicillin and 100 pg/mL
streptomycin final concentration) were added. Fetal Bovine Serum (FBS) was purchased from Corning
(35-010-CV). Nitric acid was purchased from Aristar Ultra as a concentrated solution (87003-226, 70%,
ultra-high purity for quantitative trace metal analysis at the part per trillion level). ICP-MS
environmental calibration standard was purchased from Agilent as a solution in 10% nitric acid

(5183-

4688). Amicon Ultra- ISmolecular weight cutoff filters were purchased from Millipore (UFC901008).
PierceM NHS-Activated Agarose, dry, was purchased from VWR (P126196).

70 Zn(II)-gluconate

was

purchased as a solid from Millipore-Sigma (702595-CONF). Agilent ICP-MS Tb internal standard was
purchased from Agilent (5190-8590, Tb as Tb 407at 10,000 ppb in 2% HNO). ICP-MS Sample Tubes
were purchased from VWR (97012-778). Sodium pyrithione was obtained as a solid from Sigma.
Aqueous stock solutions were prepared from high-purity salts: CdCl 2 (99.999%; Aldrich),

CoCl 2 (99.9%; Strem), CuCl2.2H20(99.999+%; Aldrich), MnCl 2 (99.99% metals basis; Alfa Aesar),
NiCl 2 .6H20(99.9999%; Aldrich), and ZnCl 2 (99.99% metals basis; Alfa Aesar). pENTR233 vectors
encoding ZIP4 (HsCDO0370180), ZIP8 (HsCd00372914), and ZIP10 (HsCd00399932) were
purchased from the PlasmidID Repository at Harvard Medical School. Vector sequences were
confirmed by Sanger sequencing (Quintara Biosciences and Genewiz).
Instrumentation
ICP-MS was performed on an Agilent 7900 ICP-MS in helium mode equipped with an
integrated autosampler at the MIT CEHS core facility. The internal standard Tb was monitored.
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Media Preparation,Cell Lines, and Reagents
HEK293T, HeLa, HepG2, and HT1080 cells (maintained at fewer than 30 passages) were
grown in complete Dulbecco's Modified Eagle's Medium (DMEM, Corning) supplemented with 10%
fetal bovine serum (FBS), 100 IU penicillin, 100 pg/mL streptomycin, and 2 mM L-glutamine in a

humidified, 37 °C incubator maintained at 5% C02(g). DMEM + 10% FBS (DMEM/FBS) was
depleted of Zn(II) with A12-resin prepared and applied as previously described. 2 1 7 0 Zn(II)-gluconate
was purchased from Millipore Sigma as a solid. In order to prepare

Zn(II)-enriched media,

Zn(II)-

gluconate (1.0 mg/mL in Milli-Qwater) was titrated into Zn(II)-depleted DMEM/FBS and ICP-MSmeasured concentrations of 64 Zn

66

9
Zn 67 Zn 6 Zn,
and 7Zn were summed until the total Zn

concentration in the medium was approximately 250 ppb (-3.8 pM) total Zn(II).
Zn(II) Uptake Assay
HEK293T cells (-soo,000) were plated in a six-well dish. After 2 days, the medium was
aspirated and

7

0

Zn(II)-enriched medium (1.0 mL) was added to each appropriate well. Cells were

harvested by first washing each well with phosphate-buffered saline (PBS) containing EDTA (100 y M,
2 x 2.0 mL) and subsequently adding Milli-Qwater (18.2 mQxcm, 1.00 mL) to each well and
incubating for 2-4 min. A portion of the resulting celllysate (0.90 mL) was collected and transferred to
an Eppendorf Safe-Lock tube, snap-frozen in N 2(l), and then thawed at rt for a total of three freeze-thaw
cycles. The insoluble lysate was pelleted (10 min, 10,000 x g), and the soluble protein concentration of
each sample was determined by using the Pierce 660 nm Protein Assay in a 96-well plate (200 pL
reagent, 14 pL sample, bovine serum albumin standard curve). Samples were then frozen, lyophilized
overnight, and the resulting white, flaky solid was taken up in concentrated nitric acid (0.20 mL,
ultrapure for trace metal analysis, BDH Aristar) and heated at 70 °C for 1 h. A portion of each sample
(142 pL) was then diluted with water (2.00 mL) and a Tb internal standard (Agilent 5190-8590, stock
at 10,000 ppb in 10% nitric acid diluted to 100 ppb in Milli-Qwater for addition to samples, 2 ppb final
concentration), after which the metal content of the samples was assessed by ICP-MS. Time points on
the abscissa of plots and described in the text refer to the harvesting times following administration of
the

7

0

Zn(II) pulse. The time point 0 h refers to a population of cells harvested immediately after addition

of 7 1Zn(II)-enriched media to parallel samples but never treated with such media.
Metal CompetitionAssay
For metal competition experiments, the Zn(II) uptake assay protocol above was followed, with

the modification that SOpM of Cd(II) (aq), Co(II) (aq), Cu(II) (aq), Fe(II) (aq), Mn(II) (aq), Ni(II)
(aq), or Zn(II) (aq) (natural abundance isotope distribution) was added from 20 mM stock solutions,
as indicated, to

7°Zn(II)-enriched

media prior to cell treatment. The solution of Fe(II) (aq) solution was

prepared by reduction of Fe(III) in 0.1 N HCl with ascorbate (10 equiv.) immediately prior to addition
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to DMEM/FBS.
Inductively Coupled Plasma-MassSpectrometry (ICP-MS)
The concentrations of Mg, Ca, Fe, Mn, Co, Ni, Zn isotopes, and Cd were measured by using an
Agilent 7900 ICP-MS equipped with an integrated autosampler, in helium mode at the MIT CEHS
Bioimaging and Chemical Analysis Core Facility, as previously reported. 3 0 Nitric acid used for ICP-MS
sample and standard preparation was ultrapure for trace metals analysis grade (BDH Aristar). Samples
for cell pellet ICP-MS were prepared as described above. The ICP-MS instrument was calibrated with
dilutions of the Agilent Environmental Calibration Standard Mix (Mg, Ca, Fe: 0-500,000 ppb; Mn, Co,
Ni, Zn: 0-5,000 ppb) at5% nitric acid for cell pellet ICP-MS and at 1.5% nitric acid for cell culture
media ICP-MS. Solutions of DMEM/FBS were prepared for ICP-MS measurement by 1:2 dilution of
the media with 3% nitric acid (prepared by addition of 22 parts water to 1 part 70% nitric acid) followed
by addition of Tb internal standard to 2 ppb (Agilent, described above).
A modification of this protocol was used to measure the
DMEM/FBS. The natural abundance of

7°Zn

7°Zn

content of7 °Zn(II)-enriched

is 0.62%. The commercially available calibration standard

used to calibrate the ICP-MS has, at the highest concentration used, 31 ppb Zn. Therefore,7 Zn(II)enriched medium was diluted 1:10 in ultrapure water and then further diluted 1:2 with 3% nitric acid
before addition of a 2 ppb Tb internal standard (Agilent, described above) prior to ICP-MS analysis.
In order to calculate the molarities, and the corresponding molar amounts, of metals in samples,
a density of 1.00 g/mL was assumed for all solutions. Therefore, 1.00 ppb was taken to be equal to 1.00
ptg/L and the molarity of a particular solution equal to the measured concentration of a particular ion in
ppb, divided by the molecular weight of the ion, multiplied by

10-6.

Cloning and expression of ZIP4, ZIP8, and ZIPI0 into CMV-Sport-6
Primers to amplify the coding sequence of each gene from pEntr233" and install an N-terminal
KpnI cut site and a C-terminal stop codon and XhoI site (for ZIP8 and ZIP10) or XbaI site (ZIP4) were
designed and ordered from Sigma (Table 3.1). The genes were PCR-amplified by using Q5 polymerase
(NEB), and each PCR product was gel-purified. A vector encoding alkaline phosphatase (GE
Dharmacon 5754297) in the CMV-Sport 6 backbone was digested in parallel with the above PCR
products using the appropriate restriction enzymes, as indicated. Inserts were ligated into the CMVSport 6 backbone using T4 ligase (NEB) before transformation into chemically competent DH10B
Escherichiacoli. Mini-prepped plasmids were sequence-confirmed. Vectors were midi-prepped using an
Omega E.Z.N.A. Plasmid Midi Kit. Immediately before transfection, plasmid DNA was further purified
with a Cycle Pure Kit (Omega). Subsequently, HEK293T cells plated at a density of 5 x

106

cells per 10-

cm dish the previous day were transfected using Lipofectamine 3000 at half the manufacturerrecommended reagent volumes and DNA mass. The following day, transfected cells were plated and
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treated as described in the Zn(II)-uptake assay protocol. Expression of transfected cDNA constructs was
assessed by using qPCR on samples parallel to those harvested for metal analysis.
QuantitativePCR (qPCR)
Cells were washed with PBS and RNA was extracted using the Omega E.Z.N.A. Total RNA
Extraction Kit. cDNA was prepared from 1.00 y g of RNA with an Applied Biosystems Reverse
Transcriptase cDNA Kit in a thermocycler. Samples were analyzed in a Light Cycler 480 II Real Time
PCR Instrument in the MIT BioMicro Center following previously described methods. 2 qPCRprimer
specificity was assessed by agarose gel electrophoresis and melting curve analyses. Primer sequences are
listed in Table 3.1.
StatisticalAnalyses

For each experiment, either individual biological replicates are shown along with mean and
standard error of the mean (SEM) or solid bars indicating the magnitude of the mean are shown with
error bars showing the standard error of the mean (SEM). Statistical significance was assessed by using
an unpaired heteroskedastic Student's t-test in Microsoft Excel. Where appropriate, p-values were
adjusted with the Bonferroni correction.

Table 3.1. Primers used for gene amplification and qPCR.

Antisense Primer

Gene

Sense Primer

ZIP4

5'- AAAAAAGGTACCAA
ATGGCGTCCCTGGT -3'

5'- AAAAAATCTAGATTAGAAGG

ZIP8

5'- AAAAAAGGTACCA
AATGGCCCCGGGT -3'

5'- AAAAAACTCGAGTTACTC

ZIP10

5'- AAAAAAGGTACCATGAAGG
TACATATGCACACAAAAT -3'

GGATGTCAAACACAATTTTATC -3'

qPCR RPLP2

5'-CCATTCAGCTCACTGATAACCTTG-3'

5'-CGTCGCCTCCTACCTGCT-3'

qPCRMT1A

5'-TGGACCCCAACTGCTCCTG-3'

5'-CTTCTCTGATGCCCCTTTGC-3'

qPCR ZIP4

5'-GTGTTCTGCCACGAGTTGCC-3'

5'-CTCGCTCTCCTCGCTGACTC-3'

qPCR ZIP8

5'-GCAAGGCTTGTCGAGTGCTC-3'

5'-ATTTCATCGATGGCCTGGCG-3'

qPCRZIP10

5'-GGCCAACAAGAATCCCCTCCT-3'

5'-CCGTGGTGGTTATGTGCAGC-3'

TGATGTCATCCTCGTA -3'

CAATTCGATTTCTCCTGC -3'
5'- AAAAAACTCGAGTTAAAACT
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Results and Discussion
Zn(II) Uptake Assay Development and Validation
We began by preparing 7 Zn(II)-enriched culture medium by replenishing A12-resin-depleted
tissue culture media 2 s with 7°Zn(II)-enriched zinc gluconate (Figure 3.1). This protocol afforded
DMEM/FBS that contained approximately 70% 70Zn(II) (Table 3.2), a >100-fold enrichment of 70 Zn
relative to the isotope's natural abundance of 0.62% at a normal (-3.8 pM) concentration of Zn.
Next, we used this 70Zn(II)-enriched media to assay cellular Zn(II) uptake under conditions of
normal cell proliferation via the following protocol: (1) Two days after plating cells in 6-well dishes in
complete DMEM/FBS medium, the medium was replaced with

7°Zn(II)-enriched

medium. (2) Cells

were incubated at 37 °C and then harvested 15, 30, 60, or 120 min after the media change. At each time
point, cell monolayers were washed with 100 pM EDTA in PBS before being taken up in water (18.2
mQxcm) directly in the plate. (3) After transferring each cell lysate to a microcentrifuge tube and
freeze-thawing, the protein concentration was determined. (4) Samples were then snap-frozen in liquid
nitrogen and lyophilized overnight. (5) Lyophilized samples were dissolved in nitric acid and heated at
70 °C for 1 h. (6) Samples were diluted 1:14 into Milli-Qwater (18.2 mQxcm) containing 2 ppb Tb as
an internal standard and the metal concentrations of the resulting samples were measured by ICP-MS
(Figure 3.1).
By following this protocol, we observed that cells cultured in 7°Zn-enriched media exhibited
time-dependent

7°Zn(II)

uptake (Figure 3.2a and Figure 3.2b). Over the course of 2 h, the cells

accumulated approximately 0.8 nmol 7°Zn(II) per mg-protein, corresponding to an uptake rate of- 6
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Figure 3.2. (a) Workflow to assess time-dependence
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uptake. (b) HEK293T cells grown in

°Zn(II)-enriched media exhibited time-dependent

70

Zn(II) uptake (n = 3-4) but (c) total Zn per mg-

protein did not change over the course of the
experiment (n = 3-4, SEM).
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pmol 7°Zn(II) per mg-protein per-min. During the 2-h period, the rate of Zn(II) uptake was linear and
total cellular Zn(II) content per mg-protein did not change (Figure 3.2c). The observation oflinearity
highlights the robustness of this assay. At extended time points, if a cell secretes Zn(II) or Zn(II)containing-proteins, and 7 °Zn(II) comprises a significant proportion of total cellular Zn(II), significant
amounts of 7 °Zn(II) will be excreted from cells. In this assay, the measurable consequence of such
7

°Zn(II) secretion would probably be nonlinear cellular accumulation of 70 Zn(II). Therefore, the

observation of linear uptake (Figure 3.2b) is consistent with Zn(II) excretion not confounding the
results of the assay over this 2-h timecourse.
Notably, the assay was sufficiently sensitive to measure Zn(II) uptake of 150 pmol Zn per mgprotein after 15 min of incubation in 70 Zn(II)-enriched media. Previously, to the best of our knowledge,
only 5Zn radioactivity-based assays could be applied to measure such small changes in Zn(II) uptake by
human cells. We also note that the 7 Zn uptake velocity measured in these experiments (6 pmol per mgprotein per-min) was consistent with rates derived from assessing 5Zn(II) uptake in HEK293T cells,
which are reported to vary from 2-50 pmol per mg-protein per-min at an extracellular Zn(II)
concentration of approximately 4 pM. 34 3 7 This wide range highlights the critical role of the detailed
protocol used in a given Zn(II) uptake assay. For instance, detergent-mediated lysis can solubilize fivefold more protein than freeze-thaw cycles in detergent-free buffer,3 the protocol used here. Thus,
reported uptake parameters normalized to total protein using different lysis techniques should be
expected to differ by as much as a factor of five. Other protocol-specific factors can further broaden the
range of measured uptake parameters. As a consequence of such considerations, uptake rate
comparisons are best made between experiments conducted with identical protocols.
Table 3.2. Metal and Zn isotope concentrations (ppb) in a typical preparation of'°Zn(II)-repleted
DMEM/FBS. N.D indicates not detected.
Metal Concentration / ppb
Mg
19600

Ca
68000

Mn
4

Fe
200

Co
0.2

Ni
3

Cu

64

66

14

20

26

Zn

Zn

67

5

Zn

68Zn

7

°Zn

Cd

23

170

N.D.
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I

A key advantage of our protocol over approaches in which

7Zn(II)

is "spiked" into media is that

it affords high sensitivity. We found that it is possible to measure uptake of 7 °Zn over the course of 5 h if
DMEM/FBS is spiked with 20 ppb7 Zn(II), similar to prior ICP-MS-based protocols (Figure 3.3).
However, when we used 7°Zn(II)-enriched medium prepared by using the Al2-resin as described above,
we observed a >10-fold increase in sensitivity compared to spiking DMEM/FBS with 20 ppb 70 Zn(II)
(Figure 3.3).
We next used two separate experimental approaches to assess whether this ICP-MS-based
Zn(II)-uptake assay selectively measures intracellular Zn(II), as opposed to Zn(II) adhering to cell
surfaces or to tissue culture plastic-ware. Previous work with 6 5Zn revealed that Zn(II) uptake is
significantly diminished at low temperatures, 39 consistent with the lower activity of recombinant ZIPfamily Zn(II) transporters at such temperatures. 4° Therefore, in our first approach, we maintained cell
monolayers at either 4 or 37 °C throughout a 2-h pulse with7 Zn(II)-enriched media (Figure 3.5a).
Across three cell lines, we observed much more 70 Zn(II) uptake in cells maintained at 37 °C compared
to those maintained at 4 °C (Figure 3.Sb). In a second experiment, after exposing cells to a 2-h pulse of
7 0Zn(II)-enriched

media, we washed the cell monolayers with PBS containing 100 pM of one of three

metal chelators, each of which is known to bind Zn(II) with different affinities and with different
associated rate constants (Figure 3.4a-c), 7 or with PBS lacking chelator. Cells were then harvested and
prepared for ICP-MS analysis following our standard protocol. None of the chelators altered the
subsequent measured amount of7 0Zn(II) levels in cell lysates (Figure 3.4d). Together, these results are
consistent with the conclusion that this 70°Zn-uptake assay measures intracellular 70 Zn(II) levels, not
70

Zn(II) bound to cell surfaces or plates.
3 -.-
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Figure 3.3. Comparison of 7 °Zn(II) uptake from
HEK293T cells cultured in DMEM/FBS spiked with
20 ppb 7°Zn(II) versus medium depleted of natural
abundance Zn(II) then repleted with 7°Zn(II) (n = 3,
±SEM). The latter protocol affords a > 10-fold
improved signal.
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Figure 3.4. Structures of (a) EDTA, (b) TPEN, and (c) ZX1. (d) Cells washed with PBS containing 100
pM of these chelators before harvesting do not have significantly different concentrations of cellassociated zinc (n = 3, SEM).
Confident that this assay measures Zn(II) taken up by cells, we next assessed whether it could be
used to evaluate the effect of perturbations on Zn(II) uptake mediated by either the metal chelator
N,N,N',N'-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN) or the ionophore pyrithione.
Briefly, HEK293T cells were incubated with 7 Zn(II)-enriched medium (3.8 pM total Zn(II))
containing either TPEN (S pM, forms a 1:1 complex with Zn(II)) or pyrithione (10 pM, forms a 1:2
complex with Zn(II); Figure 3.6a-c). TPEN significantly diminished cellular Zn(II) uptake (Figure
3.6d), suggesting that cells are unable to effectively uptake Zn(II)-bound TPEN. In contrast, and as
1 2
this ionophore
expected based on prior work where pyrithione was used to deliver Zn(II) into cells,"

significantly increased the 7 0Zn(II) content of HEK293T cells (Figure 3.6e). Pyrithione treatment also
enhanced total Zn(II) per mg-protein relative to that of cells not treated with pyrithione (Figure 3.6f),
indicating that pyrithione enhances the rate of Zn(II) uptake more than the rate of Zn(II) efflux.
One key advantage of an ICP-MS assay for Zn(II) uptake over a radioactivity-based assay is that
the concentrations of other metals can be measured simultaneously with Zn. By analyzing levels of other
metal ions, we found that pyrithione treatment did not increase total cellular Mn or Fe levels but,
consistent with previous reports," it did significantly increase the cellular concentration of Cu (Figure
3.6g-i, note that the concentration of Cu in DMEM/FBS is approximately 200 nM). This observation
highlights that experiments in which cells are treated with high concentrations of Zn(II)-pyrithione
should be interpreted with caution, as the reagent can significantly perturb cellular Cu levels.
Collectively, these experiments show that depletion of natural abundance Zn(II) from tissue
culture media using the A12-resin followed by repletion with 70 Zn(II) yields an assay for Zn(II) uptake
by metazoan cells that is sensitive and straightforward to apply. Moreover, while we have performed the
assay under normal Zn(II) concentrations (-3.8 pM), 2 8 we note that it could be performed at a range of
7
°Zn(II) concentrations by repleting 70Zn(II) to different final concentrations, providing additional
experimental flexibility. In the following sections, we illustrate the utility of this assay by (i) assessing the
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HepG2, and HEK293T cells grown in 70 Zn(II)enriched media took up significantly more Zn(II)
when maintained at 37 °C for 2 h than when
maintained at 4 °C (n = 3,
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effects of Zn(II) transporter overexpression on Zn(II) uptake and (ii) evaluating how Zn(II) deficiency
affects the selectivity of Zn(II) vs Cd(II) uptake.
MonitoringHow Genetic PerturbationsModulate Zn(II) Uptake Kinetics
We next employed our 7°Zn(II)-uptake assay to examine the effects of Zn(II) transporter
overexpression on Zn(II) uptake - an experiment that has previously been performed only with the
radioactivity-based

6 Zn(II)
5

assay, to the best of our knowledge." We selected three cell surface-

localized Zn(II) transporters thought to deliver Zn(II) from outside the cell into the cytosol, specifically
ZIP4, ZIP8, and ZIP10. Two factors motivated selection of these particular transporters.

First, uptake

through ZIP transporters is one of the main routes by which Zn(II) enters metazoan cells. Second,
3
previous work established both ZIP4 and ZIP8 as bona fide Zn(II) transporters. s"

4

5 On

the other

6
hand, although ZIP10 is known to be transcriptionally upregulated under Zn(II)-deficient conditions,

to our knowledge the potential impact of human ZIP10 expression on Zn(II) uptake has not been
rigorously evaluated to date.
We began by transfecting vectors encoding either SLC39A4/ZIP4, SLC39A8/ZIP8,
SLC39A1/ZIP10, or GFP (as a control) into HEK293T cells. qPCR analysis revealed that ZIP4, ZIP8,
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significantly more 7°Zn(II) than cells incubated with 4 IM 7Zn(II) in the absence of PT (N = 3-4, ±SEM). (fh) HEK293T cells treated with PT take up significantly more Zn (f) and Cu (i) but not Mn (g) or Fe (h) than
do vehicle-treated cells (n = 3, ±SEM). p-values indicate Student's t-test adjusted with the Bonferroni correction
for multiple testing. N.S. indicates p > 0.05.
and ZIP)0 mRNA levels were all enhanced as a consequence of the transfection (Figure 3.7). Further
corroborating successful overexpression of two of the ZIP transporters, levels of transcripts encoding
metallothionein 1A, a transcriptionally regulated Zn(II)-buffering protein in mammalian cells, were
significantly enhanced in cells overexpressing ZIP4 and ZIP8 (Figure 3.7a). Elevated metallothionein
47
transcript levels are consistent with elevated intracellular Zn(II) content.

Transfected HEK293T cells were next incubated in 7°Zn(II)-enriched media for 2 h before ICPMS analysis of 7°Zn(II) content, revealing two key results (Figure 3.8a). First, across experiments, cells
overexpressing any one of the three ZIP transporters accumulated significantly (p < 0.001) more
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during the pulse than did GFP-expressing cells (Figure 3.8b). This observation is in agreement with
previous reports showing that ZIP4 and ZIP8 expression enhances the rate of Zn(II) uptake 3 ,4sand
supports the notion that ZIP10, like other human ZIP-family members, transports Zn(II). Second, and
consistent with literature reports regarding other ZIPs," ZIP overexpression significantly increased (p <
-

0.01) total Zn(II) per mg-protein relative to cells expressing GFP (Figure 3.8c). Both observations
increased Zn(II) uptake rate and increased total Zn(II) upon ZIP overexpression -are

important to

4849
consider given that aberrant ZIP expression is associated with a number of human pathologies.

In summary, monitoring 7 Zn(II) uptake from 7 Zn(II)-enriched media provides an alternative
to measuring radioactive

6 5Zn(II)

uptake that can be used to sensitively evaluate how genetic

perturbations impact Zn(II) uptake. Application of the assay here provided evidence that ZIP10 is a
Zn(II) transporter. We anticipate that, beyond cell-surface Zn(II) transporters, this experimental
procedure could be used to assess the effects of diverse genetic and chemical genetic perturbations on
cellular Zn(II) uptake. Candidate proteins for future work could include those involved in Zn(II)
homeostasis (e.g., metallothioneins and intracellular Zn(II) transporters) or zinc-binding proteins (e.g.,
zinc finger transcription factors or zinc enzymes).
Metal Competition Experiments
As noted above, one benefit ofusing ICP-MS to monitor 7 Zn(II) uptake is that a single
experiment reports on Zn(II) uptake kinetics, total cellular Zn(II) content, and changes in the levels of
other metals. Regarding this last point, the ability to monitor multiple metals in a single experiment can
be important in many contexts. For instance, this capability is valuable when assessing selectivity of
metal uptake. In a typical radioactivity-based experiment to assess uptake selectivity using65 Zn(II), a
decrease in 65Zn(II) uptake is commonly taken to indicate competition by other metals for uptake
through Zn(II) transporters.2 13, 4,3 5,39, 5,si0 However, unless the uptake of other ions is directly measured,
possibly by using a second radioisotope, 4 Ss2,53 such a conclusion is necessarily uncertain.
To investigate whether other metals compete with Zn(II) for uptake by HEK293T cells, we
prepared 7°Zn(II)-repleted DMEM/FBS alone or with a SO pM (-13 equiv. relative to Zn(II) levels in
70

Zn(II)-repleted DMEM/FBS) supplement of another metal ion (Cd(II), Co(II), Cu(II), Fe(II),

Mn(II), Ni(II), and natural abundance Zn(II)). We then monitored (i) the effect of other metal ions on
7

Zn(II) uptake over a 2-h 7 0Zn(II) pulse with this medium (Figure 3.9a) as well as (ii) the intracellular

accumulation of each ion (Figure 3.10).
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Consistent with literature reports, 2 1 ,3 4 ,35, 3 9,

50 5

,s

each metal ion significantly (p < 0.001) attenuated

70

Zn(II) uptake, with the greatest diminution of uptake caused by Cd(II) (Figure 3.9b). Inhibition of

Zn(II) uptake by Cd(II) maybe explained by the fact that the closed-shell d° metal ions Cd(II) and
Zn(II) often bind at the same sites in proteins and have similar binding affinities to amino acid
residues.54,55Thus, it is likely that a principal mechanism by which the toxic metal Cd(II) enters cells
involves co-opting endogenous Zn(II)-uptake machinery. The inhibition of Zn(II) uptake by Cd(II)
taken together with the cellular accumulation of the latter (Figure 3.9c, Figure 3.10a) is consistent with
this hypothesis. Coordinated uptake inhibition and accumulation was not observed for the other metal
ions (Figure 3.9b and Figure 3.9d-g, Figure 3.1Ob-e). For instance, Mn(II) lowers Zn(II) uptake to a
lesser extent than does Cd(II), but Mn(II) nonetheless markedly accumulates in HEK293T cells. Taken
together, these observations suggest that Mn(II) uptake in this context is not mediated by Zn(II)
transport machinery. Overall, monitoring total cellular metal ion levels in these experiments can provide
important mechanistic information regarding metal uptake.
The molecular basis for the selectivity of Zn uptake vs Mn, Fe, Co, and Ni uptake is unclear.
56
Selection for Zn over Fe, Mn, and Co may be rationalized based upon the Irving-Williams series, which

describes the binding preferences ofligands for first-row transition metals in octahedral ligand fields and
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is related to decreasing ionic radii across the series. For instance, Zn(II) binds ~10 4-fold more tightly to
zinc-finger mimics than does Co(II), 57 an ion often used as a proxy for Zn(II) in protein biochemistry."
However, justification of selection against Cu(II) is challenging because the series predicts greater
affinity ofligands for Cu(II) than for Zn(II). We expect that future structural studies of Zn(II)
transporters in tandem with assays like the one we report here may allow prediction or explication of
Zn(II)-transporter selectivity.
Zn(II) Deficiency Alters the Metal Ion Selectivity of CellularZn(II) Uptake Systems
The observation that Cd(II) strongly inhibits Zn(II) uptake (Figure 6b) motivated us to probe
how Zn(II) deficiency affects relative Zn(II) and Cd(II) uptake rates. We were inspired by a recent
5
approach using a trace amount of 7 °Zn(II) in which Cd and Zn uptake rates were directly compared.

9

The protocol we describe below, however, utilizes a medium with a greater enrichment of 70 Zn and
therefore has the potential to afford superior signal and resolution over a shorter experimental time
window.
In particular, we sought to evaluate how cellular metal-uptake selectivity for Cd(II) over Zn(II)
is affected by (i) Zn(II) deficiency or (ii) cell lineage. The former is a question of singular interest
because Zn(II) deficiency alters zinc importer expression patterns." The latter question arises because
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A

different cell types express different zinc transporters and different zinc transporters exhibit different
metal selectivities.6 0Because the cellular concentrations of both Cd(II) and 7 Zn(II) are very low in cells
grown in DMEM/FBS, we could readily calculate the selectivity of cellular metal uptake machinery
defined asSZn,Cdusing Equation 1:

[7 0Zn in media]

[70Zn in cell]
[Cd in cell]

Zn]
Szncd=-[Total
70

z Zn]

[Cd in media]

Note that this calculation is specifically made possible by the use of °Zn(II)-enriched media in
these assays. A key benefit of computing the ratio of 7°Zn to Cd is that normalization of measured metal
content to protein concentration is unnecessary, reducing the number of experimental steps required for
the assay.
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We began by culturing HEK293T cells in either Zn(II)-depleted or Zn(II)-adequate (media
was treated with a control-resin") media for 24 h (Figure 3.11a). We then cultured the cells in Zn(II)enriched medium containing 5 tM Cd(II) for 2 h before analyzing cell metal content according to our
usual protocol. HEK293T cells starved of Zn(II) exhibited aSZn,Cdvalue -3-fold greater than cells
cultured under Zn(II)-adequate conditions, indicating that Zn(II)-starved HEK293T cells preferentially
uptake Zn(II) over Cd(II) to a greater extent than cells cultured under Zn(II)-adequate conditions
(Figure 3.11b). Cell lines of diverse lineages, including HepG2, HeLa, and HT1080, exhibited this trend
after 48 h of growth in Zn(II)-depleted or Zn(II)-adequate medium; however, the magnitudeof Sza,cd
was different for each cell line (Figure 7b). For instance, HepG2 cells were markedly less selective for
Zn(II) over Cd(II) than any other tested cellline. The identities of transporters that (i) underlie
changes in uptake selectivity in the context of Zn(II) deficiency and (ii) account for differences in
uptake selectivity of cell lines are presently unknown but merit further investigation.
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Figure 3.11. (a) Workflow to assess selectivity for
Zn(II) over Cd(II). (b) HEK293T, HT1080,
HepG2, and HeLa cells displayed enhanced Zn(II)
to Cd(II) selectivity when the cells were previously

starved of Zn(II) (n = 3,
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SEM).

Summary and Conclusions
In summary, we present the design, validation, and implementation of a protocol for measuring
Zn(II) uptake by cultured metazoan cells. Depletion of cell culture medium of Zn(II) using the A12resin, followed by repletion of the medium with7Zn(II), enables highly sensitive quantitation of cellular
Zn(II) uptake from media containing normal Zn(II) concentrations. There are at least three advantages
of this approach over other methods to monitor Zn(II) uptake. First, the assay does not rely on a
gamma-emitting radioisotope of Zn(II). Second, the assay is designed to measure Zn(II) uptake from
cell culture media rather than abiological buffers commonly used in radioactivity assays. Third, because
ICP-MS is used as the detection technique, the assay provides simultaneous insight into how total
cellular Zn and other metal concentrations change as a consequence of any perturbation of interest.
We envision that the methods described herein will have many applications in the study of
metazoan Zn(II) biology. In particular, we anticipate that the

°Zn(II)-uptake

assay will be well-suited

for discovering small molecules that modulate Zn(II) transport and/or for single-cell ICP-MS
experiments to assess heterogeneity in Zn(II)-uptake rates in cell populations. We also expect that
organelles or proteins of interest could be purified after a7 Zn(II) pulse and that the abundance of7

°Zn

in the sample could be quantified to gain insights into cellular Zn(II) trafficking. Finally, our protocol
could be modified to study either the secretion of Zn(II) metalloproteins or Zn(II) efflux by first
'loading'cells with 7 Zn(II) prior to culture in media lacking°Zn and subsequently assessing Zn(II)
levels outside the cell.
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Abstract
The human genome encodes 14 distinct ZIPs, which may have distinct metal ion selectivities.
To date, there has been little work that directly compares these selectivities. We therefore investigated
ZIP metal ion selectivities and identified the ZIP domains involved in metal ion selectivity. We find that
ZIP4, ZIPS, ZIP8, and ZIP10 expressed in HEK293T cells exhibit different selectivities for Zn(II),
Cd(II), and Mn(II) ions. We also demonstrated that the transmembrane domain of the LIV-1 subfamily
of ZIPs plays a much more significant role in governing metal ion selectivity than does the N-terminal
domain. Finally, we found that a conserved glutamate residue in ZIP8 is necessary for rapid Mn(II)
transport at low concentrations, but that introduction of this glutamate residue in ZIP4 did not convey
the same property.
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Introduction
The eight members of the LIV-i ZIP subfamily of transporters (Figure 4.la) play important
roles in mammalian metal ion homeostasis by transporting transition metal ions from either the
extracellular space or from organelles into the cytosol.' For instance, ZIP8 is critical for whole-body
Mn(II) homeostasis,' ZIP14 takes up non-transferrin bound iron,4 and ZIP4 is important for dietary
Zn(II) acquisition in the gut.' Surprisingly, given the extensive evidence that different ZIPs mediate the
transport of diverse metal ions, the metal substrate scope of most ZIPs is unknown. This deficit prevents
informed prediction of the residues involved in controlling the metal ion selectivity of distinct ZIPs.
LIV-1 ZIPs are comprised of three domains: a transmembrane domain, an N-terminal domain,
and an intracellular loop (Figure 4.la). The roles of these individual domains in metal ion transport are
still being established.
There are two competing structural models for the structure of transmembrane domain: a recent
7
2.7 A crystal structure of a gufA subfamily member from Bordetella bronchiseptica, BbZIP (Figure 4.1b),

and a computational model of the LIV-1 subfamily member ZIP4.* Both predict that the ZIPs are
composed of eight transmembrane domains. However, the models differ with respect to the metal
binding sites. In the structure of BbZIP, these eight transmembrane helices surround a dinuclear metal
center (Figure 4.1c). The computational model of ZIP4 is more consistent with a mononuclear metal
site (Figure 4.1d). The location of the metal binding site is consistent between the models, but the
nature of metal coordination - or how different metals coordinate to the proteins - in LIV-I
subfamily ZIPs is still unclear.
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Figure 4.1. (a) Cartoon representation of a ZIP showing the three domains that comprise LIV-1
subfamily members. (b) Crystal structure of the gufA subfamily member BbZIP. PDB ID: STSA. (c)
Structure of the binuclear metal center identified in the crystal structure of BbZIP. (d) Predicted ligand
architecture based on the computational model of ZIP4.
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The N-terminal domain of LIV-1 ZIPs is a structural feature that distinguishes subfamily
members. 9Many members of the LIV-1 subfamily, in contrast to BbZIP, have an extended (70-400
residues), extracellular N-terminal domain (Figure 4.1a, Figure 4.2a). One such domain - from fruit
bap ZIP4 - has been crystallographically characterized. 9The structure does not have metals bound, but
this observation does not rule out the possibility that the domain binds metals or contributes to the
metal ion selectivity of the-family.
One of the reasons for the lack of knowledge about the metal ion selectivity of human ZIPs is
that, in most cases, it has not been investigated. Two approaches have been taken to measure ZIP metal
ion selectivity. First, cells expressing a ZIP are stimulated with a particular metal ion and uptake of the
ion is then measured by liquid scintillation counting or by inductively coupled plasma-mass
spectrometry (ICP-MS). Figure 4.2b shows human ZIPs and metals for which such direct assays have
been performed and corresponding references are shown in Table 4.3. In a second approach, known as
'indirect' measurement of metal uptake, cells are stimulated with a radioisotope, typically 65 Zn(II), and
abrogation of uptake of this radioisotope by the addition of other metal ions is then measured, again
using liquid scintillation counting or ICP-MS. Figure 4.2c shows human ZIPs and metals for which such
indirect assays have been
performed and
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ZIPs into one of two groups: 'Zn(II) selective' (i.e. ZIP13)0or'not Zn(II) selective' (i.e. ZIP8)." In
general, insufficient evidence -

only indirect methods are applied - is presented to show that a

transporter does not carry other metal ions. Moreover, to our knowledge, no transporter for which metal
ion uptake has been directly measured for a panel of ions has been shown to discriminate against all
other metal ions in favor of a single ion.
We were thus interested to assess the metaluptake selectivity of human ZIPs using a direct
experimental approach. Moreover, we were curious to define how the structural elements of ZIPs
contribute to their metal ion selectivity. We therefore undertook a comparative analysis of LIV-1 ZIP
metal ion selectivity.
We began by comparing the Zn(II), Cd(II), and Mn(II) selectivity of a subset of human LIV-I
subfamily ZIPs. We find that the metal ion selectivities of each are unique. Subsequently, using chimeric
constructs we identified the transmembrane domain of LIV-1 subfamily ZIPs as the protein domain
principally responsible for conferring metal ion selectivity to the proteins. Next, we assessed the role of
histidine versus glutamate at a predicted metal ion binding site,,' and showed that variation at this
position influences metal ion selectivity of the LIV-1 subfamily. Finally, we examined the effect of
expression of ZIPs and ZIP variants on the activity of the manganese-requiring protein arginase and
found, consistent with our metal uptake data, that of tested ZIPs and variants thereof, only ZIP8
expression significantly increased the activity of endogenous arginase. Taken together, these results
provide a structural insight into the metal ion selectivity of human ZIPs, and reveal that ZIP metal ion
selectivity is not solely driven by residues at the dinuclear metal center. Our work lays the foundation for
future mechanistic efforts to delineate the factors that confer metal ion selectivity to ZIPs.
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Materials and Methods
Vector Construction
cDNA clones were obtained from the Harvard plasmidID repository (ZIPS, HsCD0378764;
ZIP4, ZIP8, ZIP10, see Chapter 3). We previously described construction of ZIP10 in CMV-Sport6."
Other epitope-tagged ZIP vectors were made by standard restriction enzyme cloning using the primers
listed in Table 4.1. ZIP4-8 and ZIP8-4 were constructed via NEB HiFi assembly with the KpnI and XhoI
digested backbone of CMV-Sport6, according to the manufacturer's instructions (New England
BioLabs).

Table 4.1 Primers used to construct vectors.
Primer Name
ZIP4 HA Fwd
ZIP4 HA Rev

Sequence
AAAAAGGTACCAAATGGCGTCCCTGGT
TTTTTTTCTAGATTAAGCGTAATCTGGAACATCGTATGGGTAGCTTCCGCTTCCGAAGGTGATGTCATCCTCGTA

ZIP8 HA Fwd

AAAAAAGGTACCAAATGGCCCCGGGTCG

ZIP8 HA Rev

TTTTTTCTCGAGTTAAGCGTAATCTGGAACATCGTATGGGTACTCCAATTCGATTTCTCCTGCATACAA

ZIP8-4 Fragl.Fwd

ACACTATAGAACAAGTTTGTACAAAAAAGCAGGCTGGTACATGGCCCCGGGT

ZIP8-4 Fragl.Rev

AGGGAGCCGTACAGATACCTTTCTGAATGACTTGGTCTTGTTTTGTGCTTGG

ZIP8-4 Frag2.Fwd

CAAGACCAAGTCATTCAGAAAGGTATCTGTACGGCTCCCTGGCCACG

ZIP8-4 Frag2.Rev

CTTTGTACAAGAAAGCTGGGTACGCGTAAGCTTGGGCCCCTTAAGCGTAATC

ZIP4-8 Fragl.Fwd

ACACTATAGAACAAGTTTGTACAAAAAAGCAGGCTGGTACACACTATAGAACAAGTTTGTACAAAAAAGCAGGC

ZIP4-8 Frag1.Rev

AGGAATCCATATCCCCAAACCTCTGACTGGCTGAGCTGGT

ZIP4-8 Frag2.Fwd

ACCAGCTCAGCCAGTCAGAGGTTTGGGGATATGGATTCCTGTCAGTGAC

ZIP4-8 Frag.Rev

CTTTGTACAAGAAAGCTGGGTACGCGTAAGCTTGGGCCCCTTAAGCGTAATC

ZIP4 H536E Fwd

CGTCTGGCAACTCCTCGCAGAACACGGCC

ZIP4 HS36E Rev

GGCCGTGTTCTGCGAGGAGTTGCCACACG

ZIP8 E343H Fwd

CTAACTCGTGGGGAAACTCATGACATAGGATTGCTATGGAA

ZIP8 E343H Rev

TTCCATAGCAATCCTATGTCATGAGTTTCCCCACGAGTTAG

ZIPS HA Fwd

AAAAAAGGTACCAAATGATGGGGTCCCCAGTGAG

ZIPS HA Rev

AAAAAACTCGAGAATCAGCCCTCAGTGGTCACGGGCA

Transfection
Immediately prior to transfection, DNA (Omega MidiPrep, PCR cleanup (Omega) before
transfection to remove residual ethanol) was diluted in Opti-MEM (final concentration 20 ng/pL) and

P3000 reagent (2 pL per pg DNA, ThermoFisher) was added. Lipofectamine 3000 (1.5 pL perpg
DNA, ThermoFisher) in the same volume of Opti-MEM was added to the P3000 solution. After 5-10
min of incubation, a portion of the solution (90 ng/48-well, 500 ng/12-well, 1000 ng/6-well, 2500 ng/6cm) was added to appropriate wells or dishes.
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On-Cell Western Assay
At 24 h prior to transfection, 55,000 HEK293T cells per well were plated into a PDL-coated 48well plate (50 pL of 0.01 mg/mL for 20 min, washed wells twice with 100 p1 DMEM/FBS). Cells were
transfected as above. Twenty-four h later, the media on the cells was changed to DMEM/FBS
containing anti-HA antibody (Santa-Cruz, sc-7392, 1:100, 100 pL) and cells were returned to a tissue
culture incubator (37 °C, 1.25 h, 5%C0 2). Subsequently, cells were washed (3 x 150 L DMEM/FBS)
and then incubated for 1 h in DMEM/FBS containing secondary antibody (IRDye 800 Goat antiMouse, LiCor, 1:1000 dilution, 100 pL) in the tissue culture incubator (37 °C, 1.25 h,5%CO 2 ). All
subsequent steps were carried out in a darkened room. Cell monolayers were washed (3 x 150 pL,
DPBS containing Ca(II) and Mg(II), Corning 20-030-CV) before fixation (3.7% formaldehyde, 1:10
dilution of Sigma F8775-500 mL in DPBS, 100 pL, 20 min), and blocking (5%BSA in Tris-buffered
saline, 0.2 pM sterile-filtered, 150I

L, 1 h). CellTag 700 (1:1000 in DPBS, Li-Cor 926-41090, 100 pL)

was then added to each well and the plate was incubated at rt for 1 h in the dark or overnight at 4 °C.
Finally, each well was washed with DPBS (5 x 150I L, Corning 20-030-CV). Residual DPBS was
carefully aspirated from the bottom of each well and the plate was carefully inverted and blotted on a
paper towel before being scanned on a LiCor Odyssey scanner (21 pM resolution, medium quality,
intensity 800 nm channel (HA) = 7.0, intensity 700 nm channel (CellTag) = 6.0, focus offset = 4.0 mm).
Data ProcessingforOn-Cell Western
The intensity of signal arising from the 700 and 800 nm channels was quantified in ImageStudio
Lite. Normalized intensity of HA signal was calculated by division of the 800 nm signal by the 700 nm
signal. Subtraction of the average normalized signal for control-transfected cells from HA-tagged ZIP
transfected cells afforded the relative abundance of the HA-epitope on the cell surface.
((Sx)^2 + (Sy)A2

)

Errors in subtraction were propagated based on the formula": Sq =
Errors in normalization were propagated based on the formula13 :

6q/|q|

= V((6x/x)A2

+ (6y/y)A2)

Metal Uptake
One day post-plating, HEK293T cells (plated 300,000 cells per well, 1 mL media) were
transfected as described above.
One day later, either Cd(II) (0-100 pM), Mn(II) (0-100 pM), or °Zn(II) (0-21 pM) was
added to Zn(II)-depleted media (depleted using A12-resin, see Chapter 2) to afford the media used in
metal uptake studies. This metal-containing medium was warmed in a water bath at 37 °C for 30-4S
min. Subsequently, the media on transfected cells was quickly changed to one of the prepared, metalcontaining media (0.4 mL per well) and the cells were returned to a tissue culture incubator and
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maintained at 37 °C. After 30 min, the media was removed from each well by aspiration and each well
was washed (phosphate buffered saline containing 100 pM EDTA, 2 x 1 mL). The washed cell
monolayer was taken up in water (Corning, Molecular Biology Grade, 550 pL) and transferred to a 1.5
mL Eppendorf safe-lock tube. Cell lysate was freeze-thawed (-80 °C to rt, 2x), insoluble material was
pelleted (13,300 x g, 12 min), and the soluble protein concentration was quantified (Pierce 660 Protein
Assay, typically 150 - 250 pg/mL) before the lysate was snap-frozen and lyophilized.
The lyophilized, white material was dissolved in concentrated nitric acid (200 pL, Ultratrace for
metal analysis) and the resulting solution was heated at 70 °C for 1 h. Subsequently, this material was
diluted to a concentration of 5% nitric acid in water (Corning, Molecular Biology Grade, 2 mL)
containing terbium as an internal standard (2 ppb, Agilent 5190-8590, stock is Tb 2O 7 in 10% nitric acid).
Metal analysis was performed on an Agilent ICP-MS 7900 equipped with an integrated autosampler in
helium mode calibrated with serial dilutions of an Agilent Environmental Standard (5183-4688).
Data Processing
Raw ICP-MS data (ppb) were converted to nmol metal per mg protein by the following formula
as an example:
ppb

[(P9w

h
MW (
) x
I Li[mol

1000 nmol
1[tJ

nmol

1
X HNO 3 dilution x

mg protein'

xf inal sample volume (L) -m

mg protein

Arginase Assay
The following protocol was adapted from literature. 3 One day post-plating, HEK293T cells (1.5
million cells/6-cm dish) were transfected as above in Opti-MEM. After 6 h, the media was changed to
DMEM/FBS. After a subsequent 18 h of incubation, cell monolayers were washed with ice-cold PBS (3
x 1 mL) before being scraped into the same buffer (1 mL). The cells were pelleted (1,000 x g, 10 min)

before being suspended in PBS (3 x cell pellet volume, typically 120-150 pL) and sonicated (20%
amplitude, 3 s). Insoluble debris was pelleted (16,000 x g, 25 min) and the soluble protein
concentration was measured (Pierce 660 nm protein assay). Normalized protein amounts (120-150
pg) were brought to the same volume in PBS (50 pL) in Eppendorf-safe lock tubes. To this protein
solution was added glycine-NaOH buffer (50 mM glycine,pH = 9.2. 250 pL) and arginine (100 mM,
100 pL). The solutions were held at 37 °C for 30 min. After this period, the arginase reaction was halted
by addition acid solution (900 pL, 1:3:7, H3 PO4:H 2 SO4 :H 20) to each tube. Subsequently, aisonitrosoacetophenone (10% in ethanol, 100 pL) was added to each tube and the reactions were
heated at 95 °C for 1 h in parallel with urea calibration standards (0-10 mM) that had been treated
identically to lysate samples. The tubes were cooled in the dark and a white precipitate gradually
emerged. Samples were vortexed and added (200 pL) to a 96-well plate containing DMSO (100 pL) to
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solubilize the material. The absorbance at 540 nm was measured (Hybrid Synergy Take3 plate reader).
Data plotted are mM urea generated per pg protein based on the urea standard curve and input protein
mass.
Immunoblotting
Cell monolayers were washed with PBS (2 x 1 mL) before being scraped into the same buffer.
Cells were pelleted (2,000 x g) and lysed by sonication in buffer containing 1% SDS (50 mM Tris, pH=
7.8, 1% SDS, 150 mM NaCl, 10 mM MgC1 2 ). Insoluble debris was pelleted (16,000 x g, 20 min) and the
protein concentration of the soluble material was measured via BCA assay (Pierce, 15

L lysate, 200 tL

of 2:49:49 copper solution:Reagent A:Reagent B, BSA standard curve, 30 min incubation at 37 °C).
Lysate concentrations were normalized (0.5 and 1.0 Vg/ L) and diluted with Laemelli buffer containing
DTT (6x concentrate, 1M dithiothreitol). After 24 h of incubation at 37 °C, proteins were resolved on
denaturing SDS-PAGE gels (4% stacking, 10% separating). Immediately after loading dye reached the
bottom of the gel, proteins were transferred to nitrocellulose (0.2 m, BioRad 1620112) with a
Trans2Turbo dry transfer system (12 min). After Ponceau staining, membranes were blocked with milk
then probed with an Anti-HA antibody (Santa-Cruz, sc-7392, 1:100, mouse). Blots were stripped
(NewBlotTM, Li-Cor, 928-40028) prior to probing with an anti-actin antibody (Sigma A1978, 1:10,000,
mouse). Blots were imaged on a Li-Cor Odyssey Classic imager (Li-Cor Biosciences: 800CW goat antimouse, 680LT goat anti-mouse).
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Results
Comparisonof ZIP4, ZIPS, ZIPS, and ZIPI0 metal uptake
We selected four ZIPs to study - ZIP4, ZIPS, ZIP8, and ZIP10. Each is representative of a
distinct clade within the LIV-1 subfamily (Figure 4.2a), and therefore we reasoned that measurement of
metal uptake mediated by these transporters would sample the metal uptake properties of the LIV-1
subfamily. We chose to measure uptake of Mn(II), Cd(II), and Zn(II) for two reasons. First, each of
these four ZIPs has previously been shown to transport Zn(II). To the best of our knowledge, however,
only ZIP8 and ZIP14 have been shown to transport Mn(II) and Cd(II), and we were therefore curious
whether these metals were also substrates for ZIP4, ZIPS, and ZIP10. Second, the coordination
preferences of the three metal ions differ somewhat, and we thought that different transporters might
exhibit different uptake profiles for the ions."
ICP-MS was chosen as the method for measuring metal uptake. After depleting DMEM/FBS of
Zn(II) (>10 ppb Zn) by application of A12-resin," we replenished the medium with one of three metal
solutions:

7

Zn(II) (70% isotopic enrichment), Mn(II), or Cd(II). We previously showed that

measurement of 7°Zn(II) uptake from enriched medium enables sensitive assessment of cellular Zn(II)
uptake.'- Mn(II) and Cd(II) are also amenable to a similar approach, because the concentration of each
is very low in DMEM/FBS (Mn, -4 ppb ~ 70 nM; Cd, below the limit of detection, -10 ppt).
The concentration regime for the three metal ions was chosen on the basis of preliminary
experiments. First, we observed that 7°Zn(II) uptake (hereafter, Zn(II) uptake refers to the amount of
7

°Zn(II) measured in cells divided by 70%, the percent of 7°Zn(II) in the stock solution used to replete

media) reached maximum velocity at an extracellular Zn(II) concentration of 30 pM. Thus, we applied
0-30 pM extracellular Zn(II) in uptake experiments. In contrast, metal uptake mediated by some
transporters did not reach a maximum velocity even at extracellular Mn(II) or Cd(II) concentrations of
100 pM concentrations. At 100 pM, however, we observed differences in Cd(II) transport compared to
control-mediated mediated metal ion uptake for most transfections. Moreover, we were concerned that
concentrations of Mn(II) greater than 100 pM in bicarbonate-buffered media might precipitate the
ion" given that we have observed precipitation of Mn(II) in DMEM/FBS at 100 pM concentrations.
We therefore chose 100 pM as the maximum extracellular metal concentration applied for both Cd(II)
and Mn(II), and evaluated metal uptake between 0--100 pM.
To illustrate the effect of metal transporter expression on cellular metal uptake data, in all figures
we show normalized metal uptake data from the cells transfected with a control (RFP) vector plotted on
the same coordinate axes as normalized metal uptake data from cells transfected with a particular ZIP.
This approach reveals the effect of transporter expression on bulk cellular metal uptake parameters
(Km,app, Vmax, app)

for a particular metal ion.
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HEK293T cells transfected with a cDNA encoding C-terminally HA-tagged ZIP4 exhibited
increased cell-surface HA reactivity assessed by an on-cell Western assay, consistent with expression and
proper localization of the ZIP4 protein (Figure 4.3a and Figure 4.3b). The effect of ZIP4 HA expression
on Zn(II) uptake was to increase the Vmax,app for transport without substantially changing the Km,app for
transport (Figure 4.3c and Figure 4.3d). A similar effect was observed for the effect of ZIP4 HA
expression on Cd(II) transport -

Vmax,

appwas

three-fold greater in ZIP4-HA transfected cells than in

control cells, but Km, appwas unchanged (Figure 4.3c and Figure 4.3e). In contrast, ZIP4 HA expression
did not substantially change eitherVmax,apporKm,appfor Mn(II) transport (Figure 4.3c and Figure 4.3f).
The effect of ZIPS HA expression in HEK293T (Figure 4.4a and Figure 4.4b) on apparent metal
uptake parameters was distinct from that of ZIP4 HA expression. ZIPS-HA expression increased Vmax, app
for Zn(II) by 8-fold (Figure 4.4c and Figure 4.4d) compared to control, and the Vmaapp for both Cd(II)
and Mn(II) by -10-fold compared to control. Whereas the Km, appfor Cd(II) is unchanged compared to
control (Figure 4.4c and Figure 4.4e) by ZIPS HA expression, that for Mn(II) is increased S-fold (Figure
4.4c and Figure 4.4f).
ZIP8 HA expression (Figure 4.Sa and Figure 4.Sb) in HEK293T cells substantially increased
Vmax, appfor Zn(II), Cd(II), and Mn(II) compared to control (Figure 4.Sc-f). Interestingly, the Km,

appin

ZIP8 expressing cells for Zn(II) appeared slightly elevated for Zn(II) compared to control (Figure 4.Sc),
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Figure 4.3. (a) Representative on-cell Western. (b) Quantitation of on-cell Western. (c) Tabulated
values ofKm,app and Vma, app for RFP and ZIP transfection. (d-f) Plots corresponding to c. n=6-7 data
points per metal ion per transfection.
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whereas the Km,appfor Cd(II) and Mn(II) was at least 3-5 fold lower for ZP8 expressing cells compared
to control cells(Figure 4.Sc). Note further that, in contrast to ZIP4 HA and ZIPS HA expressing cells,
metal uptake in ZIP8 HA expressing cells saturated for each metal ion (Figure 4.Sc-f).
Finally, ZIP10 expression (Figure 4.6a) had effects most similar to that of ZIP4 HA on cellular
metal uptake. First, Vm, appfor Zn(II) was 3-fold greater and K, appwas slightly elevated compared to
control cells (Figure 4.6b and Figure 4.6c). Second, Vmax, appfor Cd(II) is subtly increased, but Km, appwas
unchanged compared to control cells (Figure 4.6b and Figure 4.6e). Third, Mn(II) transport in
HEK293T cells expressing ZIP10 is essentially undistinguishable from that in control cells (Figure 4.6b
and Figure 4.6e).
Taken together, these uptake data indicate that different ZIPs mediate metal uptake with
different selectivities. To make this point more clearly, in Figure 4.7 we plotted the metal uptake of cells
expressing a particular ZIP minus metal uptake of control (RFP) cells, thereby emphasizing the effect of
transporter expression on cellular metal uptake. There are two caveats to interpretation of these
transformed data. First, a key assumption underlying the subtraction is that ZIP-mediated metal uptake
completely accounts for the difference between ZIP-expressing cells and control cells; the cell does not
compensate for ZIP overexpression by downregulating other metal importers or increasing expression of
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metal exporters. This assumption may not be entirely correct because ZIP overexpression increases total
cellular Zn(II)1"and ZIP activity at the cell membrane can be regulated by cellular Zn(II) levels."-"
Second, unless the sole effect of the transporter on cellular metal uptake is to increase Vmax,app (i.e.,

Km,app

does not change), the transformed data are not strictly fit by a Michaelis-Menten model. Acknowledging
this point, but wanting to support visualization of the transformed data, we have overlaid a MichaelisMenten fit on these subtracted data in Figure 4.7.
Inspection of the plots of the subtracted data for each transporter reveals the rank order of
uptake velocity at particular metal concentrations for particular metals. For instance, below -20 pM,
ZIP4 HA mediated faster Zn(II) transport than Cd(II) transport, but above this concentration, the
opposite was observed (Figure 4.7a). Moreover, at low concentrations, ZIPS HA drove Cd(II) and
Zn(II) transport to a similar degree (Figure 4.7b). Above ~10 pM, however, Cd(II) transport was
significantly faster than Zn(II) transport. In contrast, at all concentrations ZIP8 HA transported Mn(II)
at a greater velocity than Cd(II) or Zn(II) (Figure 4.7c). Finally, ZIP10-mediated Zn(II) flux was more
rapid than is Mn(II) and Cd(II) flux at extracellular concentrations of 100 pM (Figure 4.7d). Overall,
these data emphasize that different ZIPs have distinct metal selectivities (Figure 4.7).
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The TransmembraneDomain, Rather than the N-TerminalDomain, of LIV-1 Subfamily ZIPs is the Primary
DeterminantofMetal Ion Selectivity Within the Subfamily.
Given the differences we observed between metal uptake mediated by different ZIPs, we next
wanted to define the domain responsible for conferring this difference. The structure of LIV-1 subfamily
human Zn(II) transporters can be divided into an N-terminal domain and a transmembrane domain
(Figure 4.1a). We hypothesized that the transmembrane domain would confer the metal ion selectivity
of the LIV-i ZIP sub-family for two reasons. First, mutations in the transmembrane domain of ZIPs
from other subfamilies are known to influence metal ion selectivity.,9,20 Second, amino acid variations
'

within the transmembrane domain of ZIP4 have been shown to affect Zn(II) transport.7

To test the hypothesis that the transmembrane domain conferred metal ion selectivity to the
protein, we measured metal uptake mediated by chimeric ZIP constructs. We selected ZIP4 and ZIP8
for this experiment because each expressed well (Figure 4.3b and Figure 4.5b) and because the two have
significantly different metal selectivities (Figure 4.7a and Figure 4.7c). We speculated that, if the
transmembrane domain of ZIPs controls their metal ion selectivity, genetic constructs in which the Nterminal domains of ZIP4 and ZIP8 were swapped (Figure 4.8) would mediate metal uptake with the
same selectivity as the wild-type transporter with the same transmembrane domain. If, however, the Nterminal domain of a ZIP controls its metal ion selectivity, then such swapped constructs would mediate
metal uptake with the same selectivity as the wild-type transporter with the same N-terminal domain.
To design these constructs, we identified the amino acid residues corresponding to the
transmembrane domain of ZIP4 and ZIP8 by alignment (progressive algorithm, CLC viewer(Qiagen))
N

N

H e

with BbZIP. 7 Our alignments suggested that amino acids 130-460
of ZIP8 and the amino acids 325-647 acids of ZIP4 comprised the

(D

transmembrane domains, with the remainder of each protein
comprising the N-terminal domains. Genetic fusions of the NZIP8 HA

ZIP4 HA

X
N
C

--

N

iC

terminal domain of ZIP8 with the transmembrane domain of ZIP4
and of the N-terminal domain of ZIP4 with the transmembrane
domain of ZIP8 afforded two chimeric constructs, which we
designate as ZIP8-4 and ZIP4-8 respectively (Figure 4.8).
ZIP8-4HA expression (Figure 4.9a and Figure 4.9b) has an
effect similar to that of ZIP4 HA expression on cellular metal
uptake. ZIP4 HA and ZIP8-4 HA expression affect K,. .and Vmapp

ZIP8-4HA

ZIP4-8 HA

in the same direction but with magnitude for each of Zn(II),

Figure 4.8. Schematic of construct Cd(II), and Mn(II) (Figure 4.9c). Moreover, plotting metal ion
design for N-terminal domain
uptake in each transfection minus control cellular uptake revealed
swap experiments.
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'I

that the metal ion selectivity of each transporter was nearly identical (Figure 4.9d and Figure 4.9e).
Similarly, cells expressing ZIP8 HA and ZIP4-8 HA (Figure 4.1Oa and Figure 4.1Ob) exhibit
remarkably similar metal uptake characteristics. The results of expression of each on Km, appandVma

app

for each metal ion were, as for ZIP4 HA and ZIP8-4 HA, different in magnitude but in the same
direction (Figure 4.1Oc). Moreover, at all metal concentrations, the rank ordering of cellular metal
uptake due to each construct was the same (Figure 4.1Od and Figure 4.1Oe).
Taken together, these data are consistent with a model in which the transmembrane domain of
LIV-i subfamily ZIPs, rather than the N-terminal domain, determines the metal ion selectivity of the
family.
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Amino Acid Swaps Between ZIP4and ZIPS at the PredictedMetal Center Affect Metal Ion Selectivity and
TransportEfficiency
After identifying the transmembrane domain of ZIPs as the principal domain governing metal
ion selectivity in the LIV-1 ZIP sub-family, we wondered whether structure-guided variation of ZIP4
and ZIP8 within the transmembrane domain could be applied to change the selectivity of each. The
recently published crystal structure of BbZIP revealed the presence of a dinuclear metal center midway
through the transmembrane domain that appears to serve as an important site in metal transport (Figure
4.1c and Figure 4.1d).' It is uncertain whether the predicted binuclear center in this gufA family member
is maintained in human LIV-1 subfamily members. However, a computational model of ZIP4 predicts a
metal binding site at approximately the same location in the protein (Figure 4.1d).' In contrast to the
BbZIP structure, this model is more consistent with a mononuclear metal binding site than a dinuclear
metal binding site.
Amino acid identities of ZIP8 and ZIP14 at the binuclear center are distinct from those of all
other LIV-1 subfamily ZIPs. We focused on the position highlighted in red in Figure 4.11a where ZIP8
b
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bears a glutamate (E343) residue and ZIP4 (H536) (and all other LIV-1 subfamily ZIPs) bears a
histidine residue.
Expression of ZIP4 H536E HA (Figure 4.1lb and Figure 4.11c) slightly increasedVmax

ap,

for

Zn(II), Cd(II), and Mn(II) compared to control cells with no effect on Km,app (Figure 4.11f). ZIP4 HA,
which was expressed in parallel with the H536E variant, exhibited lower surface expression than did the
variant (Figure 4.11c) but nonetheless promoted more rapid metal uptake and more pronounced
changes in apparent uptake parameters than did expression of the variant (Figure 4.11d-f). Further
interpretation of these data is challenging because ZIP4 H536E HA appears to mediate metal transport
only poorly.
In contrast, the ZIP8 E343H HA variant is an efficient metal ion transporter. For all metal ions,
Vax, appfor

cells expressing ZIP8 E343H HA (Figure 4.12a and Figure 4.12b) was greater than that for

the corresponding control cells. Furthermore, the Vm, arrfor variant expression cells was greater for
Cd(II) than for wild-type ZIP8 HA expressing cells (Figure 4.12c). However, for all metal ions, Km,app
was greater for cells expressing the E343H variant compared to cells expressing the wild-type transporter
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transfection.
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(Figure 4.12). Intriguingly, this E343H substitution in ZIP8 changed the rank order of substrate
preference (Figure 4.12d and Figure 4.12e). In contrast to ZIP8 HA, for which Mn(II) was the most
efficiently transporter substrate, Cd(II) was always the most efficiently transported substrate followed
by Mn(II), then Zn(II).
Data from this ZIP8 variant thus imply that one role of a glutamate residue at this position is to
facilitate high-affinity Mn(II) transport. The ZIP4 H536E HA variant data, however, demonstrate that
introduction of glutamate at the corresponding position in ZIP4 is insufficient to promote Mn(II)
transport. More broadly, these data further support the notion that multiple residues, not solely
differences at the binuclear metal center, drive differences in metal ion selectivity between LIV-1
subfamily members.
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A

ZIP8 Increases the Activity ofEndogenous Arginase Whereas ZIP, ZIP H36E, and ZIP8 E343H do not
Metal uptake assays like those described above directly report on the effect of transporter
expression on metal uptake velocity at different metal concentrations. However, such assays do not
necessarily predict the effect of a particular transporter on nutritional metal uptake during normal
growth. One method to assess the effect of expression of a transporter on cellular metal status while cells
proliferate is to measure the activity of metal-dependent enzymes. Enzyme activity assays have been
widely applied to assess the function of Zn(II) transporters in the secretory pathway of metazoan
,
cells.'0 21
One such enzymatic assay that has been applied to assess cellular manganese status is
assessment of arginase activity. 3 Arginase hydrolyzes arginine to ornithine and urea utilizing a dinuclear
Mn(II) active site, although, in vitro, Co(II) is able to activate the enzyme."It has been shown that ZIP8
knockout in mice decreases the activity of arginase whereas overexpression increases the activity of
arginase in the liver.3
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To determine whether the ZIP4 and ZIP8 wild-type or variant transporters we studied were able
to supply sufficient cellular manganese such that arginase activity was increased above control (RFP), we
expressed wild-type (ZIP4 and ZIP8) and variant (ZIP4 H536E, and ZIP8 E343H) transporters in
HEK293T cells for 24 h before measuring arginase activity in lysate (Figure 4.13). Consistent with
literature reports,3 we observed that ZIP8 increased the activity of arginase above that of RFP transfected
cells withpadjof 0.02 (Bonferroni correction for multiple testing) (Figure 4.13b). The observation of
increased activity of a Mn(II) metalloenzyme in the context of ZIP8 overexpression was further
consistent with reports of both increased Mn(II)-dependent degradation of GPP130 and increased
activity of SOD2 upon ZIP8 overexpression.

3

In contrast, expression of ZIP4, ZIP4 H5536E, and ZIP8

E343H all failed to increase arginase activity above that observed in the RFP-transfected cells withpadj <
0.05 Figure 4.13b despite that all constructs expressed well (Figure 4.13c).
The results of this enzymatic assay are consistent with the presented metal uptake data:
glutamate is necessary at this position in ZIP8 to promote ZIP8-mediated Mn(II) transport and increase
arginase activity. Introduction of a glutamate at the corresponding position in ZIP4 is, however, not
sufficient to drive Mn(II) transport to a sufficient degree to increase arginase activity.

138

Discussion
By expressing four LIV-1 subfamily ZIPs in HEK293T cells and measuring cellular metal uptake,
we have shown that different LIV-1 subfamily ZIPs differentially mediate uptake of Mn(II), Cd(II), and
Zn(II). In particular, ZIP4 and ZIP10 discriminate against Mn(II) in our assays whereas ZIPS and ZIP8
transport Mn(II) with high Vapp.
The case of Cd(II) and ZIP4 is particularly interesting. At low concentrations of Cd(II), ZIP4
transports Zn(II) with a greater velocity than Cd(II). However, at ~30pM concentrations of applied
metal, Cd(II) transport is as fast as Zn(II) transport. This observation maybe at odds with reports that
both murine' and human" ZIP4 mediated Zn(II) transport is not inhibited by 50-200 equiv. of Cd(II).
We currently have no basis by which to explain this apparent inconsistency, but note that a similar
pattern has been observed for Fe(II) and Cd(II) in the case of ZIP14.2s
We have also demonstrated that chimeric ZIP constructs can be applied to study the effect of
particular domains on ZIP metal transport. It was not obvious that these chimeric constructs would
express well. We have used them to show that, for ZIP4 and ZIP8, the transmembrane domains of the
proteins govern metal ion selectivity. In future studies, such constructs might, for example, be applied to
determine the role of different ZIP domains on subcellular localization or oligomerization status of
different ZIPs.
Finally, we have shown that a glutamate at a predicted metal-binding site in ZIP8 is critical for
ZIP8-mediated Mn(II) transport in both metal-uptake assays and by measuring the activity of the
Mn(II)-dependent enzyme arginase in cell lysate. We observed, however, that introduction of a
glutamate residue at a corresponding position in ZIP4 was insufficient to promote Mn(II) transport.
This latter observation is unsurprising. As shown in Figure 4.11a, all LIV-1 subfamily ZIPs with the
exception of ZIP8 and ZIP14 have a histidine at this position, but each of ZIP4, ZIPS, and ZIP10 have
different metal selectivities. Therefore, it is unlikely that a single amino acid substitution would be
sufficient to transform ZIP4 into a ZIP8-like transporter.
Many questions remain regarding metal ion selectivity within the LIV-1 ZIP subfamily.
Understanding ZIP metal ion selectivity in biological contexts is important. Indeed, dysregulation of
2
expression of members of the LIV-1 subfamily of ZIPs is implicated in osteoarthritis,

2
cancer,

72

and

extracellular matrix disorders. 2 9'3 Our work emphasizes that close examination or reexamination of
metals apart from Zn(II) maybe key to understand the roles of ZIPs in these conditions -

particularly

if rigorous metal uptake experiments have not been performed for a particular transporter. We note,
however, that there are several caveats associated with our experiments.
The concentrations at which Mn(II) and Cd(II) uptake are applied in these experiments likely
exceed those encountered in vivo. Serum and blood Mn(II) concentrations are reported to lie between
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0.02 and 0.3 pM.''

2

" Even among the populations most likely to be exposed to Cd(II), smokers and

industrial workers who use Cd(II), the concentrations of the element in blood hardly approach
micromolar concentrations: smokers, -0.1

pM 4 3 industrial workers, 0.05-3 pM.37 ' The high

concentrations that we used, therefore, test the limits of ZIP selectivity more severely than do in vivo
concentrations.
A number of variables could have affected our results. Although we are unaware of work that
fully addresses either, media composition and cell line choice could differentially affect the Km,app or
Vmax,apof different metal ions. The assay paradigm we have used is distinguished from some published

protocols because uptake is performed in DMEM/FBS rather than in a defined buffer. Each paradigm
has advantages and disadvantages compared to the other. For instance, a disadvantage to DMEM/FBS is
that it is ill-defined and its components can influence metal uptake in at least in at least one cell line.
Moreover, ZIP8-mediated Cd(II) transport in MFF cells requires bicarbonate.4 'However, DMEM/FBS
is a media in which HEK293T cells grow well and is likely a better proxy for biological fluids than is a
defined buffer lacking essential nutrients.
A further variable that could affect our data is the choice of cell line. We used HEK293T cells
because they transfect easily and ZIP expression substantially increases metal uptake. However, cell-line
differences were recently proposed to underlie differences in ZIP2-mediated metal transport.42 It is
unclear whether choice of cellline affects observed metal ion selectivity for other human ZIPs.
The data that we have presented suggesting that the N-terminal domain has little influence on
the metal ion selectivity of ZIPs must not be over-interpreted. We have studied only two ZIPs in this
regard and cannot discount the possibility that unique features of these two transporters render the Nterminal domains dispensable for metal discrimination.
We envision that further characterization of ZIP metal ion selectivity will enable prediction of
structural motifs that govern ZIP metal ion selectivity. Future work thus has the potential to help reveal
the mechanism(s) of metal translocation in human ZIPs. Moreover, clear definition of the substrate
scopes of ZIPs may shed new light on the basis of human ZIP-related diseases.
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Conclusions
We have shown that ZIPs from different clades in the LIV-1 subfamily exhibit substantially
different metal-uptake properties when expressed in HEK293T cells. Examination of the role of the Nterminal domain vs the transmembrane domain in conferring ZIP metal ion selectivity suggests that the
latter dictates the metal ion selectivity within the family. Finally, we showed that differences in amino
acid residues at the putative dinuclear metal center in the ZIPs were insufficient to fully account for the
differences in metal ion selectivity between ZIP8 and ZIP4. Future structure-function studies guided by
these findings are expected to reveal the full complement of residues in the transmembrane domains of
ZIPs that fully distinguish their metal selectivities.
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Table 4.2. References corresponding to the chart in Figure 4.2b

Cd

Cu

ZIP6
ZIP10
ZIP5
ZIP4
24
ZIP12
ZIP8
41,45
ZIP14 46
ZIP7
ZIP13
ZIP9
ZIP1
ZIP3
ZIP2
ZIP11

142

Fe

11
4

Mn

Zn

45
46

15
43
5
44
11
4
10

42

47
48
49

Table 4.3. References corresponding to the chart in Figure 4.2c. Numbers in parentheses correspond to
the number of equivalents of metal required to suppress at least 50% of Zn(II) transport.

ZIP6
ZiP1o
ZIP5
ZIP4
ZIP12
ZIP8
ZIP14
ZIP7
ZIP13
ZIP9
ZIP1
ZIP3
ZIP2
ZIP11

Cd

Cu

43(50)

43,(50)
24(200)

Fe

Mn

None

44(10)
11(10)

10(50)
47(6)
48(50)
49(6)

47(6)
48(50)
49(6)

47(6)
49(6)

48(50)
49(6)
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Chapter 5 Perspectives and Future
Directions
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Overview
In this section, I describe future work that will advance our understanding of metallobiology,
with a particular focus on the ZIPs. My goal in writing this section is to describe both long-term, openended projects that follow from the work I have done, as well as narrower, short-term projects that are
designed to provide improved tools to study metal ion homeostasis. Overall, I suggest that progress with
regard to understanding metal ion homeostasis would be made by realizing any of the following goals:
(i)

Fully defining the metal-ion selectivity of the LIV-l subfamily.

(ii)

Discovering highly metal-selective ZIPs.

(iii)

Developing new tools to study ZIP function.

After describing why accomplishing each goal is important, I will outline some experimental
approaches that could be taken to address each question.
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Discussion
Catalogingthe Metal Ion Selectivity of Human ZIPs
Chapter 4 emphasized that different human ZIPs have significantly different metal selectivities.
The analysis in the chapter focused on four, putatively representative, ZIPs. Humans express 14 distinct
ZIPs and, as shown in Figure 4.2, the metal-uptake selectivity of most of these ZIPs is not wellcharacterized. Ignorance of the metal ion selectivity of each family member precludes informed
prediction regarding the molecular basis of the metal ion selectivity of family members. Therefore, I
argue that a critical step forward in understanding ZIP biology is to measure the metal uptake
parameters associated with each of the seven cell-surface expressed human LIV-1 subfamily ZIPs.

First, metal-uptake assays for each of Co(II), Cu(II), Cd(II), Mn(II), and Zn(II) should be
performed for each of the human LIV-1 subfamily ZIPs expressed in HEK293T cells. ICP-MS is a
suitable approach to measure uptake of all of these ions because the concentration of each is low in
Zn(II)-depleted media enabling uptake measurements of ions of defined speciation. Either an isotopic
enrichment approach as discussed in Chapter 4 for Zn(II) or a radioisotope-based approach should be
used to measure Fe(II) uptake because the native concentration of iron in cells is relatively high.
Second, and as noted in chapter 4, the effects of uptake media on metal uptake selectivity have
not been clearly established. Simply from the perspective of fully understanding the behavior of these
transporters, this work is necessary. Moreover, understanding the differences between published metal
uptake results requires insight into the effect of assay conditions on outcomes. For instance, in my work,
I have used DMEM/FBS. But in many published metal uptake protocols a defined buffer, rather than
DMEM/FBS is used. For instance, other investigators have used Ringer's solution: 130 mM NaCl, 20
mM HEPES, 15 mM glucose, 5 mM KCl, and 0.8mM

MgCl

2

containing metal ions.'

There are advantages and disadvantages to each metal-uptake medium condition. The
advantages to using DMEM/FBS as we have done are clear -

cells grow and proliferate in the media so

experiments on the order of hours can be performed. In contrast, prolonged culture of cells in Ringer's
solution could induce nutrient starvation responses.2
An advantage of measuring uptake from buffer includes control over other parameters possibly
relevant for transport including pH and total osmolyte concentration. In the case of ZnT10, changes to
the Ca(II) content of buffer revealed Ca(II)-dependence of metal transport.' The bicarbonate
dependence of ZIP8 Cd(II) transport has been similarly demonstrated, 3 but the effect of bicarbonate on
ZIP-mediated transport in general remains unclear. Alternatively, ionophores or proton pump inhibitors
could be applied to affect cellular membrane potentials.
Third, the effect of cell line on metal-uptake selectivity should be assessed. It is unclear whether
cell line identity affects metal uptake. I propose that after uptake parameters have been established in
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HEK293T cells, uptake should be assessed in cells oflineages that endogenously express a ZIP of
interest and metal ion selectivity should be assessed in this cell line.
Taken together, measurement of uptake of five different metals into HEK293T cells from eight
different buffers/media would require approximately 140 hours of ICP-MS time and 3300 total samples
to collect two biological replicates of data - approximately 30 days of focused lab work.
Implementation of radioisotope-based uptake protocols could decrease this time requirement.
The return on this time investment, however, has enormous potential. For example, these data
would help to prioritize transporters for future study on the basis of any of the parameters mentioned
above. Some ZIPs might be most active at low compared to high pH values. Others might be active at
high compared to low pH values. Knowledge of such differences is the first step toward understanding
them.

Selectfor and Control the Metal Ion Selectivity of ZIPs
No tool has yet been developed to acutely or chronically modulate the metal ion concentration
of cells with high selectivity. I, therefore, propose the development of a set of metal transporters, each
selective for a distinct metal ion over most others by using directed evolution. I envision that such tools
could be applied to selectively enrich or deplete a tissue of a particular metal ion in a live animal or a cell
of particular metal in tissue culture or bacterial culture.
There are biological settings where such a suite of transporters would be very valuable to
investigators. For instance, as described in the introduction, the molecular basis of
Spondylcheirodysplastic Ehler's Danlos syndrome (SCD-EDS) is not understood. There is some
evidence that the disease is related to Zn(II) dysregulation, and weak evidence that it is related to iron
dysregulation. One approach that could aid in resolving this question is the targeted expression of metal
transporters selective for a particular metal. For instance, it would be compelling evidence for the
involvement of iron in SCD-EDS if an iron selective transporter rescued disease phenotypes, but a
Zn(II) selective transporter did not.
There are two general approaches that might be suitable to identify metal transporters with
diverse substrate scopes: (i) rational design and (ii) screening and selection. I dedicated considerable
space in Chapter 4 to discussing the rational design of ZIPs. Here, I only reemphasize the attendant
complexity of design considerations when no features of a protein of interest are well-characterized.
The latter approach, screening and selection, does not rely on prior knowledge of transporter
mechanism. Instead, it requires the ability to select against transporters with undesired functions and
select for transporters with desirable functions. The inherent toxicity of all metal ions at a sufficiently
high concentration and the essentiality of some metal ions for cellular growth should enable selection for
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or against particular metal transport properties.
Taking as a given that we want to select for ZIPs transporters with particular metal transport
properties, two further features of a selection system are necessary to describe: the organism in which
selection will take place and the source of transporter variants.
Organism choice is dictated by two concerns. First, a transporter of interest must express in a
particular organism. It is not possible to predict a prioriwhether a protein will express well in a particular
cell type. Thus, the activity and expression of a particular transporter must be screened on a pertransporter basis. Second, uptake of a particular metal must be limited to flux through the transporter of
interest.
Achieving this latter goal in human cells would be exceptionally challenging. Human cells
encode 14 ZIPs, two NRAMP family members, and Ca(II) channels that might all be able to transport
transition metal ions of interest. Therefore, performing selections for metal transport activity in human
cells would require, at minimum, that at least 14 proteins be knocked out. Even assuming that a cell line
knocked out for all 14 ZIPs would be viable, sequential knockout of 14 proteins presents an extreme
practical challenge.
However, uptake of particular metal ions can be limited to a particular ZIP of interest in
Escherichiacoli. Several years ago, a number of E. coli K12 derivative strains were generated that lacked
import and export proteins for one of Cd(II), Co(II), Zn(II), Fe(II), or Mn(II).' Complementation of
the strains with ZupT, an E. coli ZIP transporter, improved strain growth but increased the toxicity of
metal ions to the strains.4 These strains of E. coli could, therefore, provide a suitable genetic background
for selection of transporters with desired function.
The next challenge is to determine the source of transporter variants to test. There are two
possibilities. The first is to select for or against a library of transporters from diverse organisms. A quick
search on the NCI protein database for'Zinc transporter ZIP'returns more than 70,000 hits. My
experience with human ZIPs suggests that the substrate scope of these transporters will vary
significantly. Not only would this approach to construction of a library of ZIPs provide interesting data
regarding natural transporter function, it would also afford a very diverse library on which to perform
selection. However, disadvantages of this approach include the high cost (~ $50/gene) to construct the
library, and the possibility that many ZIPs might not express well in E. coli.
A cheaper alternative is to implement the selection schemes described above in a directed
evolution framework. I hypothesize that continuous mutagenesis of a broad-spectrum transporter (like
ZupT) and selection ofvariants thereof by the positive and negative selection schemes described above
will enable the generation of metal transporters with diverse metal ion selectivity. For instance, the
ability of a toxic metal to kill E. coli should be enhanced if a particular transporter fluxes the toxic ion. In
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contrast, if a metal ion is essential, cells expressing the transporter will survive better than those that do
not express the transporter if the essential, nutrient metal is limiting for growth.
As discussed above, the chief advantage of this proposed experimental paradigm is clear: it is
unnecessary to have prior insight into the precise structural features of ZIPs that give rise to their metal
ion selectivities to obtain a selective transporter. Moreover, such transporters might be applicable to
study questions in metazoan metallobiology. Framed differently, however, the discovery of a (set of)
transporter(s) with altered metal ion selectivity, however, offers the opportunity to understand the
molecular basis of ZIP selectivity. For instance, if substitution of a small nonpolar amino acid with a
large nonpolar amino acid affects the metal ion selectivity of the transporter, sterics are likely important
in conferring metal ion selectivity. A priori,this point would have been hard to predict given that there is
only structural data available for one ZIP.' This possibility is simply one out of the very many specific
instances of the type of data regarding ZIP metal ion selectivity that could be learned by implementation
of a directed evolution approach to study ZIP function.
There are caveats to this approach with respect to the long-term goal of developing a toolkit to
control metal content of cells or tissues. First, it cannot be assumed that a metal transporter that
functions in E. coli will function, much less function similarly, in human cells. This requirement for
organism-switching is a generic limitation to most directed evolution schemes. Second, there is a latent
ontological question regarding the degree to which a metal transporter can discriminate against
particular ions. Neither can be addressed without experiment.

Tools to Study ZIP Structure and Function
Here, I describe two tools that would be straightforward to develop but that might prove useful
to us and other investigators to study ZIP structure and function. First, a split luciferase assay to measure
Mn(II)-induced Golgi phosphoprotein 4 (GPP130) oligomerization and second, a split luciferase assay
to assess the role of the N-terminal domain in the dimerization of ZIPs.
Experiments to assess metal uptake into cells are severely obstructed by the low-throughput
nature of methods available to measure metaluptake. New techniques to increase the throughput of
metal-uptake assays would therefore be of great utility to practitioners in the field. In general, metal
uptake can be studied directly or indirectly. I spent considerable time in the introduction describing
direct approaches, e.g. ICP-MS or radioisotopes. In my view, alternatives to these approaches (i.e.,
chemical detection of particular ions) would not be practical to implement. However, indirect
approaches might be.
By indirect approaches, I refer to those in which a biological output is taken as evidence of metal
transport. For example, activation or suppression of arginase activity in the case of manganese, as I
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discussed in Chapter 4.6 Other examples include the Mn(II)-dependent degradation of the Golgiresident protein GPP1307' and the activity of manganese superoxide dismutase. 9 A practical caveat to
these assays is that they are time-consuming. For instance, the arginase assay described in Chapter 4
requires 4 h to process 15 samples. Moreover, assessment of GPP130 degradation as described above is
performed by either immunohistochemistry or Western blotting. A higher-throughput approach to
monitor the former in live cells would be particularly useful to assess cellular Mn(II) status.
I hypothesize that GPP130 degradation can be monitored in real time by using a live-cell
luminescence-based assay. If successful, it would be possible to apply this assay to measure GPP130
degradation in real-time as a response to cellular Mn(II) status. Such a tool would be beneficial to the
community. GPP130 is composed of a small cytosolic C-terminal domain, a single transmembranespanning helix, and a large luminal domain. The protein is localized to the Golgi and stimulation of cells
with Mn(II) -

500 M for 2-4 h - or transfection of the cells with ZIP8 causes the protein to

oligomerize. This oligomerization drives sortilin-mediated degradation of the protein in lysosomes.
Previous work has demonstrated that the C-terminal domain of GPP130 is dispensable for sortilinmediate degradation." Substitution of the C-terminal domain of the protein with the three copies of the
small-molecule dependent autodimerization domain FM (FKBP12 F36M) enabled small-molecule
control of GPP130 degradation. I hypothesize that split NanoLuciferase" (NanoBiT) can be similarly
placed to measure Mn(II)-induced oligomerization of GPP130. NanoBiT is superior for this application
compared to a split fluorescent protein because NanoBiT has a low intrinsic dimerization affinity."
The assay would proceed as follows: Stable cell lines expressingHA-tagged GPP130-LgBiT and
FLAG-tagged GPP130-SmBiT (LgBiT and SmBiT refer to the two fragments of the split luciferase)
would be transfected with a control protein or a ZIP in a 96-well plate. In order to minimize cellular
accumulation of Mn(II) prior to measuring cellular luminescence, transfected cells would be maintained
in either OptiMEM or Freestyle media for the duration of the experiment, because these media both
have 10-fold lower Mn than does DMEM/FBS (0.3 vs 3 ppb). 24 h post-transfection, cells would be
treated with the NanoLuciferase substrate and basalluminescence would be recorded. Subsequently, a
concentration gradient of Mn(II) would be applied to cells expressing different transporters and the rate
of luminescence increase luminescence over a two-hour time period would be measured. I anticipate
that, when comparing samples treated with the same concentrations of manganese, cells expressing
manganese transporting ZIPS would exhibit greater and earlier luminescent signal than would those
cells that do not express a manganese transporting ZIP. Beyond just the ZIPs, if this proposed assay is
successful it would enable investigators lacking access to ICP-MS or radioisotopes to determine whether
a particular genetic or chemical perturbation affects cellular Mn(II) homeostasis.
The second split luciferase assay that would be beneficial to study ZIP function is one that
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reports on ZIP N-terminal domain dimerization in live cells. There is evidence that ZIP4" and ZIP13"
homodimerize and that ZIP6 and ZIP10 heterodimerize'4" in cells. Whether other ZIPs dimerize, the
structural determinants that enable or restrict hetero-dimerization, and the consequences of monomeric
vs homodimeric vs heterodimeric transporters for metal transport kinetics all remain unclear.
This lack of understanding is important from three perspectives: First, from the vantage point of
structural biology, it is interesting to consider what factors might drive hetero- vs homo- dimerization.
Second, from the perspective of molecular assembly, it is critical to consider how homodimers and
heterodimers are constructed in cells. Finally, from the perspective of physiology, it is important to
define why particular transporters might dimerize and what the effects of homo- vs hetero- dimerization
might be regarding ZIP function.
Implementation of a split luciferase assay would help to reveal the dynamics of ZIP dimerization.
The recently solved crystal structure of the N-terminal domain of ZIP4 suggests that this domain is
involved in dimerization of the protein. 6 Based on this premise, I designed split luciferase constructs to
assess the dimerization of the N-terminal domain of ZIP4 in live cells (Appendix 2) 1 observe that the Nterminal domain of ZIP4 is sufficient to mediate dimerization.
This luciferase-based approach could be useful to study several factors related to ZIP biology. I
speculate that it could be directly deployed to assess the effects of genetic or chemical perturbations on
ZIP assembly. Regarding genetic perturbations, it would be beneficial to explore how amino acid
variations within the N-terminal domain modulate the selectivity of ZIP interactions. For instance, can
ZIP6 N-terminal domains be varied such that the protein only homodimerizes? Alternatively, can ZIP4
homodimerization be suppressed? Such monomeric constructs might enable investigators to untangle
the functional differences between monomer- and dimer-mediated transport.

Conclusion
Diverse assays and approaches are described in the foregoing section. Each is a logical
continuation of an experimental program that I have begun as a graduate student. Successful completion
of any one would help to improve understanding of the roles of metal ions in biology.
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Appendix 1: Effects of Zn(II) Deficiency on Cultured Cells
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Overview
In this appendix, I describe work we have undertaken to define the response of cultured cells to
Zn(II) deficiency. I will begin by presenting analysis of the RNA-Seq data that we have collected from
cells (HEK293T, HeLa, and GM5249 foreskin fibroblasts) grown in Zn(II)-depleted media that suggest
changes in ribosomal protein expression are a generic response to Zn(II) deficiency. Second, I describe
our efforts to study the relationship between ribosomes and Zn(II) deficiency.

159

RNA-Seq Analysis Suggests that a CellularResponse to Zn(II) Deficiency Induces Changes in RibosomalProtein
Expression
In order to define the mammalian cell response to Zn(II) insufficiency, we analyzed RNA-Seq
data arising from three distinct cell lines grown for different durations in Zn(II)-depleted or Zn(II)
adequate media. I begin by describing the cell lines, time course, and RNA-Seqlibrary construction
method we selected. Subsequently, I describe the results of three different RNA-Seq data analysis
paradigms that suggest a role of ribosomal proteins in the mammalian response to Zn(II) deficiency.
In order to prepare samples for RNA-Seq, we cultured HEK293T and HeLa cells as well as
GM5429 fibroblasts (Coriell cell repository) in Zn(II)-adequate (control), Zn(II)-depleted, or Zn(II)repleted media (formulation for all cell lines was DMEM + 10% FBS). RNA from HEK293T cells was
harvested from cells grown for 8, 16, and 24 h in each media, whereas RNA from HeLa cells was
harvested at these time points as well as after 36 h of growth. We selected these time points because
HEK293T exhibit extreme morphological changes after greater than 24 h of growth in Zn(II)-depleted
media. In contrast, HeLa cells do not exhibit morphological changes over this time course. Finally,
GM5429 fibroblast RNA was harvested after 48 h of growth. Similar to HeLa cells, these primary cells
do not exhibit a morphological change after this period.
In order to ensure that cells were responding to Zn(II) starvation, we performed qPCR analysis
to measure the relative abundance of metallothionein 1A (MT1A) transcripts in samples grown in
Zn(II)-depleted media. It is well-established that cells and organisms starved of Zn(II) exhibit decreases
in MT1A abundance.' HEK293T MT1A expression data is shown in Figure 2.6 HeLa and GM5429
MT1A expression data is shown in Figure 6.1b. As early as 8 h after being grown in Zn(II)-depleted
media, HEK293T and HeLa cells exhibit significant differences in MT1A expression compared to cells
grown in either control media. Moreover, continued growth of cells in Zn(II)-depleted media further
decreases MT1A expression. Finally, fibroblasts grown in Zn(II) depleted media for 48 h also exhibit a
decrease in MT1A expression. Taken together, the results from this qPCR experiment provided
sufficient rationale to submit these RNA samples for RNA-Seq analysis.
Samples were prepared for 3'-DGE sequencing (Figure 6.1c) at the MIT BioMicroCenter. This
approach to library preparation involves polyA capture of mRNA and reverse transcription from the 3'
UTR of captured transcripts. The 3'-UTR of transcripts is then sequenced. The advantage of this
protocol is that it enables many (96) samples to be easily processed in parallel. The disadvantage,
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however, is that this technique cannot distinguish between mRNA isoforms. After library preparation
and sequencing were completed, RNA Seq data were processed according to standard procedures
(performed by Vincent Butty).
The first type of analysis performed on these data to assess the impact of Zn(II) deficiency on
the transcriptome of HEK293T cell lines was gene ontology (GO) analysis. GO analysis is performed on
a subset of genes that is the most differently expressed in a differential expression data set.

2

GO

algorithms compare the normalized frequency of genes from particular GO groups in this subset (sets of
genes corresponding to a pathway or biological function) to the normalized frequency of genes from
particular GO groups in the entire transcriptome. Over-representation of a GO group in the subset can
be consistent with an effect of a treatment on a particular biological pathway.
GO analysis revealed a subset of GO groups modulated by Zn(II) deficiency in HEK293T cells
(Figure 6.2). This type of analysis was not performed in HeLa cells or fibroblasts because zinc starvation
did not cause significant enough changes in the transcriptome to justify GO analysis. In general, three
classes of proteins are upregulated by Zn(II) deficiency with a false discovery rate <5%: molecular
chaperones, apoptosis-related proteins, and proteins involved in response to stress (oxidative and
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Figure 6.1. (a) Workflow for RNA harvest. (b) MT1A abundance in HeLa cells and Fibroblasts
decreases with time in culture. (c) Schematic of RNA-Seq library preparation method.
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Figure 6.2. (a/b) GO groups up and down-regulated in HEK293T cells by 24 of growth in Zn(II)depleted media.
protein folding). In contrast, GO groups containing genes downregulated by Zn(II) deficiency include
terms related to the nucleus, mitochondrial and cytosolic ribosome biogenesis, zinc fingers, and
translation. Intriguingly, only a few of the terms in either category directly implicated Zn(II) in the
response to Zn(II) deficiency (zinc finger).
Uncertainty about how to further interpret the GO analyses -

in part because they did not

afford insight into the effects of Zn(II) deficiency on HeLa or GM5429 -

we further analyzed these

data in silico. Specifically, we performed principal component analysis (PCA) as a second approach to
define the metazoan response to zinc insufficiency. The goal of PCA is to reduce the dimensionality of a
dataset and thereby define the important information in a set of data.3 These dimensions are referred to
as 'Principle Components' (PC's); PC1 explains more variance in a data set than does PC2 than does
PC3 etc. PCA of HEK293T cell transcriptomes revealed that cells cultured for 24 h in Zn(II)-depleted
medium are distinguished along PC1 from cells cultured in all other conditions (Figure 6.3a). The data
suggest that HEK239T cells do not exhibit substantial transcriptomic consequences of Zn(II) deficiency
until they have been cultured for 24 h in Zn(II)-depleted medium.
In order to define which sets of genes give rise to the Zn(II)-dependent signal in PCIfrom
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HEK293T cells, we performed GO analysis on genes that most significantly contributed to PC1 (Figure
6.4a). Genes that significantly contribute to PC1 fall into one of four categories: zinc fingers,
transcription, MAP kinase signaling, and alternative splicing (Figure 6.4a).
The apparent dysregulation of MAP kinases prompted us to examine whether the cell cycle of
HEK293T cells grown in Zn(II)-depleted media was dysregulated. To address this question, we
performed flow cytometry analysis of ethanol-fixed cells stained with propidium iodide. HEK293T cells
grown in Zn(II)-depleted and Zn(II)-adequate media (control) exhibited a similar distribution of
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Figure 6.3. Principal component analysis of HEK293T, HeLa, and GM5294 cells grown in control,
Zn(II) -depleted, or Zn(II)-repleted DMEM/FBS. (a) HEK293T cells grown for 24 h in Zn(II)
depleted media are distinguished on principal component 1 from all other conditions implying that this
component captures gene expression associated with Zn(II) starvation. (b) In contrast, principal
components 1 and 2 from analysis of transcriptomic data from HeLa cells grown for up to 36 h in
Zn(II)-depleted media are correlated with time in culture. (c) Zn(II) starvation is not reflected in
principal component 1 or 2 analysis of transcriptomnic data arising from GM5294 cells grown in Zn(II)depleted media for 48 h.
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populations in G1/G2/S phases. We did not
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Figure 6.4. (a) GO analysis of the genes that chiefly
contribute to PC1 reveals an effect of Zn(II)
deficiency on HEK293T cells. (b) Flow-cytometry

analyticalparadigmsmightnotbesuitableto

analysis of the cell cycle of HEK293T cells grown in
Zn(II)-adequate and Zn(II)-depleted media shows
that cell-cycle distribution is similar between each

define transcriptomic changes caused by Zn(II)

population.

status. Alternatively, it is possible these two

deficiency in these cell lines. Signals in
biological systems can arise from small changes in expression of genes in the same network. Traditional
analyses can miss these signals. Gene Set Enrichment Analysis (GSEA) was developed to detect just
such small signals. 4 GSEA compares the position of genes in a ranked list (lists are similar to lists from
GO analysis), where the ranking often is derived from differential expression analysis, to the chance that
a particular distribution of genes in that list would be over- or under-represented at locations in the gene
list.
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GSEA revealed that ribosomal protein dysregulation is a general consequence of Zn(II)
deficiency in HEK293T and HeLa cells, as well as in primary fibroblasts (Figure 6.5). The suggestion
that ribosomal protein dysregulation is a consequence of Zn(II) deficiency is interesting for two reasons:
First, some human ribosomal proteins bind zinc. The crystal structure of the human ribosome revealed
six zinc-binding proteins (Chapter 1).2 Six further ribosomal proteins that might bind zinc were
identified via a competitive proteomics approach. 6Therefore, up to 12 equivalents of zinc might be
bound to any given ribosome in a cell. A conservative calculation of the amount of cellular zinc bound to
ribosomes then suggests that up to 50% of cellular zinc is bound to ribosomes:
6 Zn(II)

10,000,000 Ribosomes

Ribosome

Cell

X

m3
(10 X 10-6 cell

1 mol Zn(II)
6.022 x 1023 Zn(II)o

1 m3
1000 L

106
mol

That such a large fraction of cellular zinc might be bound to ribosomes has been previously
noted. However, to my knowledge, the Zn(II) content of human ribosomes has not been measured.
Second, evidence collected from B. subtilis suggests that differential ribosomal protein
expression in the context of Zn(II) deficiency is a mechanism to enable survival and growth when Zn(II)
is a limiting nutrient for growth. The bacterial transcriptional repressor Zur represses both the ZnuABC
operon, which encodes a high-affinity zinc transporter, and the ribosomal protein YtiA when zinc is
adequate. However, when zinc becomes limiting for growth, transcriptional de-repression of both
operons leads to expression of both the high affinity zinc import system encoded by ZnuABC as well as
YtiA. 3YtiA displaces a different ribosomal protein, RpmE, from ribosomes. 4 YtiA and RpmE have high
homology except, RpmE can bind Zn(II) through two cysteine residues in a Zn(I)-ribbon motif.
Therefore, it has been proposed that, when Zn(II) is limiting, YtiA displaces RpmE from the ribosome
thereby mobilizing Zn(II) from an extensive intracellular store to permit continued B. subtilis
proliferation when Zn(II) is limiting.
Given these data from lower organisms, we propose four possible mechanisms by which changes
in ribosomal protein expression or post-translational modification could support cell growth when
nutritional Zn(II) is limiting for growth. I note, however, it is unclear whether metazoans, with greater
control of their own environment compared to lower organisms, have such mechansisms.
First, similar to the case in B. subtilis, it is possible that modulation of ribosomal protein isoforms
might underlie the metazoan response to Zn(II) deficiency. To assess whether this hypothesis is
reasonable, we aligned the sequences of ribosomal protein isoforms that contain cysteine residues and
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compared the sequences to see if
any isoforms lacked cysteine
residues. Several human ribosomal
proteins meet this criterion. For
instance, RPS2 isoform 3 contains
two cysteine residues that isoforms
1 and 2 do not. A similar pattern can
be observed for other ribosomal
proteins including RPS3, RPL34,
RPL36a, and RPL37a. Intriguingly,
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b Gene Sets Downregulated by Zn(ll) insufficiency in HeLa Cells
FWER p Value
Gene Set
0.017
Ribosome
KEGG
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the crystal structure of the human

Figure 6.5. (a-c) GSEA analysis reveals that, across HEK293T,
HeLa, and GM5294 cell lines, Zn(II) deficiency modulates
expression of ribosomal proteins. Time points: HEK293T, 24 h;

ribosome suggests that all of RPS3,

HeLa, 36 h; GM5294,24 h.

RPL37a, and RPL36A all bind
Zn(II). 2 Therefore, it is possible that the model of ribosomal zinc mobilization in the context of Zn(II)
deficiency that has been established in lower organisms is extensible to metazoan biology.
Unfortunately, the type of RNA-Seq that we performed to arrive at the conclusion that
ribosomal protein dysregulation might underlie the metazoan response to Zn(II) starvation cannot
address the question of whether Zn(II) deficiency affects ribosomal protein isoform expression. As
described above, the sequencing protocol we employed involves capture of mRNA by their 3'UTR with
a polyT tract before cDNA is extended about 70 bp into the 3'UTR of the mRNA (Figure 6.1c). The
3'UTR of splice variants is often identical. As a consequence, testing the above hypothesis with our data
would be challenging. To test this hypothesis, we would require either RNA-Seq data from libraries
prepared by a method that provides full-length transcript data or primers specific for one transcript
isoform over another. We have not yet pursued either approach.
Second, post-translational modification of cysteine residues could mobilize Zn(II) from
ribosomal Zn(II)-binding sites or prevent Zn(II) binding. Consistent with this notion, methylation of
RPS17, a putative Zn(II)-binding ribosomal protein, was recently observed by mass spectrometry.
Third, the expression of Zn(II)-binding ribosomal proteins is diminished when Zn(II) is
limiting.Volcano plots showing ribosomal protein expression changes as a consequence of growth of
HEK293T, HeLa, and GM5429 cells in Zn(II)-depleted media do not support this hypothesis (Figure
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6.6). Of the three cell lines, only HEK293T cells starved of Zn(II) exhibit significantly different
expression of a ribosomal protein which might bind Zn(II) (RPL23). No Zn(II)-binding ribosomal
proteins are differentially expressed at the transcript level in HeLa cells or GM5294 fibroblasts.
However, these data are not sufficient to nullify the hypothesis that expression of Zn(II)-binding
ribosomal proteins is diminished when Zn(II) is limiting, because changes in transcript abundance are
not necessarily correlated with protein expression.
In order to determine whether any of the foregoing hypotheses could be correct, we purified
ribosomes from cells (HEK293T and HeLa) grown in Zn(II)-adequate or Zn(II)-depleted media and
measured the Zn(II) content of the resulting ribosomes (Figure 6.7a). A decrease in ribosomal Zn(II)
content could be consistent with any of the three possibilities discussed thusfar whereas a failure to
observe a difference in ribosomal Zn(II) content could suggest that all of the foregoing hypotheses are
incorrect.
To enable measurement of ribosomal Zn(II) content, ribosomes were purified from other
cellular components by ultracentrifugation. The concentration of material obtained was measured
UV/Vis (1 A26 0unit-35 pg ribosomal protein) 6 and ribosomal Zn(II) content was measured by ICPMS. After normalization of measured ribosomal Zn(II) content to amount of harvested ribosome, we
did not observe a difference between the Zn(II) content of ribosomes grown in Zn(II)-adequate
compared to Zn(II) depleted media. Thus, these data suggest that none of changes in ribosomal protein
C
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Figure 6.6. Volcano plots reveal the effect of Zn(II) starvation on the expression of ribosomal proteins in

HEK293T (a), HeLa (b) and GM5294 (c) cells.
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isoform composition, changes in ribosomal protein post-translational modification, or altered expression
of Zn(II)-binding ribosomal proteins are a response to Zn(II) starvation. We note, however, that the
data do not conclusively falsify any of the three hypotheses discussed thus far because we cannot
discount the possibility that technical issues attendant to ribosome purification confounded these
results.
The fourth hypothesis that might be consistent with the results of the GSEA analysis discussed
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Figure 6.7. (a) Workflow for ribosome purification. (b) Absorbance profile of ribosomes purified by this
approach from HeLa cells. (c, d) Neither ribosomes purified from HeLa or HEK293T cells grown in
Zn(II) depleted media have significantly different Zn(II) content compared to ribosomes purified from
cells grown in Zn(II)-adequate media.
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above is a general decrease in cellular ribosome content. Note, however, that this hypothesis is not
necessarily consistent with the data presented in Figure 6.6. In order to test this hypothesis, we
performed a polysome analysis (Figure 6.8a). Polysome analysis delineates the amount of 40S and 60S
subunits in a cell population as well as the amount of assembled, translating ribosomes (monosomes and
polysomes). To prepare cells for polysome analysis, cells were first treated with cycloheximide to stall
ribosomes on mRNA. Subsequently, ribosomes were separated from nuclei and mitochondria before the
resulting lysate was resolved on a 5-50% sucrose gradient in an ultracentrifuge.
The data arising from this experiment are referred to as a polysome profile. The first peak (lower
to higher probe depth) in a polysome profile corresponds to species in the lysate with the greatest
buoyancy -

mRNA, tRNA, and protein. The next two peaks correspond to the 40S and 60S ribosomal

subunits, respectively. The next peak - often the largest - corresponds to the 80S ribosome, which is
also referred to as a monosome. Peaks that elute after the monosome peak correspond to polysomes,
multiple ribosomes bound to a single mRNA.
Culture of HeLa cells in Zn(II)-depleted medium diminished total ribosome content in this cell
line compared to control (Figure 6.8b). After performing this experiment, we discovered that this effect
has been previously noted in the livers or rats starved of Zn(II).' The origin of the effect is not known.
However, several models could explain the observation: (1) downregulated rRNA transcription, (2)
defect in rRNA transcription, (3) 60S subunit maturation defect, (4) nucleolar export defect, (S) 40S
maturation defect, or (6) ribosomal degradation. We have not yet pursued experiments to directly test
any of these hypotheses.
In contrast, culture of HEK293T cells in Zn(II)-depleted medium did not affect the shape or
intensity of polysome profiles from these celllines (Figure 6.8c). These data suggest that any
dysregulation of ribosomal activity occurring in these cells does not broadly modulate ribosome
speciation or abundance in these cells. The origin of the differences between the response of HEK293T
and HeLa cells regarding ribosomal abundance and Zn(II) deficiency remain uncertain.
Overall, the data we have collected are consistent with the notion that ribosome abundance can
change as a consequence of Zn(II) starvation. Further, preliminary data are consistent with the notion
that total Zn(II) per ribosome does not change due to Zn(II) starvation. Neither the mechanistic basis
nor the implications of these findings is yet evident.
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Materialsand Methods
Cell lines and cell culture: Cell lines were propagated in DMEM + 10% FBS containing
penicillin/streptomycin (100 U/mL, Corning 300-002-CI) and L-glutamine (2 mM, Corning 25-005CI). GM5294 fibroblasts were obtained from the Coriell cell repository.
RNA HarvestforqPCR and RNA-Seq. Cells were washed with PBS and RNA was extracted by using the Qiagen RNeasy
Mini Kit (74104, Qiagen) after homogenization of lysate with
prepared from 200 ng - 1.00

QAshredder columns (79654, Qiagen). cDNA was

g of RNA with an Applied Biosystems Reverse Transcriptase cDNA Kit (4368813) in a

thermocycler. Samples were analyzed in a Light Cycler 480 II Real Time PCR Instrument in the MIT BioMicro Center
following previously described methods." qPCR primer specificity was assessed by agarose gel electrophoresis and
melting curve analyses. Primer sequences are listed in Table 2.1. qPCR primers.

RNA Seq librarypreparationand Data analysis
3'DGE library preparation:
RNA samples were quantified and their quality was assessed by using an Advanced Analytical
Fragment Analyzer.
After passing quality control (RNA integrity number = 10), 20 ng of total RNA was used for
library preparation with ERCC Spike-in control Mix A (Ambion 106 final dilution, 4456740). All steps
were performed on a Tecan EVO150. 3'DGE-custom primers 3V6NEXT-bmc#1-24 were added to a
final concentration of 1.2 pM. (5'-/Biosg/ACACTCTTTCCCTACACGACGCTCTTCCGATCT
[BC]NioT 30VN-3' where
=Unique

Biosg = 5' biotin, [BC6] = 6bp barcode specific to each sample/well, N10

Molecular Identifiers, Integrated DNA technologies).

After addition of the oligonucleotides, samples were denatured at 72 °C for 2 min followed by
addition of SMARTScribe reverse transcriptase per manufacturer's recommendations with TemplateSwitching oligo5V6NEXT (12 pM, [5V6NEXT:S'-iCiGiCACACTCTTTCCCTACACGACGCrGrGrG-3'where iC: iso-dC, iG: iso-dG, rG: RNA G]) and incubated at 42 °C for 90 min followed by
inactivation at 72 °C for 10 min.
Following the template switching reaction, cDNA samples from 24 wells containing unique well
identifiers were pooled together and cleaned by using RNA Ampure beads at 1.0 x cDNA was eluted
with 90 pl of water. Eluted cDNA was digested with Exonuclease I at 37 °C for 45 min before
inactivation of Exonuclease I at 80 °C for 20 mins. Single-stranded cDNA was then cleaned by using
RNA Ampure beads at 1.Ox and eluted in 50 l of water.
Second strand synthesis and PCR amplification was done by using the Advantage 2 Polymerase
Mix (Clontech) and the SINGV6 primer (10 pmol, Integrated DNA Technologies 5'-
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/SBiosg/ACACTCTTTCCCTACACGACGC-3'). 12 cycles of PCRwere performed followed by clean
up by using regular SPRI beads at 1.0x. DNA was eluted with 20 pL of elution buffer (10 mM Tris-Cl,
pH = 8.5). Amplification of cDNA was confirmed by using the Fragment Analyzer. Illumina libraries
were then produced by using standard Nextera tagmentation substituting PSNEXTPTS-bmc primer (25

ptM, Integrated DNA Technologies, (5'-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG*A*T*C*T*-3' where

=phosphorothioate

bonds.) in place of the

normal N500 primer.
Final libraries were cleaned by using SPRI beads at 1.5x and quantified by using both the
Fragment Analyzer and qPCR before being loaded for paired-end sequencing by using the Illumina

NextSeqSOO.
Sequencing data analysis
Post-sequencing, quality-control on each of the libraries was performed to assess coverage
depth, enrichment for messenger RNA (exon/intron and exon/intergenic density ratios), fraction of
rRNA reads and number of detected genes by using bespoke scripts.
3'DGE quantification"
Read pairs were combined into a single Fastq file with well/UMI information concatenated with
the second read name, reads sharing sequence and UMI information were collapsed into single
exemplars and aligned against the hg19 human genome assembly with BWA aln v. 0.7.12-r1039 and
converted into the sam/bam format with bwa samse. Subsequently bam files were sorted by read
positions and indexed by using samtools v 0.1.18." Gene expression was estimated based on reads
with the following parameters -task score3p

-

mapping near the 3'end of transcripts by using ESAT

alignments $sample list -wLen50 -wExt5000 -wOlap 0 -sigTest 0.01 -multimap ignore, poiting to a
refseq-based gene annotation (hg19, as downloaded from the UCSC Genome Browser) and gene-level
data were used for downstream analyses.
Cell Cycle Analysis: HEK293T cells were grown for 24 h in A12-resin or control-resin treated
media before being harvested, fixed with ethanol, and stained with propidium iodide according to the
instructions associated with the stain (Invitrogen FxCycleT M PI/RNase Staining Solution, F10797).
Gene Set EnrichmentAnalysis: Pre-ranked gene lists derived from differential expression analysis
performed by Vincent Butty at the MIT BioMicro Center were imported into the GSEA graphical user
interface and the C2 Gene sets were used.
6

Ribosome purfication
Six, 15-cm dishes of HeLa (2,000,000) or HEK293T (5,000,000) cells were plated. 18 h later,
cell culture medium was changed to Zn(II)-depleted or Zn(II) adequate (1
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SmL per 15-cm dish).

HEK293T cells were harvested 24 h after medium change, HeLa cells were harvested 48 h after medium
change. Cells were harvested by scraping into ice-cold PBS before lysis (250 mM sucrose, 250 mM KCl,
S mM MgCl 2, 50 mM Tris.Cl, pH = 7.4 added in three portions before addition of NP-40 from a 10%

solution to a final concentration of 0.7%). Nuclear and mitochondrial fractions were pelleted by
centrifugation (800 x g nuclear, 16,000 x g mitochondrial) and the resulting lysate was brought to 0.5 M
KCl by addition of 4 M KCl before being loaded onto a sucrose pad (1 mL of 1 M sucrose, 0.5 M KCl, S
mM MgCl 2, and 50 mM Tris.Cl) in a TLA100.3 polycarbonate tube. Samples were centrifuged in a
TLA100.3 rotor for 3.5 h at55,000 RPM. The supernatant was removed and the resultant glassy pellet

was resuspended in buffer (25 mM KCl, 5 mM MgCl 2, 50 mM Tris.Cl pH=7.4)
Polysome purification:
24

h prior to treatment, cells were plated at 40% confluence in a15-cm dish. Cells were treated

with either Zn(II)-depleted or control treated medium and maintained in each media for 24

h

(HEK293T) or 48 h (HeLa). Ten minutes prior to harvesting, cells were treated with cycloheximide (15
pL of 100 mg/mL in DMSO). Monolayers were then washed with (PBS containing cycloheximide 100
pg/mL) before being scraped into the same buffer (5 mL). Cells were pelleted (500 RPM) in a
benchtop centrifuge for5 min before being lysed in hypotonic lysis buffer (5 mM TRIS pH=7.5, 2.5 mM
MgCl2, 1.5 mM KCl, 425 pL). The resultant suspension was transferred to a 1.7 mL Eppendorf tubes
and vortexed for 5 sec before addition of 10% Triton (25 pL) and 10% sodium deoxycholate (25 pL).
Samples were vortexed for a further 5 sec before centrifugation (16,000 x g) to pellet nuclei and
mitochondria. Equal volumes of supernatant were loaded onto a 5-50% sucrose gradient in SW41 TI
ultraclear centrifuge tubes. Samples tubes opposite each other were brought to within 0.05 g of each
other before centrifugation at 36,000 RPM in a preparative ultracentrifuge. After two hours, samples
were brought to the Burghe lab in the MIT Department of Biology and polysome profiles were collected
by using a Biocomp Piston Fractionator.
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Appendix 2: Hetero-oligomerization of ZIPs
Author Contributions: Christopher E. R. Richardson conceived of the project, obtained funding,
designed experiments, and wrote and edited the chapter. Stephen J. Lippard conceived of the project,
obtained funding, oversaw research, and edited the chapter. Matthew D. Shoulders conceived of the
project, obtained funding, oversaw research, and edited the chapter.
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Overview
The recent crystal structure of the N-terminal domain of ZIP4 suggests that the domain might
mediate inter-ZIP interactions within the LIV-1 subfamily.1 Intriguingly, homology modeling of other
LIV-1 subfamily domains implies structural similarities, in particular a conserved PAL motif involved in
dimerization, between this domain in different ZIPs." Given such similarity, we were curious to define
the role of the N-terminal domain of ZIPs in mediating inter-ZIP interactions. In particular, we sought
to address two questions. First, how selective are ZIP-ZIP interactions? Previous reports suggest that
ZIP6 and ZIP10 heterodimerize,/ 7" but to the best of our knowledge, the propensity of other ZIPs to
heterodimerize has not been assessed. Second, is the N-terminal domain necessary and/or sufficient to
mediate ZIP dimerization?
We have made progress toward addressing each of these questions. First, immunoprecipitation
experiments revealed that overexpressed FLAG-tagged ZIP4 and ZIP8 are immunoprecipitated by HAtagged ZIP4/5/7/8/12/13/14. Second, we established a split NanoLuciferase assay to assess the
dimerization of ZIP N-terminal domains in live cells.

177

ZIP Coimmunoprecipitations
To test whether ZIP4 and ZIP8 can heterodimerize with other ZIPs, we co-transfected either
FLAG-tagged ZIP4 or FLAG-tagged ZIP8 with one of RFP or HA-tagged ZIP4/5/7/8/12/13/14. ZIP4
and ZIP8 were chosen for these experiments for two reasons. First, ZIP4 and ZIP8 are structurally
distinct (Chapter 4). Second, and practically, these two ZIPs are the easiest to visualize on a Western
blot. Immunoprecipitation (IP) oflysate in radio immunoprecipitation assay buffer (contains 0.1% SDS,
0.1% sodium deoxycholate, 1% triton X-100) with HA-beads pulls down HA-tagged bait as well as
FLAG-tagged ZIP4 or ZIP8 ( Figure 6.9). The results indicate that, if a particular HA-tagged ZIP
expressed, it always co-immunoprecipitated ZIP4 FLAG or ZIP8 FLAG ( Figure 6.9b,c).
Closer inspection of the immunoprecipitation blots in Figure 6.9 reveals several features, many
of which we cannot explain. First, not all ZIPs express well. This point is evident on the basis of both HA
input blots and HA elution blots. As noted above, HA-tagged ZIP4 and ZIP8 are readily visualized on
the blots, but ZIP10/12/14 HA are not. Second, HA probing of the IP elutions reveals more than one
band in many lanes. We currently cannot distinguish whether these bands correspond to (i) degradation
of ZIPs in vivo, (ii) degradation of ZIPs during lysis, or (iii) adventitious HA-reactive bands. Third, the
immunoblot corresponding to the FLAG-probe input for the ZIP4 IP shows two bands, likely at
molecular weights corresponding to monomeric and dimeric ZIP4 (Figure 6.1Ob). Moreover, if one of
these bands is present in the FLAG elution, the other is also present. Fourth, ZIP8 FLAG input lanes
show bands corresponding to the molecular weight of dimer (~100 kDa), and might show a band
corresponding to the molecular weight of monomer. The bands above the putative molecular weight of
the dimer might correspond to glycosylated ZIP8, which both I (Figure 6.11) and others" have
previously observed. Probing for FLAG in the corresponding elution only shows a band at the molecular
weight of dimer.
The third and fourth observations made regarding the IPs were unanticipated. If these IP's
accurately reflect the oligomeric status of these ZIPs in cells, then the blots imply that both ZIP4 and
ZIP8 interact with other ZIPs as dimers. Recent work, however, contradicts this notion." A second
possibility is that these high molecular weight bands are an artifact of the IP protocol. In order to address
this latter concern, we increased the stringency of the immunoprecipitation described above by lysing
cells under harsher conditions and by washing the HA-beads with a high-salt buffer (only done for ZIP8FLAG expressing cells) (Figure 6.10). Despite this change in protocol, many of the interactions
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between different ZIPs were retained (Figure 6.10). These data might be, therefore, evidence for
unexpected heteroZIP interactions (Figure 6.10b). Intriguingly, despite an increase in IP stringency, I
still only observe a band at a molecular weight that corresponds to dimeric ZIP8 (Figure 6.10b). In
point of fact, we do not have evidence that this band corresponds to dimer. Indeed, both I and others1 9
observe that ZIP8 is glycosylated (Figure 6.11), which can cause a protein to run at a higher molecular
weight than its mass suggests. However, as is also evident in Figure 6.11, 1 have observed a band in
Western blots from cells transfected with HA-tagged ZIP8 that is close to the predicted molecular
weight of monomeric ZIP8 (50 kDa).
The central goal of future experiments must be to clearly define the identity of each band in
input and elution lanes. Realizing this goal will enable further experiments to be designed that clearly
identify the dimeric/oligomeric state of ZIPs in cells.
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Split NanoLuciferase assay to measure the dimerization of ZIP N-terminal domains in live cells
As is evident from the foregoing discussion, there are complications attendant to IP of ZIPs. An
ideal assay to assess ZIP dimerization, therefore, would function in live cells and thereby avoid the
complications attendant to solubilization of membrane proteins. The structure of full-length ZIPs is not,
however, obviously amenable to most standard methods to assess protein-protein interactions in live
cells. The proteins are large, transmembrane, and there is evidence that each domain is functional in
some regard.
The data discussed in the Introduction, however, suggest that the N-terminal domains of ZIPs
could be a suitable proxy to assess ZIP dimerization. Most notably, recent crystallographic data are
consistent with a model wherein the N-terminal domains of ZIPs mediate ZIP dimerization. 6 I,
therefore, chose to apply a split luciferase assay to measure ZIP dimerization in live cells.
A wide range of assays have been developed to measure protein-protein interactions in live
cells," but a split luciferase assay is well-suited for the purpose of detecting ZIP-N-terminal domain
interactions (Figure 6.12a,b)" First, and practically, the assay is inexpensive to implement and it is
sensitive. Second, the assay has a low background. In contrast to bimolecular fluorescence
complementation (BiFC) assays, which are typically undertaken with a monomeric YFP (mVenus, for
instance), NanoLuciferase fragments have a low (190 pM) intrinsic affinity. As a consequence,
background luciferase activity in this assay should be low. Third, and again in contrast to split YFP
interactions, 2 split NanoLuc interactions are reversible. 2 Therefore, this assay might be applied to
determine the effect of particular stimulations on ZIP-N-terminal domain interaction status, that is, to
measure whether stimulation of cells with a particular metal ion diminishes or enhances ZIP
dimerization.
A key disadvantage of the split NanoLuc assay is that luminescent signal above background
cannot be directly correlated with affinity of interacting pairs. Both affinity of interacting partners and
expression level of interacting partners affects total luminescence. Regardless, the assay can reveal
whether two proteins interact and what stimulation might modulate the interactions. It is therefore
sufficient for many applications.
For a pilot experiment, we designed constructs as shown in Figure 6.12a. Briefly, we interposed
the PDGFR transmembrane domain (from Addgene vector 20861) between the extracellular Nterminal domain of ZIP4 and one domain of the split luciferase (split domains are termed LgBiT and
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SmBiT). Three concepts underlie this design. First, we anticipated that the N-terminal domain of ZIP4
in this construct would have the same topology as full-length ZIP4. Second, we expected that luciferase
would not interfere with the maturation of, or interactions associated with, the N-terminal domain of
ZIP4. Finally, we reasoned that the segregation of NanoLuc and ZIP domains would prevent the ZIP Nterminal domain from perturbing NanoLuc luminescence. Note further that we replaced the
endogenous signal sequence of ZIP4 with the immunoglobulin K leader sequence (Figure 6.12a). We
chose to use this signal sequence rather than the endogenous signal sequence of ZIP4 speculating that,
as we used other ZIPs in this assay in the future, the use of a single constant leader sequence would
minimize differences in translation initiation efficiency and endoplasmic reticulum import efficiency
between ZIPs. Moreover, we have empirically observed that constructs with this leader sequence express
efficiently.
Preliminary data suggest that the N-terminal domain of ZIP4 is sufficient to promote ZIP
dimerization. Luminescent signal from cells co-transfected with ZIP4-LgBiT and ZIP4-SmBiT was
almost as great as that from cells co-transfected with cDNA encoding cytosolic, constitutive interactors
(Promega N203A, N204A) (Figure 6.12c). In contrast, luminescent signal from cells transfected with
ZIP4-LgBiT and HaloTag-SmBiT (Promega N202A) - HaloTag and ZIP4 are not predicted to
interact - is only slightly above background signal (LgBiT-PRKACA + HaloTag-SmBiT). Taken
together, these data suggest that the N-terminal domain of ZIP4 is sufficient to drive protein
dimerization.
In order to test the effect of Zn(II) on ZIP4 N-terminal dimerization, we stimulated transfected
cells with Zn(II) (100 pM) after measuring luminescent signal for 20 min and then measured
luminescent signal for a further 20 min. We chose to test the effect of Zn(II) in this experiment
speculating that, because ZIP4 is a Zn(II) transporter, Zn(II) is more likely than other agents to affect
the structure of the transporter. Stimulation of cells with Zn(II), however, did not decrease cellular
luminescence (Figure 6.12d) suggesting that Zn(II) does not cause the N-terminal domain of ZIP4 to
dissociate.
There are several straightforward next steps that, if taken, could provide interesting insight into
ZIP function. First, the N-terminal domains of other LIV-1 subfamily ZIPs should be cloned into the
vectors described above and the effects of their co-expression with other ZIP N-terminal domain
constructs should be measured. Note, however, that rigorous and quantitative interpretation of this

181

assay will probably be challenging because simultaneous introduction of different N-terminal domains
might significantly complicate interpretation of the experiments (Figure 6.12e).
If these experiments reveal that the N-terminal domains of different ZIPs interact, follow-up IPs
should be performed to test whether interactions discovered with this assay can be translated to
delineate interactions of full-length ZIPs. Ideally such interactions would be assessed by using
endogenous ZIPs. Unfortunately, to my knowledge suitable antibodies are not currently available.
As a second follow-up, this experimental paradigm is well-suited to assess the role of particular
amino acids in mediating ZIP N-terminal dimerization. Either a random mutagenesis approach or
structure-guided design could be applied. The same concerns attendant to experiments involving two
different N-terminal domains, however, must also be acknowledged in this experimental regime.

182

Protocols:
Immunoprecipitation - RIPA protocol:
HEK293T cells (700,000) were plated in six-well plates. The following day, cells were

transfected with a single construct (RFP, ZIP4-HA, ZIPS-HA, ZIP8-HA, ZIP1O-HA, ZIP12-HA, ZIP13HA, ZIP14-HA, ZIP8-4-HA, ZIP4-8-HA, or ZIP8-TMD-HA; 500ng vector) or two constructs (one of
the preceding and either ZIP4-FLAG or ZIP8-FLAG (500 ng) with Lipofectamine 3000. Twenty-four
hours later, cell mononlayers were washed twice with phosphate-buffered saline (PBS) before being
scraped into the same buffer. Cells were pelleted (1,000 x g, 10 min) before being lysed in 1.0 mL radio
immunoprecipitation asay buffer (RIPA, 10 mM Tris-HCl, pH= 8.0, 1% Triton X-100, 0.1% Sodium
Deoxycholate, 0.1% sodium dodecyl sulfate, 140 mM NaCl, protease inhibitor cocktail) with sonication
(25% Amplitude, 3 s).
Insoluble debris was pelleted (21,000 x g, 25 min) and the protein concentration of the soluble
material was quantified with the Pierce bicinchonic acid (BCA) assay (Pierce, 15 L lysate, 200 L of
2:49:49 copper solution:Reagent A:Reagent B, BSA standard curve, 30 min incubation at 37 °C). Lysate
concentration was normalized to 200 pg/m in RIPA
and retained as 'input'. HA-agarose (13

(1 mL total volume). A portion of sample (50 L)

L) or FLAG-resin (1S pL) was added to each sample

depending on the experiment. Samples were maintained at 4 °C overnight on a rotator. The following
morning, samples were spun down (1,000 RPM, 5 min), the supernatant was removed, and the samples
were washed with RIPA (1 mL, 3 washes). Subsequently, HA-agarose beads or Flag resin were/was

taken up in Laemelli buffer (375 mM TRIS-HCl (pH = 6.8),6% SDS, 4.8% glycerol; 100 .L) and the
suspension was maintained at 37 °C with shaking for 45 min. Next, the suspension was pelleted and the
supernatant was transferred to a new Eppendorf tube. Finally, the supernatant was diluted with 20 L of
Laemelli buffer containing DTT (1 M) and maintained at 37 °C for 1 h. This IP elution was then
resolved on a 4-14% (home-made) gradient gel. When the 17 kDa marker band neared the end of the
gel, the gel was transferred to nitrocellulose (25 V, 2.5 W, 12 min, TRANS2-TURBO). The membrane
was blocked with milk and then probed with anti-FLAG(Agilent, 200474-21) and anti-HA (sc-7392,
1:100).
Immunoprecipitation- SDSprotocol:
Samples transfected and grown as above were lysed in 1% SDS (150 pL) with sonication before
being diluted in RIPA (10 mM Tris-HCl, pH= 8.0, 1% Triton X-100, 0.1% Sodium Deoxycholate, 0.1%
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sodium dodecyl sulfate, protease inhibitor cocktail, 140 mM NaCl). Thereafter, the protocol from above
was followed, with the subtle change that washes were performed with RIPA containing 500 mM rather
than 140 mM NaCl.
Split NanoLuc Assay:
24 h prior to transfection, HEK293T cells were plated in a white, opaque-bottom 96-well plate.
The following day, cells were transfected in OptiMEM with 50 ng total DNA per well with
Lipofectamine 3000 according to the manufacturer's instructions. After 18 h of incubation, the plate was
removed from the tissue culture incubator, and furimazine substrate was added according to instructions
provided by Promega (1:20 dilution of substrate in live cell imaging buffer affords a 5 x stock solution
that can be added to cells). After substrate addition, cells were maintained in the plate reader (Synergy
Hybrid H1, 37 °C) for 20 min while luminescence was measured. After this period, ZnSO 4 (10 mM
stock, 1 pL) was added to each well and luminescence was measured for a further 20 min. At the end of
this period, transfected wells that had not been treated with furimazine were used for the CellTiter-Glo
assay to ensure that transfection of these constructs was not toxic to the cells.
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