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 ABSTRACT 

The Zrt/Irt-like protein (ZIP) family consists of ubiquitously expressed divalent 

metal transporters critically involved in maintaining systemic and cellular homeostasis of 

zinc, iron, and manganese. As a highly diverse family, ZIPs exhibit very different substrate 

preference, but the molecular mechanism underlying the variations in substrate specificity 

has not been clarified. The ultimate goal of my research is to elucidate the mechanism of 

how ZIPs distinguish chemically similar d-block divalent metals. Here, I present an 

engineering method for human ZIP8, where four differentially conserved residues were 

rationally mutated into their counterparts in human ZIP4, creating a zinc-preferring 

quadruple variant (Q180H/E343H/C310A/N357H), which exhibited largely reduced 

transport activities towards Cd2+, Fe2+, and Mn2+ whereas increased activity toward Zn2+, 

“turning” human ZIP8 into a human ZIP4-like transporter. Current progress is related to a 

conditional selectivity filter identified in the process, which appeared to be the molecular 

determinants of the substrate preference of ZIPs. To better biochemically study ZIPs, I 

developed a non-radioactive metal uptake assay by taking advantages of inductively 

coupled plasma mass spectrometry (ICP-MS) and rare stable isotopes. Combined with 

the quantification of the cell surface expression of human ZIP4 using biotinylation or 

surface-bound antibody, I estimated the turnover number of human ZIP4 to be 0.08-0.2 

s-1, clearly classifying human ZIP4 as a carrier. Zn efflux effect during the cell-based 

assay was evaluated to exclude the possibility that metal efflux may significantly affect 



 

 

 

data interpretation in the cell-based metal transport assay. The potential of converting the 

current approach into a high-throughput format by using laser ablation (LA) ICP-MS was 

explored. Taking advantage of these progress, I am applying the ICP-MS method to a 

further study on the conditional selectivity filter, where different amino acid compositions 

of residues were introduced into the selectivity filter (Q180/D318/E343) to screen the 

change in the substrate preference. This work led to the discovery of variants with 

drastically increased activity and altered substrate preference. Selected variants also 

exhibited novel activities against metals that are not substrates of wild-type ZIP8, 

including Pb2+ and the diatomic cation VO2+. I believe this research provided clearer 

understanding of the ZIP family and useful approaches that can be applied to the studies 

of metal transporters beyond the ZIP family. 
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CHAPTER 1: INTRODUCTION 
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1.1 Introduction of Zn 

Zinc (Zn) is a greyish, light blue metal, with a density of 7.140 g/cm3 and a melting 

point of 692.68 K (419.53 ℃). Under room temperature Zn is brittle. It is occupying 0.0075% 

of the Earth's crust and is therefore ranked 24th in the most abundant element1. There 

are two possibilities of the origin of the name zinc. The first one is that it derived from a 

Persian word “seng” or “sing”, meaning stone, while the second one was from a 16th 

century book Liber Mineralium II, written by a German alchemist Paracelsus, where the 

word was referred to as "zincum" or "zinken"2. 

Since the first recognition of the physiological significance of Zn in lives3, many early 

studies have revealed the necessity of Zn for the growing of plants4, rats5 and birds6. The 

significance of Zn in human was not remarked however, until 1961, when Zn was 

recognized as a necessary micronutrient for human7. In modern biological studies, the 

great significance and essential roles of Zn have been constantly proven in all kingdoms 

of lives, including animals8–12, plants13 and microorganisms14. 

In human body, Zn is an indispensable element and is also the second most abundant 

trace, only after iron15. Because of its full d shell orbitals, Zn is different from other 

biologically important transition metals such as Fe and Cu, as it is not involved in redox 

reactions. Main roles for Zn in lives including catalytic, structural and signaling16,17. The 

great importance of Zn to lives lies not only in the multiple facets of roles it is playing, but 

also the broad range of processes it is involved in.  
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As the second most abundant trace element in human, there is about 2-3 grams of 

Zn in an adult’s body, distributed mostly in skeletal muscle (60%), followed by bone (30%), 

liver and skin (5%, combined), other major organs including brain (1.5%), kidney (0.7%) 

and heart (0.4%)18,19. Such wide range of distribution provides supporting evidence from 

the tissue level that it is vital for our body to maintain a strictly controlled Zn homeostasis. 

In fact, early studies in rats demonstrated that dietary uptake of Zn ranging from 10 to 

100 mg/kg did not alter whole body Zn amount of the testing subjects, which was 

maintained a constant around ~30 mg/kg, suggesting a robust homeostatic system20. 

Bioinformatic studies have pointed out that about 2800 human proteins are potentially 

Zn-binding proteins, taking up 10% of the human proteome15. However, Zn did not always 

have such deep and wide involvement in lives, and it was probably a gift from the shift of 

Earth’s early environment. Studies on Earth's early atmosphere and oceans pointed out 

that Zn was not easily accessible until the geochemical shift that turned the ancient 

sulfide-rich ocean into the modern sulfate-rich ocean21,22. The shift from sulfide to sulfate 

not only represented the ocean oxygenation, but also suggested the release of Zn, 

providing foundations of the rise for Zn-bound protein structures such as Zn fingers. This 

is without doubt one of the biggest turning points in the development of early life forms 

and is even considered prerequisite for the appearance of eukaryotes23. 
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1.2 Physiological roles of Zn 

Zn plays numerous roles in living organisms, which can be categorized into structural, 

catalytic and signaling roles. 

1.2.1 Structural role of Zn 

The structural role of Zn associated with proteins was first revealed in a very early 

crystallography study about insulin24. Since then, more studies were published on 

structural Zn and the role it is playing has been clearer to the community. The structural 

role of Zn in a protein is in a way similar to that provided by disulfide bonds25. The stable 

coordination of Zn in the complexes ensures the stability of the protein, both locally and 

globally. In structural Zn sites, Zn is usually coordinated by four residues in a tetrahedral 

geometry. Among all the residues coordinated to Zn, cysteine is the most commonly 

observed one, followed by histidine, and aspartate as well26,27. 

Zinc finger motif is one of the most important structural roles that Zn is playing. It is a 

small motif that features in coordinating one or more Zn ions and therefore stabilizing the 

protein structure. Zinc finger motif was firstly identified in African clawed frog (Xenopus 

laevis), in a study on transcription factor IIIA. It was by then considered a special DNA-

binding motif only presented in Xenopus laevis until later when people found out that this 

structure can be ubiquitously found in a vast amount of different protein structures28–30.  

C2H2 (Cys2-His2) Zn finger is one of the most commonly found domains in 

transcription factors of eukaryotes and it is also the best characterized class of zinc finger 
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proteins (Figure 1.1A). The classical C2H2 domain has 28-30 amino acids, forming a β-

hairpin (two β-strands in the antiparallel orientation with a linker in between) and a α-helix 

and therefore a ββα fold. The Zn coordination site is made up of two conserved cysteine 

residues from the end of the β-strand and two histidine residues at the C-terminus of the 

α-helix. Within this C2H2 domain, the two cysteine and histidine residues as well as the 

residues forming the hydrophobic core of the α-helix are conserved while the remaining 

parts could be variable31,32. Mammalian Zif268 is one of the first characterized and also 

best characterized proteins in this class. Within this DNA-binding protein, there are three 

zinc fingers forming a semicircle structure to bind the major DNA groove and are usually 

spaced at 3-bp intervals. The α-helix within the structure act as recognition helix that can 

make sequence-specific contacts to DNA bases and therefore provide guidance to the 

protein33. 
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Figure 1.1. Zinc finger motifs. Zinc ions were shown in sphere, coordinated residues to 
the Zn ions were shown in stick mode. (A) C2H2 zinc finger motif from the TFIIIA in 
Xenopus laevis (PDB ID 1TF3)34. (B) Zinc ribbon domain in the N-terminal domain of 
TFIIB from Pyrococcus furiosus, (PDB ID 1PFT)35. (C) Treble clef domain from the human 
MYM-type protein 5 (PDB ID 2DAS)36. 

Zinc ribbon is structurally simpler than other major groups of zinc finger motif but is 

also considered as the largest fold group. It is usually made up of two β-hairpins and the 

Zn ion in this structure is coordinated to 4 cysteine residues, two from each hairpin 

structure (Figure 1.1B). Many transcription factors adopt this motif, including TFIIS, TFIIB, 

RNA polymerase II subunit 9 RPB9 and Topoisomerase I and III35,37–39. Another example 

of zinc ribbon domain in a protein is protein kinase CK2, where the zinc ribbons do not 

just form zinc coordination sites but are also in contact with each other and form 

homodimers through hydrophobic interactions40. 



 

7 

 

Treble clef zinc fingers are a large group of protein whose functions vary greatly. The 

core of a treble clef zinc finger is complicated, including a zinc knuckle, a loop, a β-hairpin 

and a α-helix, in the order from N- to C- terminal (Figure 1.1C). The zinc knuckle refers 

to a conserved "CPXCG" motif and can be regarded as a shorter and tighter β-hairpin. 

The coordination site of Zn is normally made up of two residues from the zinc knuckle 

and two from the first turn of the helix39,41. Studies have constantly pointed out that treble 

clef is very versatile in its function and can possess different structural modifications. For 

example, RING domain of RAG1 has an additional zinc ion sharing chelating residues 

with the coordinated Zn to form a metal cluster36. 

1.2.2 Catalytic role of Zn 

The first identification of the catalytic role of Zn can be dated back to 1939 when 

erythrocyte carbonic anhydrase was found to be a Zn-dependent enzyme42. Since then, 

more and more catalytic roles of Zn have been found and explored. 

A catalytic Zn refers to a Zn ion that is right at the active site of an enzyme and is 

directly reacting with the substrates and therefore part of the catalysis and reaction. 

Different from structural Zn, a catalytic Zn usually has an open coordination sphere, which 

means in the usual four coordination geometry, at least one of the ligands is a water 

molecule43–47. However, in some cases such as adenosine deaminase where the catalytic 

Zn is adopting a trigonal bipyramidal geometry, the Zn ion is coordinating with 4 amino 

acid side chains and a water molecule48,49. The most commonly seen and the 
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predominant residues coordinating to Zn at catalytic Zn site is histidine. Glutamate, 

aspartate and cysteine are also seen at the catalytic site44,50. 

There are a total six classes of enzymes that were defined in the enzyme commission 

(EC) system, that is hydrolases, transferases, oxidoreductases, ligases, isomerases and 

lyases. Zn can be found in all six of them. Granted Zn also plays some other roles in these 

enzymes, the catalytic Zn in most of these classes is over 75%. With all the Zn enzymes, 

hydrolase is the biggest class, taking up 59% of the total Zn enzymes. Consistently, Zn 

enzyme is also a significant part of the hydrolases, where 25% of the hydrolases have Zn 

and 21% have Zn that plays a catalytic role50,51. Zn can play two roles in hydrolases, 

including formatting a hydroxide ion from the water molecule it coordinated to for attacking 

substrates, and also promoting electrophilicity of the substrate through polarization of C-

O or P-O bond by coordinating to the oxygen atom. In the case of carboxypeptidase A52 

and thermolysin53, only one Zn was required for both jobs, whereas for other cases such 

as alkaline phosphatase54,55 and phospholipase C56 two or even three Zn centers were 

required. 

Catalytic mechanism outside of the hydrolases is very different from what previously 

described. It usually involved transfer of a proton to an active site, triggered by zinc 

binding and the increase of the acidity of the proton. This proton transfer will promote 

electronic rearrangement of the substrate and is the most commonly seen mechanism in 

non-hydrolytic enzymes (87% of the cases), enzymes such as 3-dehydroquinate 
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synthase adopts similar mechanism57. In oxidoreductases, similar electron 

rearrangement can also be seen. Structural studies on the super family of alcohol 

dehydrogenases demonstrated that Zn could shift from multiple coordination modes 

during the reaction cycle to participation in the redox reaction58. 

In transferases and ligases, Zn usually plays a structural role instead of catalytic role. 

In these enzymes, there is usually only one Zn ion whose main job is to stabilize the 

protein structure. This could be right next to the active site of the enzyme such as the 

case shown in galactose-1-phosphate uridylyl transferase59 or within the zinc finger motif 

within the protein like CREB-binding protein60. 

1.2.3 Zn and cell signaling 

Other than structural and catalytic roles, another crucial part that Zn is playing in cells 

is regarding cell signaling. The significance of Zn as a signaling molecule has been 

emphasized and commented as “Zinc is the calcium of the 21st century”61. The modulating 

and signaling work were achieved due to fluctuations of the Zn concentration, which 

regulates many physiological processes and is also often connected to pathological 

events. In chemical signaling, Zn acts as a signaling molecule in endocrine, paracrine, 

and autocrine systems; in the nervous system, Zn is released by presynaptic neurons 

and participates in synaptic transmission61–63. Some cell surface proteins can bind to Zn 

and further regulate downstream activities, including G protein-coupled receptor 39 
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(GPR39)64,65. Zn can also suppress insulin degradation and therefore connected to 

glucose and insulin metabolism66,67.  

Within cells, Zn acts as a second messenger68,69, which can come from either outside 

or inside of the cells. In fact, Zn release from subcellular organelles such as endoplasmic 

reticulum (ER) was referred to the source of “zinc wave” and it has been considered as 

an indispensable part for the signaling functions70,71.  

Another important part of the intracellular release is from the cytosolic Zn-bound 

proteins. A well-known example for that is metallothionein (MT), which is a protein family 

sensitive to oxidation and will release Zn upon oxidative stimulation, and therefore is often 

involved in Zn signaling72,73. In many organisms including mammals, MT is regulated by 

the zinc-responsive transcription factors. MTs are small and cysteine-rich metal binding 

proteins that can bind to zinc, copper, cadmium and other heavy metal ions. Because 

their expression levels correlate with zinc amount, it can therefore bind to excess zinc 

when there is too much zinc in the system. In the meantime, MT can also donate zinc to 

the zinc-binding site of other zinc-coordinated proteins. These protective and delivering 

roles represent a buffering effect of MT in the cytosolic environment. 

Zn-responsive transcription factors can be ubiquitously found in all kingdoms of life 

and play significant roles in signaling and zinc homeostasis. They can generally be 

divided into two classes, one protects cells from zinc deficiency and promote expression 

or gene related to Zn uptake while the other protects cells from zinc overload and activate 
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processes including Zn efflux and storage. One of the well-studied Zn-responsive 

transcription factors is MTF-1, whose main role is to protect cells from excessive amount 

of Zn. In mammals, MTF-1 usually binds to metal responsive elements (MREs) in the 

promoters of the target genes, which will be followed by the target gene expression74. 

There are also exceptions, such as the in the case of Zip10, which plays a vital role in 

cellular Zn uptake in hepatocytes. MTF-1 binds to the MRE downstream to the 

transcriptional start site of Zip10 and the binding of MTF-1 prohibits the progression of 

the RNA polymerase II and therefore suppress the expression of Zip1075. Zn-responsive 

transcription factors like MTF-1 are actively regulating Zn homeostasis within our bodies. 

Zn signaling can be further categorized as “fast” or “early” signaling and “late” 

signaling. “Fast” or “early” signaling refers to those that happen immediately after 

stimulation within seconds or minutes and more importantly without the need for protein 

synthesis71,76. “Late” signaling, on the other hand, requires change in gene expression 

and can affect a series of downstream processes, which could happen hours after the 

stimulation77. In general, Zn signaling affects a various of enzymes, including 

phosphodiesterase (PDEs)78,79, protein tyrosine phosphatases (PTPs)80,81, calcineurin82, 

and a series of kinases including protein kinase C (PKC) and mitogen-activated protein 

kinase (MAPK) 83,84. Furthermore, it is noteworthy that free Zn2+ concentrations required 

for signaling via these enzymes are low, with the IC50/EC50 values of low nanomolar 

level85,86. 



 

12 

 

1.3 Zn transporters 

1.3.1 Identification of the Zn transporters 

The first Zn transporter protein was identified in yeast cells. In 1989, a DNA fragment 

isolated from yeast genome library was found capable to confer Zn and Cd resistance to 

yeast cells, the protein was later named as Zn resistance conferring protein or Zrc187. 

Later on, more proteins that share similar sequence to Zrc1 were identified, including 

COT1 from S. cerevisiae88 and CzcD from Alcaligenes eutrophus89. These proteins, 

similar to Zrc1, can confer metal resistance to the cells against Zn, Co, Mn and Cd, and 

they also shared significant similarities with Zrc1. A few years later in 1995, the first ZnT 

transporter (Zn transporter) was isolated and identified from a rat kidney cDNA library. 

Through a series of experiments, functional role of ZnT-1 to export Zn out of cells was 

established90. A total 10 ZnT transporters were then quickly identified (ZnT1-10) and they 

were assigned as Solute Carrier family 30A (SLC30A)91. 

The story for ZIP family was a little more complicated. The first identified protein in 

the ZIP family was iron-regulated transporter or IRT1 from Arabidopsis thaliana. When 

expressed in yeast cells, it demonstrated Fe(II) uptake activity which can be strongly 

inhibited by Cd92. Enlightened by the discovery of IRT1, two zinc-regulated transporters 

(Zrt1 and Zrt2) from yeast were quickly identified as well due to high sequence similarities 

to IRT193,94. In fact, Zrt1 and Zrt2 were reported in the same year as IRT1. The family was 
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therefore named by the three (or two kinds) of its founding members as Zrt/Irt-like protein, 

or ZIP. 

On the other side of the story, ZIP6, which was firstly called as LIV-1, was identified 

in 1988, which was even earlier than both ZRT and IRT. Originally it was found to be 

involved in estrogen-regulated growth of ZR-75-1 human breast cancer cells95. It was not 

until more than 10 years later did the Zn transport ability of ZIP6 or LIV-1 was identified96,97. 

Closer look at the ZIP6 sequence revealed a unique motif CHEXPHEXGD which was also 

carried by a series of later identified ZIPs, therefore making ZIP6 the founding member 

of the largest subfamily in ZIP, which was named as the LIV-1 subfamily97,98. With the 

development of construction on human genome sequence, more ZIPs were identified until 

the total number of human ZIPs stopped at 14 (ZIP1-14). The ZIP family was also called 

as Solute Carrier family 39A (SLC39A)99,100. In the InterPro database 

(https://www.ebi.ac.uk/interpro/), the entry of IPR003689 with the title of “Zinc/Iron 

Permease” records approximately 69,000 sequences belonging to this ancient family from 

more than 18,000 species across all kingdoms of life, indicative of a fairly large family 

with a long history of evolution. 

1.3.2 Classification and Evolution of ZIPs 

Being a huge transporter family and ubiquitous in all kingdoms of lives, the ZIP family 

is a transporter family that’s of ancient history and great research interests. The ZIP family 

can be further divided into 4 subfamilies, ZIPI, ZIPII, LIV-1 and gufA basing on sequence 
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similarities16,96,97. Initially the idea of classification was to divide ZIPs into two subfamilies 

where subfamily I covers protein originate from plants and fungi while subfamily II covers 

mammalian, nematode and insects ZIPs71. It was later proposed that two more 

subfamilies, gufA and LIV-1, should be added on top of the original two subfamilies16,102. 

The name of the gufA subfamily came directly from the gufA gene from Myxococcus 

xanthus and LIV-1 is related to the estrogen-regulated gene liv-1, the protein encoded by 

which was later renamed into ZIP697. 

For human ZIPs, ZIPI and gufA subfamilies only include one member respectively, 

which are ZIP9 and ZIP11; ZIPII has three members, including ZIP1, ZIP2 and ZIP3; the 

remaining 9 ZIPs all belong to LIV-1 subfamily, which is the biggest subfamily of the ZIP 

family. 

In a recent elaborative phylogenetic analysis including 77 eukaryotic ZIPs and 122 

prokaryotic ZIPs, all 199 ZIPs were primarily divided into 3 regions102. The first region was 

mainly prokaryotic ZIPs yet human ZIP11 was one of the few eukaryotic ZIPs within this 

region. ZIP11 is the only gufA ZIP and protein similarity network analysis have shown that 

human ZIP11 is actually closely related to several different kinds of bacterial ZIPs, 

including the founding protein of the gufA subfamily, MxGufA (Myxococcus xanthus). 

Phylogenetic analysis has also revealed that ZIP11 is indeed orthologous with prokaryotic 

ZupT proteins, suggesting a prokaryotic ancestry of the human ZIP11 protein16,103. 
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Figure 1.2. Phylogenetic tree of the ZIPs in Region I102. Figure is adapted from 
reference 102. 

In the second region, the eukaryotic ZIPs were mainly from the LIV-1 subfamily. It 

was also worth noting the division between vesicular ZIPs (human ZIP7 and ZIP13) and 
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plasma membrane ZIPs (remaining LIV-1 ZIPs)102. The plasma membrane ZIPs could be 

further divided into three subgroups, basing on their extracellular domain104. The 

extracellular domain (ECD) in human ZIP4 and ZIP12 contain both helix-rich domain 

(HRD) and PAL-motif containing domain (PCD); human ZIP8 and ZIP14 only have PCD 

but no HRD; human ZIP5, ZIP6 and ZIP10 also only have PCD, but they have a long and 

histidine-rich loop. Sequence alignment also revealed the “structural icon” for the LIV-1 

protein that is highly conserved throughout the species. In α4 and α5 there are motifs of 

“DGxHNFxDG” and “HExPHExGD”, respectively. These two motifs are one of the biggest 

hallmarks for LIV-1 protein and the latter was considered as the zinc metalloprotease 

motif96,97, although there is no evidence supporting hydrolysis activity for any LIV-1 

proteins. 

In human ZIP8 and ZIP14, however, the α5 motif was different as the first histidine 

residue was replaced by glutamic acid residue. This is probably due to the needs of 

conferring substrate preference difference between the two close paralogs human ZIP8 

and ZIP14 and all the other LIV-1 ZIPs105. 
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Figure 1.3. Phylogenetic tree of the ZIPs in Region II102. Figure is adapted from 
reference 102. 

In the last region, the eukaryotic ZIPs can be divided into three branches. ZRT1 and 

IRT1, the founding members of the ZIP family, can be found in branch of the ZIPI 

subfamily. It is characterized with motifs at the binuclear metal center (BMC) of “HSxxIG” 

and “HQxFEG”. Interestingly, the isoleucine residue in the first motif was highly conserved 

in ZIPI subfamily while the corresponding residues in other ZIPs were either aspartate or 
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glutamate residues, differentiating ZIPI from other ZIPs. ZIPII subfamily, including human 

ZIP1-3, was also within this region three. The motif at metal binding site was “H(S/E)xFEG” 

and they are unlikely to have the second metal-binding site due to a positively charged 

lysine residue. Of great interest, human ZIP9, which was originally classified into ZIPI 

subfamily, was distant from ZIPI subfamily in this phylogenetic study102,106,107. Previous 

studies have also demonstrated similar results as well as a different motif at the BMC 

compared to ZIPI subfamily. It has been therefore suggested that ZIP9 could be 

considered as an independent ZIP9 subfamily102. 



 

19 

 

Figure 1.4. Phylogenetic tree of the ZIPs in Region III102. Figure is adapted from 
reference 102. 

1.3.3 Structure of ZIPs 

In most of the ZIPs, it is predicted that there are eight transmembrane (TM) domains, 

a long loop between TM3 and TM4 (intracellular loop 2 or IL2) that is usually histidine-
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rich, and additional domains at N- and C- termini. TM4 and TM5 are amphipathic and 

more conserved throughout the species, suggesting a formation of metal transport 

pathway (Figure 1.5A)108. Later structural biology studies confirmed these early 

speculations. In the first crystal structure of the ZIP family, BbZIP (Bordetella 

bronchiseptica) demonstrated eight TMs and they clearly formed a tight bundle, within 

which an inner bundle was formed by TM2, TM4, TM5 and TM7 (Figure 1.5B). A pore 

was clearly seen in the middle of these four helices, and it was also where the metal 

binding sites were located, suggesting it is a metal transport pathway109. Newer structures 

of BbZIP, however, revealed a flexible extra N-terminal TM (TM0), showing the 

possibilities that an extra TM exists in some of the ZIP members (Figure 1.5C). Because 

it is a rare component and the amino acid composition is highly variable, it is unlikely that 

TM0 plays a key role in transport, but more of an activity regulation role110,111. 
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Figure 1.5. BbZIP structure. (A) Membrane topology for BbZIP, a representation of the 
ZIP family102. (B) Side view of the crystal structure of BbZIP. Coordinated metals (Cd) 
were shown in yellow sphere and potential metal transport pathway was pointed by black 
arrow102. (C) Crystal structure of the apo-form BbZIP, demonstrating an additional α0112. 
Figures in (A), (B) were adapted from reference 102 and figures in (C) were adapted in 
reference 112. 

The ZIP structure was also characterized with symmetry. There are two pairs of 

inverted repeats that are symmetrical correlated with an axis parallel to the membrane 

surface. The two pairs were TM1-3 vs. TM6-8 and TM4 vs. TM5, where TM4 and TM5 

were in the middle of TM1-3 and TM6-8, like a sandwich, forming the "3+2+3" fold102 

(Figure 1.6). 
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Figure 1.6. Internal symmetry as revealed in the BbZIP structure (PDB: 5TSB). The TMs 
are depicted as cylinders and the symmetrically related TM pairs are in the same color. 
The two inverted repeats (TM1-3 vs. TM6-8 and TM4 vs. TM5) are symmetrically related 
by a two-fold symmetrical axis shown as the dash lines (top view: left; side view 1: middle) 
or a symmetry sign (side view 2: right). Figure was adapted from reference 102. 

One of the most important things identified in this first BbZIP structure was the BMC. 

Due to the presence of cadmium during the process of crystallization, the BMC 

coordinates to two cadmium ions halfway in the transport pathway through highly 

conserved motifs 177HNhPEG182 from TM4 and 207QD/NhPEG212 from TM5. The two metal 

centers (M1 and M2) were only 4.4Å apart, bridged by E181 from TM4109. Bioinformatics 

study covering over 17000 ZIPs the BMC is present in many ZIP members from a broad 

range of species, suggesting it is playing a critical role113. 

Functional studies in human ZIP4 have shown that M1 was essential for metal 

transport in ZIP4, without which the Zn transport ability of the protein was totally abolished; 

M2 however was not necessary but did affect maximum capacity of the ZIP4 and it was 

suggested to be involved in maintaining a stable activity across a broad pH range113. 

Indeed, a lysine residue can be found in M2 in both prokaryotic and eukaryotic ZIPs, 

especially for animal ZIPs, about 30% of which have the lysine residue. The positively 
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charged lysine residue will very likely block M2 and it is speculated that the positive 

charge will aid in regulating metal binding/release properties at the M1 site113. Functional 

study of human ZIP2 showed that the lysine residue, which is highly conserved in ZIP2 

from different species, is crucial for transport activity114. It was proposed that eliminating 

the lysine residue may lead to a distorted geometry of the M1 site and as such impairs 

the transport activity. In BbZIP, eliminating the M2 site by replacing the metal chelating 

residues with alanine residues did not abolish Cd2+ binding at the M1 site113. In ZupT from 

E. coli, it was shown that the M2 site was used for the binding and transport of Fe2+, but 

not for Zn2+ or Cd2+, suggesting that the M2 site can be authentic transport site in some 

cases for certain metal substrate(s)115. 

The N-terminal of the ZIPs (extracellular domain for plasma membrane ZIPs and 

luminal portion for vesicular ZIPs) is extremely variable. Some of the ZIP members, 

especially for eukaryotic ZIPs, have large and complicated N-terminal domain which could 

be even conserved in subfamilies, whereas prokaryotic ZIPs usually lack this complexity 

and only have short and often unstructured segments. One example for folded N-terminal 

domain or ECD in ZIPs is human ZIP4. ZIP4-ECD has been a focus of research partially 

due to Acrodermatitis enteropathica (AE), as half of the AE-causing mutations occur 

within the ZIP4-ECD116. ZIP4-ECD was also of great functional role as ZIP4 mutants with 

part of the ECD and no ECD lost about 50% and 75% of the metal uptake ability, 

respectively104. Studies on the ECD of Pteropus alecto ZIP4 (pZIP4-ECD) demonstrated 
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that pZIP4-ECD formed a homodimer through the "PAL" motif-containing domain or PCD. 

This PAL motif was at the center of dimerization and is highly conserved in most of the 

LIV-1 ZIPs, except for ZIP7 and ZIP13104. 

A histidine-rich loop was identified within the PCD in the ZIP4 structure model, which 

appears to be right above the metal transport pathway. Biochemistry studies on the 

histidine-rich loop revealed that this dynamic loop binds to two zinc ions with an affinity at 

micromolar level. Alanine mutants on the loop had moderately decreased Zn transport 

activity compared to the wild type protein117. ZIP7, which is also a LIV-1 ZIP but expressed 

mostly on endoplasmic reticulum (ER), has a very different ECD compared to ZIP4. It 

doesn't have a PCD, instead, ZIP7 has tens of clustered histidine residues. With over 30% 

of the extracellular residues being histidine, ZIP7 has several times more histidine in the 

ECD than other ZIPs and is also conserved through different species. Further exploration 

is needed to reveal the significance of such amount of histidine residues118,119. 

The intracellular loop between the α3 and α4 is named as intracellular loop 2 or IL2. 

It is not conserved even within the subfamily, but is considered playing important 

regulation role102. Many efforts have been made towards understanding the IL2 from 

human ZIP4. Binding affinity between histidine in IL2 and the two zinc ions were 

nanomolar level, but NMR study suggested highly dynamic binding sites. It is then 

speculated that IL2 probably functions as a Zn sensor which is connected to zinc-

dependent endocytosis in a high-zinc environment120,121. 
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1.3.4 ZIPs and diseases 

Even till these days, zinc deficiency is still a major challenge for global public health, 

which could lead to symptoms of growth retardation, hypogonadism, skin abnormalities, 

mental lethargy and severe anemia7. It is pointed out that 4% of the global morbidity and 

mortality of young children is due to zinc deficiency especially in the developing world122. 

Cases have proven that by supplementing Zn in people’s daily dietary can decrease 

diarrhea mortality in children. Infection will be less potentially due to improved immune 

functions122–125. In general Zn is considered safe yet if used in excessive amount it could 

still be toxic. One example for that would be suppressing copper uptake126. 

Zn has long been found to be connected to immunodeficiency or autoimmunity. 

Dynamic changes in expression levels of zinc transporters were observed during dendritic 

cell (DC) maturation, including decrease in ZIP6 and ZIP10 expression and increase in 

several ZnT transporters, leading to decrease in free zinc concentration in DC77. ZIPs are 

also involved in interferon regulation. ZIP8 is highly expressed in T cells and knockdown 

of ZIP8 causes significantly reduce in IFN-γ secretion, which is an indicator for T cell 

activation. On the other hand, overexpression of ZIP8 leads to enhanced activation of T 

cells82. ZIP8 is also related to inflammation and can facilitate cytoprotection in lungs. It 

has been shown that ZIP8 expression in lungs is upregulated under the influence of 

inflammatory mediators such as LPS and TNF-α127. Without the expression of ZIP8 there 

reduces Zn in the cytosol and eventually results in cell death128. ZIP8's closest homolog 
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ZIP14 is also involved in inflammation, which is connected to the pro-inflammatory 

cytokine IL-6. ZIP14 expression was significantly upregulated under inflammation and IL-

6 knockout mice didn't exhibit similar upregulation129. 

ZIP7 is mainly expressed on ER and with a role of maintaining the Zn homeostasis in 

ER, which was found to be an important piece of puzzle for B-cell development130,131. 

However, although ZIP7 is indispensable for the maturation of the B-cells, partial loss can 

also be tolerated and rescued, suggesting there are other related pathways and that ZIP7 

is a potential target for B-cell proliferative diseases. 

One of the most well-known genetic diseases linked to ZIP family is AE, which is 

caused by loss of function mutations that occur in human zip4 gene. ZIP4 is expressed 

mainly on apical surface of enterocytes, making it at the front line of dietary Zn uptake. 

Therefore, it can be imagined that with ZIP4 lost functions, AE is a sever Zn deficiency 

syndrome with symptoms including eczematous dermatitis, alopecia, and diarrhea and 

can potentially be life threatening. AE can be treated by oral Zn supplements132–134. 

A novel subtype of Ehlers-Danlos Syndrome (EDS), which is a group of inherited 

disorders that affect connective tissues including skin, joints and blood vessel walls135, is 

caused by mutations in ZIP13. This new subtype is named as spondylocheiro dysplastic-

EDS (SCD-EDS) and is characterized with skeletal dysplasia especially in the spine and 

hands region. Mice with ZIP13 knockout demonstrated similar symptoms as SCD-EDS 

patient136,137. 
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As Zn is playing a vast number of roles in different enzymes, an unbalanced zinc 

homeostasis can be involved in angiogenesis, cell proliferation, and metastasis of cancer. 

Therefore, it can be anticipated that abnormalities of ZIPs expression can be seen in 

many cancers138. 

It is well-established that hyperaccumulation of Zn is linked to breast cancer, and an 

increase in expression level of ZIP6, ZIP7 and ZIP10 have also been seen in breast 

cancer139. Since its identification, ZIP6 was known to be an estrogen-responsive factor 

that is overly expressed in breast cancer. Abnormal upregulation of ZIP6 was not only 

seen in breast cancer, but also in colorectal cancer140, gastric adenocarcinoma141, 

prostate cancer142 and hepatocellular carcinoma143. It is worth mentioning that ZIP6 can 

form a heteromer with its closest homolog ZIP10144,145, which is also playing complicated 

roles in cancers such as renal cell carcinoma146 and breast cancer147. ZIP7 was also 

proposed to be a target against breast cancer148,149. 

Pancreatic cancer, which is a very deadly disease even after researchers' years of 

effort, is observing a significant increase in ZIP4 expression150–153, which was reportedly 

through mediating the IL-6/STAT3 pathway153. Considering ZIP4 is a high-affinity zinc 

transporter playing a critical role in dietary zinc uptake and zinc reabsorption from urine, 

it is reasonable to see that the aberrant upregulation of ZIP4 can provide enough zinc to 

support the growth and proliferation of cancer cells. In fact, upregulation of ZIP4 has been 

seen in many other cancers including glioma154, ovarian cancer155, lung cancer156, 



 

28 

 

nasopharyngeal carcinoma157, hepatocellular carcinomas158 and oral squamous cell 

carcinoma159. Supporting evidence from the opposite side was also seen as ZIP4-

knockdown cancer cells were more sensitive to Zn-depleted environment and is more 

prone to zinc-depletion induced apoptosis160. All these ZIP4 studies in oncology exhibited 

the broad expression and significance of ZIP4 in different kinds of cancers, yet 

physiological localization of ZIP4 is specifically expressed mainly in intestine and kidney, 

making ZIP4 a potential anti-cancer target. ZIP4-containing exosomes in blood samples 

have also been used as biomarkers for diagnosis of pancreatic cancer161. 

Reduction of Zn concentration is also not uncommon in cancer. A decrease in Zn 

accumulation was observed during the development of prostate cancer, which is probably 

due to decreased expression of ZIP1 and abnormal distribution of ZIP3 to lysosomes162–

164. Low level of Zn caused by downregulation of ZIP3 was found linked to pancreatic 

adenocarcinoma as well165,166. 

Efforts in therapeutic development targeting ZIPs have been made. A ZIP7 inhibitor 

targeting the Notch pathway was identified and its mechanism was found to be inducing 

ER stress-mediated apoptosis through affecting Notch trafficking. This inhibitor binds to 

ZIP7 within the metal transport pathway and because of the similarities of the 

transmembrane domain (TMD) among the ZIP members, this work could inspire the 

inhibitor development of other ZIP members167. 
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Antibodies targeting ZIP members were also under study. It was demonstrated that 

ZIP6 and ZIP10 antibodies could block mitosis of culture cells145. Another work on a 

conjugated ZIP6 antibody was demonstrated efficient in suppressing and treating 

metastatic breast cancer168. 

1.3.5 Mechanism of the ZIPs 

An energy-independent transport mechanism has been revealed in human ZIP1 and 

ZIP2 right after these two transporters were identified169,170. Early experiments have 

pointed out that when treated with HCO3-, Zn uptake by human ZIP2 was significantly 

increased by over 50%. Moreover, Zn transport by human ZIP2 was inhibited by lower 

pH (pH<7) but was stimulated as pH increases, which could be explained as higher HCO3- 

concentration. These suggested a Zn2+-HCO3- cotransport mechanism for ZIP2. Similar 

effects were not seen in human ZIP1169,170, but Zn2+/[HCO3-]2 or Cd2+/[HCO3-]2 symport 

mechanism was proposed in human ZIP8 as well as its closet homolog human ZIP14, 

where human ZIP14 demonstrated a more than three times increase in metal uptake 

compared to negative control when treated with bicarbonate171,172. A totally different 

mechanism however was proposed for a bacterial ZIP. It is claimed that this BbZIP is 

adapting a non-saturable channel-like mechanism173. 
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Figure 1.7. Elevator transport mode. Proposed elevator motion. On the left is inward 
facing conformation (IFC), on the right is the outward facing conformation (OFC). One 
protomer of the BbZIP dimer is shown in cartoon mode (white) and the other protomer is 
shown in the surface mode with the scaffold domain in green and the transport domain in 
blue. The dashed arrows indicate metal binding/release to/from the transport site (TS). 
The rigid-body motion of the transport domain relative to the scaffold domain and the 
vertical displacement of the transport site support an elevator mode. 

Despite of distinct transport mechanisms suggested by biochemical studies, 

systematic study combined structural, biochemical, and computational studies strongly 

indicate that the ZIP family members share a same transport mode, i.e. the elevator mode 

(Figure 1.7), which is one of the three major transport modes for solute carrier proteins174. 

The evidence supporting the elevator transport mode are elaborated below: 

Two-domain architecture. The experimental data supporting the elevator mode all 

came from the study of BbZIP. Analysis of the first BbZIP structure led to a speculation 

that the eight TMs of BbZIP be composed of two domains: a helix bundle formed by 

TM1/4/5/6 and a flat helix sheet formed by TM2/3/7/8109. It was also hypothesized that 

the relative movement of the two domains would lead to alternating access. The two-
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domain architecture was later confirmed by the structures of BbZIP in the apo state110,112. 

Comparison with the structures in the cadmium bound state revealed a two-domain 

architecture and the relative rigid-body movement between the domains – a helix bundle 

(TM1/4/5/6) and a wall-like helix sheet (TM2/3/7/8). Evolutionary covariance analysis 

further supported the presence of two independent domains and also showed that many 

of the predicted interdomain interactions are not consistent with the experimentally solved 

IFC, suggesting the presence of an alternative conformation that would match the 

prediction better. 

Experimentally validated outward-facing conformation model. The apparent internal 

symmetry of the BbZIP structure (Figure 1.6) allowed the generation of an OFC model 

by using repeat-swap homology modeling, a computational approach has been used to 

study many other transporters. This OFC model has been biochemically validated by 

cysteine accessibility assay and chemical crosslinking. Structural comparison of the OFC 

model with the experimentally solved IFC unraveled an upward movement of the helix 

bundle (transport domain) relative to the helix sheet (scaffold domain). This result not only 

confirmed the two-domain architecture but also revealed a vertical displacement of the 

transport site, which is exclusively located in the transport domain, by approximately 8 

angstroms.  

Dimerization mode. It has been known that ZIPs form homo- or 

heterodimers104,173,175,176. Although the early crystal structures of BbZIP only showed a 
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monomeric state, probably due to the unstable dimerization in detergent micelles, a later 

crystal structure of BbZIP solved at a low pH revealed a potential dimerization interface 

between the neighboring asymmetric unit110, which was also predicted by evolutionary 

covariance analysis and validated by chemical crosslinking112. This dimerization interface 

was later experimentally confirmed by the cryo-EM structure of BbZIP177. Consistent with 

the proposed elevator mode, BbZIP forms a dimer exclusively through the scaffold 

domain and oligomerization of the scaffold domain is believed to promote the overall 

stability of the transporter.  

AlphaFold predicted structure models. AlphaFold 2.0 works particularly well for the 

protein families with a large number of family members, such as the ZIP family, because 

the performance heavily depends on multiple sequence alignment to generate restrains 

for structure construction. Indeed, a folded IL2 loop in BbZIP has been predicted by 

AlphaFold even before the cryo-EM structure reported this novel structure feature. Using 

a modified version of the AlphaFold algorithm, both IFC and OFC conformations of human 

ZIPs were obtained computationally178. Comparison of the IFC and OFC structures 

consistently supported the elevator-like movement. Of great interest, the fourteen human 

ZIPs are predicted to be in different conformational states (https://alphafold.ebi.ac.uk/), 

and structural comparison with the BbZIP structures revealed a continuous spectrum of 

conformational states ranging from IFC to OFC112 (Figure 4B), strongly suggesting that 
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the proposed elevator mode is likely applicable to many, if not all, members of the ZIP 

family. 

1.4 Selectivity of the ZIPs 

 The ZIP family is a big family with 14 members, although as a Zn transporter family 

they can all transport Zn, there is different substrate preference among some of the ZIP 

members. The substrate preferences of the ZIP members are summarized below. 
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   substrates 
references    direct measurement competition 

ZIP II 
subfamily 

ZIP1 

Human Zn(II) Fe(III), Ni(II), Cu(II), Cd(II) 170 

Mouse Zn(II) Ni(II) 179 

Mouse Zn(II) Fe(II), Ni(II), Cd(II), Co(II), Cu(II) 180 

ZIP2 

Human Zn(II) Mn(II), Fe(III), Co(II), Cu(II), Cd(II) 170 

Human Zn(II) Mn(II), Fe(III), Co(II), Cu(II), Cd(II) 169 

Human Cd(II) Cu(II), Zn(II), Co(II) 181 

Mouse Zn(II) Ni(II) 179 

ZIP3 Mouse Zn(II) 
Mg(II), Mn(II), Ni(II), Co(II), Cu(II), Ag(II), 

Cd(II) 
179 

LIV-1 

ZIP4 
Mouse Zn(II)  182 

Human Zn(II), Cu(II), Ni(II) Cu(II), Ni(II) 183 

ZIP5 
Mouse Zn (II)  184 

Human Zn(II), Mn(II), Co(II), Ni(II), Cu(II)  185 

ZIP6 Human Zn(II)  186 

ZIP7 
Human Zn(II)  187 

Human Zn(II)  188 

ZIP8 

Mouse Cd(II)  189 

Mouse Cd(II), Mn(II) Mn(II), Hg(II) 190 

Mouse Zn(II), Cd(II), Fe(II) Hg(II), U(II), Pt(II) 191 

Human Zn(II), Cd(II), Fe(II), Mn(II)  105 
Human 

and 
Mouse 

Se(IV)  192 

Human Zn(II), Cd(II), Mn(II), Se(IV)  193 

ZIP10 

Rat Zn(II) Cd(II) 194 
Human, 
dog, fly 

Zn(II) 
 

 195 

Human Zn(II), Cu(II), Ni(II)  185 

Table 1.1 Summary of the substrate selectivity in the ZIP family. 
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Table 1.1 (cont’d) 

 

ZIP12 

Mouse Zn(II)  196 

Mouse Zn(II)  197 

Human Zn(II)  198 

ZIP13 

Human Zn(II)  175 

Human Zn(II)  199 

Fly Fe(II)  200 

ZIP14 

Human Zn(II)  201 

Mouse Zn(II)  129 

Mouse Zn(II), Fe(II)  202 

Mouse Cd(II), Mn(II) Zn(II), Cu(II) 172 

Mouse Zn(II), Cd(II), Mn(II), Fe(II)  203 

Human Cd(II)  204 

Mouse Zn(II), Cd(II), Fe(II) Co(II), Cd(II), Ni(II), Mn(II), Pb(II) 191 

Human Zn(II), Cu(II), Mn(II), Fe(II), Co(II), Ni(II)  185 

ZIP II 
subfamily 

ZIP9 
Croaker Zn(II)  107 

Human Zn(II)  205 

GufA 
ZIP11 

Mouse Zn(II), Cu(II)  206 

Human Zn(II)  207,208 

BbZIP 
Bordetella 

bronchiseptica 
Zn(II), Cd(II)  173 

 

ZupT 

E. Coli Zn(II)  209 

 E. Coli Fe(II), Co(II)  210 

 E. Coli Zn(II), Mn(II), Co(II), Cd(II)  211 

 

IRT1 

A. thaliana Fe(II)  92 

 A. thaliana Mn(II) Zn(II), Cu(II), Fe(II), Cd(II) 212 

 A. thaliana Fe(II), Zn(II), Mn(II), Co(II), Cd(II)  213 

 Zrt1 
Saccharomyces 

cerevisiae 
Zn(II)  93 
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Table 1.1 (cont’d) 

 Zrt1 
Saccharomyces 

cerevisiae 
Cd(II) 

 
 214,215 

 Zrt2 
Saccharomyces 

cerevisiae 
Zn(II) Fe(II), Cu(II) 94 
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Among the earliest characterization of ZIP1 people found that ZIP1 transfected 

human K562 erythroleukemia cells can transport Zn into the cells and this process was 

inhibited by the presence of 6-time Ni (50%), Cu(II) (25%), Fe(III) (50%), Cd (25%), but 

not by Co, Mg, Mn170. Further testing on mouse ZIP1(mZIP1) showed quite different result, 

however, where Zn uptake was not inhibited/slightly inhibited by Cu, Cd, Mn, Co, Ag, Mg, 

Fe, but inhibited by Ni179. Detailed radioactive competition assays were done on mZIP1 

to obtain deeper understanding of the competitors against Zn, revealing that Fe and Ni 

completely inhibited Zn uptake while Cd and Co showed a non-competitive inhibition 

towards Zn uptake in mZIP1 transfected HEK293T cells. The affinities of these tested 

metals towards mZIP1 were in the order of, basing on their Ki and Km values, 

Fe>Zn>Ni=Cd>Co. Cu(II) was shown able to inhibit Zn uptake as well180. 

human ZIP2 was characterized in similar ways as human ZIP1, finding that Zn uptake 

was significantly inhibited by 6-time Mn(II), Fe(III), Co(II), Cu(II), Cd(II), but not by Ni(II), 

different from human ZIP11,169. With only Zn uptake being directly measured in these early 

characterizations, Cd uptake by human ZIP2 was directly studied in recent years taking 

advantage of a Cd dye, confirming Cd can also be transported by human ZIP2. 

Competition against Cd showed completely inhibition in the presence of 50-time Zn, 75% 

and 25% inhibition by Cu(II) and Co(II), respectively. No significant inhibition was seen 

for Mn(II) and Ba(II). Radioactive 55Fe was also used to evaluate iron transport, showing 

no difference compared to negative control181. Cd uptake by ZIP2 is also supported by 



 

38 

 

plant ZIPs studies. Yeast cells expressing a plant ZIP, S. plumbizincicola ZIP2 (SpZIP2) 

showed much higher Cd sensitivity and direct measurement by ICP-MS demonstrated a 

20% increase compared to negative control216. For mouse ZIP2, competition assay 

against Zn showed only modest inhibition by all tested metals including Cu, Cd, Mn, Co, 

Ag, Mg, Ni and Fe, with Ni having the strongest inhibition, suggesting mouse ZIP2 is 

specific to Zn179. 

Specificity of ZIP3 is less known compared to other members from the subfamily. 

Competition assay on mouse ZIP3 showed that Zn activity was greatly inhibited by almost 

all tested metals including Cu, Cd, Mn, Co, Ag, Mg, Ni, but not inhibited Fe. This 

suggested that ZIP3 might be a more promiscuous transporter compared to its close 

paralogs ZIP1 and ZIP2179. 

ZIP4 is well known for its Zn specificity and its connection with AE, a sever Zn 

deficiency syndrome. In several different early studies, Zn transport activity by mouse 

ZIP4 was directly studied and clearly demonstrated by radioactive 65Zn assays182,217,218. 

Its substrate specificity was also studied by competition assays and Zn uptake by mouse 

ZIP4 was not inhibited by any of the tested metals, including Cu, Cd, Mn, Co, Ag, Mg, Ni, 

Fe, in the excess amount of 10 or 50 folds182. This suggested that ZIP4 highly prefers Zn 

over other metals. A later study, however, proposed that ZIP4 can also transport Cu and 

Ni. By overexpressing human ZIP4 in Xenopus laevis oocytes and combined with 

radioactive isotopes, Antala and Dempski confirmed Cu and Ni activities by both 
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competition assays and direct measurements. Notably, 200-fold Cu(II) was able to 

suppress Zn activity for over 95% and direct measurements showed a Km of 1.2 ± 0.09 

µM. Ni(II) also had a low micromolar Km of 2.9 ± 0.3 µM, suggesting Cu(II) and Ni(II) are 

substrates of human ZIP4183. 

ZIP5 was also firstly characterized as a Zn-specific transporter. Competition assays 

conducted on mouse ZIP5 against Zn showed no inhibition by Mn, Co, Ag, Mg, Ni and Fe, 

about 50% inhibition by 50-fold excess of Cu and Cd184. A more recent study taking 

advantage of ICP-MS however, pointed out the selective Cu transport ability in human 

ZIP5. When a mixture of metals of almost same ratio applied to cells, an over 16-time 

difference was seen between ZIP5 expressing cells and negative control. Mn, Co, Ni and 

Zn also demonstrated 2-4 times increase. Moreover, in one-to-one ratio Cu was able to 

significantly suppress Zn uptake but Zn did not affect Cu transport by human ZIP5 back 

in the same way, suggesting Cu is a substrate for human ZIP5 and a good or even better 

competitor compared to Zn185. 

ZIP6, which is also often referred to as LIV-1 in literature, was firstly identified in 1988 

as a novel gene related to estrogen treatment and breast cancer95. This is also where the 

name for the subfamily derived. Substrate specificity for human ZIP6 requires further 

studies, yet people have demonstrated its role as a Zn transporter. In human 

neuroblastoma cells, when ZIP6 expression level has been suppressed down by siRNA, 
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Zn uptake under resting condition decreased by 68% and 75% for a 15- and 45-minutes 

culture comparing to the negative control, respectively186. 

ZIP7 was firstly referred to as HKE4 protein, derived from its homology of mouse KE4 

gene. The first characterization of human ZIP7 in mammalian cells with free zinc dye 

Newport Green diacetate showed that ZIP7-expressing cells had a 5-time fluorescent 

intensity compared to negative control, and 20-30% stronger than the positive control LIV-

1 (ZIP6)187. ZIP7 is also special in its subcellular localization, being mostly expressed on 

intracellular membrane such as ER187,188 with a role to efflux Zn out from the intracellular 

compartment into the cytosol. This was confirmed in ZIP-knockout human MG-3 cells, 

where ZIP7-/- cells demonstrated a significantly increase of Zn concentration in ER and 

decrease in cytosol188. Another study generated a hypomorphic ZIP7 in mouse showed 

similar results and also identified blocked B cell development130. 

Different from most of the other ZIPs, ZIP8 was firstly identified not for Zn, but its Cd 

transport activity. Mouse fetal fibroblasts expressing mouse ZIP8 were over 30 times 

more sensitive to environmental Cd compared to negative control. Moreover, Cd uptake 

by mouse ZIP8 showed a time and dose dependent pattern, suggesting its Cd transport 

ability189. Followed up study further revealed Cd transport of mouse ZIP8 can be 

significantly inhibited by Mn. 50% and 80% of the Cd transport activity could be inhibited 

by the presence of 4- and 64-time excess of Mn, respectively. Hg could also inhibit over 

50% of the activity for 64-time excess amount. Kinetic parameters for both Cd and Mn 
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were also determined. Km for Cd was 0.62 µM and Mn was 2.2 µM. Such low micromolar 

Km highly suggested both Cd and Mn are substrates to ZIP8, and Mn is very likely to be 

the physiological substrate190. Other than Cd and Mn, Zn and Fe transport ability of mouse 

ZIP8 was also proposed and characterized, supported by both direct measurement using 

radioactive isotopes and competition assays against Zn and Cd105,191 . Other than Hg, 

heavy metals like U and Pt were also revealed to be able to inhibit Zn and Cd transport 

through competition assay, whether these heavy metals are substrates to ZIP8 requires 

further clarification191. Selenium (Se), another essential trace element was also proposed 

to be a substrate of human ZIP8. Studied in various systems including human and mouse 

cells and transgenic mouse lines, Se uptake was tightly correlated to ZIP8 expression 

level and the abundance of Zn2+ and HCO3- 192. ZIP8-knockout HeLa cells demonstrated 

a decrease in Se amount after incubation in 4 µM of Na2SeO3 for 12 hours compared to 

wild-type HeLa cells while cells overexpressing ZIP8 showed doubled activities compared 

to negative control193. Being a promiscuous transporter, it is well established that ZIP8 

can transport physiological transition metals such as Zn, Mn and Fe. Newer studies 

suggested that Se is also one of its substrates and it is clear that ZIP8 is responsible for 

transportation and accumulation of the unnecessary and toxic metal Cd. 

In 2014, a novel androgen receptor was identified in Atlantic croaker ovaries and 

sequence alignment showed 81-93% identity to ZIP9 members, indicating this androgen 

receptor was in fact a ZIP9. In cells stably transfected with croaker ZIP9, a testosterone 
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related concentration-dependent increase in intracellular free Zn concentrations was 

observed. Moreover, this reaction to testosterone and Zn increase was abrogated by 

transfecting cells with SiRNA to knockdown ZIP9 expression107. Similarly, in chicken Zip9-

knockout DT40 cells, intracellular Zn concentration was dependent on the expression of 

human ZIP9205. Another earlier study on vertebrate cells in 2009 pointed out ZIP9 

regulates Zn homeostasis in the secretory pathway219. 

ZIP10 is a Zn transporter localized at the apical membrane of renal proximal tubules, 

revealed in studies on rats. Direct measurement showed more than 60% accumulation of 

Zn in rat ZIP10 transfected cells compared to negative control, and the uptake was dose-

dependent and saturable, with a Km of 19.6 µM. This Zn uptake by rat ZIP10 could be 

partially inhibited by Cd, suggesting Cd was also a potential substrate194. A more recent 

study showed conserved Zn transport ability of ZIP10 across species, demonstrating 

ZIP10 from human, fly and dog can all significantly increase Zn uptake in radioactive cell 

assays195. Interesting results from Polesel and Manolova et al showed that, like they 

demonstrated in the case of ZIP5, Cu was also a substrate for ZIP10. Cu uptake in ZIP10 

transfected cells was over 4 times higher than controls and this Cu activity was not 

inhibited by the presence of same amount of Zn. Moderate increase in Ni was also seen 

in this study185. 

ZIP11 is the only member of the GufA subfamily and is primarily found in nucleus and 

Golgi apparatus. Frist functional characterization was conducted on mouse ZIP11. Taking 
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advantage of ICP-MS, mZIP11 transfected cells showed significant increases in Zn 

uptake compared to negative control, similar to the positive control mZIP14. A minor Cu 

uptake was also observed in this study206. Most recently studies have confirmed the 

functional role of ZIP11 to maintain the Zn homeostasis in nucleus, where ZIP11-

knockdown HeLa cells demonstrated accumulations in nuclei, and this accumulation was 

reversed by expressing wild-type ZIP11 but not the functional-compromised 

mutants207,208. 

ZIP12 was found to be highly expressed in human brain and proven to be a high 

affinity Zn transporter51,196. Functional characterization or radioactive cell assays on 

mouse ZIP12 displayed that it is a Zn transporter with an apparent Km of 6.6 nM. 

Competition assays were also conducted yet most of the tested metals, including Mg, Fe, 

Mn, Ni and Pb, didn’t inhibit Zn uptake. Minor inhibition, however, was seen for Cu and 

Cd196. Another study in mouse spermatogonial stem cells also exhibited correlation 

between ZIP12 expression level and intracellular Zn concentration197. Being a close 

homolog to mouse ZIP12, human ZIP12 was determined to be a Zn transporter as well198. 

ZIP13 was characterized as a Zn specific transporter. Cell assays using expression 

level of metallothionein MT1A as an indicator of intracellular Zn level showed that ZIP13 

transfected cells were having a much higher Zn level compared to negative control. This 

was confirmed by experiments using Zn specific dye FluoZin-3175. Radioactive Zn assays 

as well as the competition assays proved ZIP13 was Zn-specific. With an apparent Km of 
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2 µM, the Zn uptake of ZIP13 was not inhibited by most of the tested metals. Its role in 

promoting vesicular Zn efflux was also implied199. Very interestingly, Guiran Xiao and Bing 

Zhou et al suggested that Drosophila melanogaster ZIP13 (dZIP13) was not only involved 

in Fe homeostasis, but also functioned as an Fe exporter. When dZIP13 was knocked 

down or over-expressed in flies, whole body amounts of Fe had significant decrease and 

increase respectively. Functions of dZIP13 was also tested in the system of E. Coli and 

isolated ER/Golgi (where the dZIP13 is mostly expressed) from Drosophila larvae, both 

indicating dZIP13 can export Fe out of the cells. Analogy between dZIP13 and human 

ZIP13 was shown and discussed, suggesting human ZIP13 might function similarly as an 

Fe exporter as well200. 

ZIP14 is the closest paralog of ZIP8 and not surprisingly shares a similar wide 

substrate preference like ZIP8. Human ZIP14’s Zn preference was first characterized in 

2005, cell assays with Zn dye Newport Green clearly exhibited Zn activity for human 

ZIP14201. Zn function for mouse ZIP14 was also illustrated in 2005, in both fluorescent 

and radioactive experiments129. These findings were soon followed by the identification 

of Fe transport in mouse ZIP14, where mouse ZIP14 overexpression led to significant Fe 

and Zn accumulation in cells and mouse ZIP14 knockdown in mouse hepatocyte AML12 

cells showed reduced Fe and Zn202. Similarity in substrate preference between ZIP14 and 

ZIP8 was further explored, as mouse ZIP14 was demonstrated to be able to transport Cd 

and Mn, where Cd transport could be greatly inhibited by Zn and followed by Cu, 
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suggesting Cu was also a potential substrate for ZIP14172. Newer studies confirmed that 

ZIP14 can transport Zn, Cd, Mn, Fe203,204,220, with some pointed out that ZIP14 might also 

involve in Ni and Co transport185,191. 

Prokaryotes have different Zn transporter systems. Take Escherichia coli as an 

example, three Zn transport systems were firstly found and they were P-type ATPase 

ZntA, cation diffusion facilitator ZitB and ABC transporter ZnuABC209,221–224. Inspired by 

the speculation that ZIP family was not only present in eukaryotes but also in bacteria16, 

ZupT was identified and its Zn transport ability was portrayed with radioactive assays209. 

Similar experiments were conducted to prove that ZupT was also involved in transport of 

Fe and Co, and possibly Mn as well210. Mn transport of ZupT was later confirmed, with a 

Km of 1.16 ± 0.29 µM; Km for Zn and Co was calculated to be 0.71 ± 0.14 µM and 0.91 ± 

0.09 µM, respectively, reaffirmed transport ability for these two metals. Notably, Cd 

transport for ZupT was reported as well, as ZupT expressed cells were showing growth 

defect when Cd was added to the culture211. Development in structural biology revealed 

two metal binding sites within prokaryotic ZIPs109, and closer look at the ZupT metal 

binding sites showed that Zn and Cd bind to M1 where Fe binds to M2, providing evidence 

in molecular level for the substrate preference of this bacterial transporter115. 

Another important prokaryotic ZIP is Bordetella bronchiseptica ZIP (BbZIP, or ZIPB). 

To date it is the only member of the ZIP family that has solved structure109,112. Functional 
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reconstitution of BbZIP into proteoliposomes showed both Zn and Cd activities, implying 

these two metals were substrates to the protein173. 

IRT1 was first identified in 1996 when the gene of IRT1 was isolated from A. thaliana. 

The expression of IRT1 in a Fe deficiency yeast strain successfully demonstrated the Fe 

transport ability of this new transporter. The Fe uptake by IRT1 was measured to 

saturable with an apparent Km of 6 ± 1 µM. This uptake of Fe (II) could be significantly 

inhibited by 10-time excess of Cd92. IRT1 was then found to be involved in Mn transport, 

with an apparent Km of 9 ± 1 µM. In competition assay, the Mn uptake was inhibited by 

Fe(II), Cd, Zn and Cu, suggesting these metals are all potential substrate of the 

transporter212. Evidence, including experiments done in plants, concluded that IRT1 can 

mediate Cd uptake from the environment as well as the transport for Fe, Zn, Mn and 

Co101,213. 

Zrt1 and Zrt2 were both first identified in 1996 as the two separate systems in 

Saccharomyces cerevisiae for Zn uptake93,94. Zrt1 was characterized as the high-affinity 

uptake system, with a Km of 0.6 ± 0.1 µM for Zn in Zn-replete cells93. On the other hand, 

Zrt2 was identified as a low-affinity Zn uptake system, with an apparent Km for 10 µM and 

was implied to be active in the Zn-replete environment. Substrate specificity for both 

systems were also tested, showing Zn uptake by high-affinity system (Zrt1) was not 

inhibited by any tested metals while low-affinity system (Zrt2) had significant decrease in 

the presence of Fe(II) and Cu(II)94. Early study on Zrt1 deleted cells suggested that Cd 
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was also a potential substrate to Zrt1214, which was consistent with newer study that ΔZrt1 

cells showed about 50% decrease in Cd uptake compared to wild type and ΔZrt2 didn’t 

show much difference215. Interestingly, Al(III) was suggested to be a substrate to Zrt2 as 

addition of Al(III) into the media of ΔZrt1 restored cell growth to similar level as WT, but 

ΔZrt1Zrt2 didn't show this growth improvement due to Al(III) addition225. 

1.5 Molecular determinates of the substrate preference in ZIPs 

Although the ZIPs are classified as Zn transporters, their diverse substrate 

preferences within the family and the difference between the members was not well 

studied. Sequence alignment demonstrated a relative conserved TMD in the ZIP family, 

which was considered as the main part of the protein that plays role in substrate 

determination and transport. How are the high similarities within the TMD led to different 

choices of substrate? What are the molecular determinates of the substrate preferences? 

Efforts have been made to try to answer these questions for two decades since the 

identification of the ZIP family. 

Zn transporters like the ZIPs can be considered as a special kind of Zn-binding 

proteins or enzymes. Indeed, many parameters originate from enzymology have been 

adopted to transporter studies such as Km or Kcat. For Zn binding protein, or transition 

metal binding protein in general, the recognition between the metal and protein was 

mainly through a series of physical and chemical nature, which is going to determine what 

and how the ions coordinate46. 
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As described in Pauling’s rule, the size ratio between the metal ions and the ligands 

would directly affect the coordination226. Although metal ions usually try to coordinate as 

many ligands as possible, minimizing steric effects and repulsion between the ligands are 

also necessary. A good demonstration for this would be Zn and Cd. As elements from the 

same column in periodic table, Zn and Cd share a lot of similarities but not in the ionic 

sizes, where Zn2+ is 0.74 Å and Cd2+ is 0.97 Å46. Meanwhile, the most commonly seen 

coordination number for Zn is four while Cd is six, corroborating the great effect ionic 

sizes have on coordination227. 

The chemical nature of the metal ions as well as the donor atoms are also important 

for determining the coordination patterns. Developed in 1963, the hard and soft acids and 

bases theory (HSAB) has been widely used to evaluate the donor preferences for the 

metals228. As an easy and straightforward theory, it categorizes Lewis acids and bases 

that are small and with high charge density as “hard” and those that are large and with 

relatively low charge density as “soft”. As predicted by the HSAB theory, hard acids prefer 

hard bases and soft acids prefer soft bases. Detailed classification is shown in the Table 

1.2229. 
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Hard Lewis acids Borderline acids Soft acids 

H+, Li+, Na+, K+, Be2+, Mg2+, 

Ca2+, Sr2+, Ti4+, Zr4+, Cr3+, Al3+, 

Ga3+, La3+, Gd3+, Co3+, Fe3+ 

Fe2+, Co2+, Ni2+, Cu2+, Zn2+, 

Pb2+, Bi3+, Rh3+, Ir3+ 

Cu+, Au+, Ag+, Tl+, Hg+, Pb2+, 

Cd2+, Pt2+, Hg2+ 

Hard Lewis bases Borderline bases Soft bases 

F-, OH-, H2O, ROH, Cl-, RO-, 

R2O, CH3CO2-, NH3, RNH2, 

NH2NH2, CO32-, NO3-, O2-, 

SO42-, PO43-, ClO4- 

NO2-, Br-, N3-, N2, C6HNH2, 

pyridine, imidazole 

RSH, RS-, R2S, S2-, CN-, RNC, 

CO, I-, R3As, R3P, C2H4, H2S, 

HS-, R- 

Table 1.2 Summary of the classification of the hard and soft acid and base. Table adapted 
from reference 229. 

As shown in the table, Zn2+ is a borderline acid, meaning that it could easily coordinate 

to the “softer” atoms such as nitrogen and sulfur as well as the “harder” atom oxygen. 

This prediction is consistent with the results of a bioinformatic study covering 18491 X-

ray crystallography structure of zinc proteins, where Zn coordinates to 6102 cysteine (S) 

and 5716 histidine (N). These two residues were followed by 2026 aspartate, 1753 water 

molecule and 1293 glutamate (O)230. 

Coordinating geometry is another key factor in metal coordination. Basing on the 

number of valence d electrons, metal ions have different preferences on binding 

geometries, which was described in ligand field theory. Transition metals ions such as 

Fe3+ and Fe2+ prefer an octahedral or a distorted octahedral geometry as the structures 

are stabilized by the ligand field effect. Cu2+ and Cu+ can also adopt an octahedral 

geometry with a distortion on the axis due to the Jahn-Teller effects. This was because 
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of the d9 electron configuration of the Cu ions, the eg orbitals were further split, leading 

to distortion and global stabilization of the complex. Zn, however, has a d10 electron 

configuration and because of these full d orbitals, it is not affected by ligand field effects 

and therefore the change from octahedral to a tetrahedral ligand field is not energetically 

unfavorable. Bioinformatic study on the geometries of zinc protein revealed more than 

half of the protein are indeed adopting tetrahedral geometry. 

Guided by these theoretical considerations, researchers have identified key residues 

important for ZIP functions.  

Early biochemistry study explored the functional roles of two residues in human ZIP1, 

H190 and H217. These two residues are within the metal transport pathway and 

conserved in all ZIPII subfamily. By comparing to other ZIP members, H190 is 

corresponding to H177 in BbZIP, which is at the exit of the pathway, and H217 is 

corresponding to Q207 in BbZIP, which is within one of the metal binding sites. Alanine 

mutations at these two sites abolish Zn transport for human ZIP1, reiterate their 

importance for function231. 

It was previously demonstrated that Zn transport in human ZIP2 is pH sensitive232. 

Residues speculated to be involved were tested. H63A, E67A and E106A all showed 

decrease in metal transport while E70A and E106Q demonstrated increase. Interestingly, 

H63 and E67 in human ZIP2 correspond to Q180 and E184 in human ZIP8, which were 

at the focus of my projects. The bacterial counterpart S108 and P110 in BbZIP have also 
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been drawing a lot of attention114 Alanine mutations at the metal transport site, including 

H175, E179 and H202 all led to abolished transport activity, suggesting indispensable 

role of this metal site to transport. Indeed, human ZIP2 only has one metal transport site 

while the second was blocked by a lysine residue. As for substrate selectivity, H202E 

(corresponding to E343 in human ZIP8) and F269A seems to had broader selectivity as 

Mn might be a substrate to these ZIP2 variants now, and Cd transport was also inhibited 

by Ba2+ for H202E114. 

Another study on human ZIP2 identified a series of residues, including residues along 

the metal transport pathway, H63, E67, E70, E106; residues possibly from the metal 

binding site basing on the structure model, H175, H202, E179 and residues that are in 

the proximity including F269 and S176. Among these variants H63A and E67A and to a 

lesser extent E106A showed a decrease Cd activity, while E70A and E106Q 

demonstrated increased Cd transport. H175A and H202A abolished function, suggested 

their significant role in transport; E179A had moderate Cd transport (~40% compared to 

WT) where E179Q was functional dead. E276 was identified in this work, as E276Q 

showed significantly changed selectivity, the mutant prefers Cd more in the excess of Zn, 

Cu and Co. Kinetics showed similar Vmax but 3-fold higher Km. This change might be due 

to a weaker coordination towards the substrates114. 

In human ZIP4, functional role of a series histidine residues in the TMD were tested. 

Alanine screening showed that mutations on H379, H507 and H536 all led to great 
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decrease on the Zn activity, suggesting these residues are important for transport. 

Another histidine in TM8 was of interest, as a glutamate residue is highly conserved in 

LIV-1 but replaced by histidine in ZIP4. Competition assay revealed that Mn2+, Fe2+ and 

Co2+ can now compete with Zn2+ in the case of H624Q but direct measurement for iron 

uptake showed an even worse Fe2+ activity than wild type. H536A, however, 

demonstrated a significantly improved Fe activity. It is not surprising as H536 is within 

BMC and many studies on the counterparts of this residue in other ZIPs constantly 

revealed its significance. By mutating histidine into alanine, spatial and coordination 

limitation are both potentially removed therefore may facilitate a broader selectivity233. 

The roles of two metal binding sites within the BMC was also evaluated. The 

corresponding residues within the two metal binding sties were mutated into alanine in 

turns to generate M1 (H507A/H536A/H540A) and M2 (N508A/E537A) mutant. In the 

functional assay, Zn activity for M1 was totally abolished, suggesting the residues were 

indispensable for maintaining the function of ZIP4. M2 was not greatly affected, with only 

a moderate decrease in the Zn transport capacity. Moreover, competing assay was 

carried out on M2, where Cd, Co, Cu, Fe, Mn and Ni all failed to inhibit Zn transport. This 

work implied that although M2 (N508 and E357) can affect Zn transport, they were not 

indispensable and did not determine selectivity113. 

ZIP8 due to its multiple substrate preferences, has been the focus of the molecular 

determinates studies. A391 in human ZIP8 was also found to be of great interest. Mutant 
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A391T was found to be linked to systemic impairment of Mn homeostasis while not 

affecting Zn homeostasis234,235. Moreover, a few other ZIPs also have an alanine residue 

at the corresponding site, including ZIP9102,219, whose homolog in Saccharomyces 

cerevisiae Atx2p (antioxidant 2) was found to be important to Mn transport and also has 

an alanine at the site236. Pathology studies revealed that human ZIP mutations are 

connected to congenital disorders through abnormal Mn homeostasis237,238. Mutations 

G38R, I340N have been identified and tested in HeLa cells, showing much lower Mn 

activity than wild-type ZIP8239. 

Another study tested the relationship between diseases related mutations and Se 

transport on human ZIP8. It demonstrated that variant G38R had expression level issue, 

which was much lower than WT, but if calibrated the Se transport might be about 6 times 

higher than wild type ZIP8, suggesting this G to R mutation is beneficial to selenium 

transport. Similar case was seen in C113S, which was about 2 times higher than wild type 

after calibration. G204 showed no significant difference and S335T expressed in similar 

level as wild type but with almost abolished activity193. 

Other than the diseases causing mutations, a conserved motif in TM5 has constantly 

be mentioned in substrate preference studies of ZIPs. This HEXXH motif is conserved in 

all the human ZIPs except for ZIP8 and ZIP14, which are known for their multiple 

substrate preferences. In these two proteins, the motif changes into EEXXH, raising 

interests in this H to E mutation. It was shown that when the glutamate residue was 
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mutated into histidine and alanine, both ZIP8 mutants lost its Cd and Mn activity, 

suggesting great roles of the glutamate in determining substrate preference240. 

In ZIP11, functional roles of diseases related and metal binding residues were studied 

by reintroducing these mutants to ZIP11 knockdown cells. Diseases related mutants 

A26S, A234P, and P243S all rescued the abnormal Zn level from the ZIP11 knockdown, 

implying normal or similar ZIP11 function. A89V, however, failed to do so, suggesting a 

crucial role of A89 in ZIP11 function. Mutations on the metal binding sites (H204A, E208A, 

E244A) all compromised ZIP11 function as well208. 

A study in Drosophila ZIP13 (dZIP13) pointed out an interesting motif swap. It was 

previously revealed that dZIP13 can transport Fe, and sequence alignment manifested 

that while dZIP13 has a DNXXH motif at the BMC, all the other LIV-1 members have a 

highly conserved HNXXD. The dZIP13 motif is also conserved through species and was 

tested crucial for the Fe function. Similar experiment in dZIP7, close homolog to dZIP13 

showed the HNXXD motif is important for its Zn activity241. 

Mutations on human ZIP14 have been found to be related to diseases such as 

parkinsonism-dystonia symptoms through impaired ZIP14 function and accumulation of 

Mn. F98V, G383R and N469K were predicted to affect Mn transport in human ZIP14, 

suggesting their functional role242. 

Study in bacteria ZIP ZupT might shed some light on the mechanism of the ZIPs. 

ZupT also has a binuclear metal center (BMC), and it is found that M1 binds Zn, Cd and 
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Fe while M2 binds Fe only, with a higher affinity than M1.In both in vivo and in vitro study 

Zn was shown to be transported through M1 while Fe is transported through M2, which 

doesn't inhibit Zn transportation115. E123D (D318 in hZIP8) showed lost activity for Co, 

Fe, Zn and Mn while keeping an intermediate Cd activity. E123A showed intermediate Zn 

activity but lost the ability to transport other metals211. 

In a simulation study conducted on bacterial BbZIP, Zn ion was passed down BbZIP 

through a relay of a series residues including S106, A102, P199, A203 and L200 to the 

metal transport site. The kind of metals that can be coordinated to and passed down from 

these residues are therefore potential substrates of the protein243. 

In IRT1, H96, D100, E103 and C109A are at the loop between TM2 and TM3. 

Mutating H96, D100 and D136 into alanine led to Fe and Zn activities that were close to 

empty vector. Mutant C109A showed a slightly decreased Zn activity (70%) and a 120% 

Fe activity compared to wild type IRT1. E103A however, demonstrated interesting feature 

where Zn activity was lost but maintained a 120% Fe activity compared to the wild type244. 

1.6 Specific aims 

Although playing crucial physiological roles, the ZIP family still remains mysterious 

to humans in many aspects, one of which is how ZIPs differentially distinguish substrates 

from non-substrate metals. Combining the first crystal structure of BbZIP our group solved 

in 2017109 and the recently proposed and validated outward-facing conformation by our 

and another group110,112, the progress on the BbZIP structural biology study have 
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revealed a clearer picture on the elevator transport mechanism. This is therefore a perfect 

timing to study the difference in substrate preference of the ZIPs and decipher the 

underlying mechanism. My thesis work has been focused on the molecular mechanism 

of substrate specificity of ZIPs. As ZIP8 is a well-established promiscuous metal 

transporter, my study on substrate specificity has centered on this protein because 

promiscuity is the starting point for natural or directed evolution. I have also used ZIP4 as 

an established model to develop a non-radioactive transport assay. The three specific 

aims are listed below. 

1.6.1 Specific aim 1: Rationally engineering human ZIP8 and explore the molecular 

determinates of the substrate preference 

Human ZIP8 and human ZIP4 are two LIV-1 ZIPs that exhibit a large difference in 

substrate preference, the former being promiscuous while the latter being zinc specific. 

Sequence alignment revealed differentially conserved residues that are likely to be 

involved in substrate selection. We hypothesize that swapping these differentially 

conserved residues will greatly alter the substrate preferences. The success of this aim 

will provide knowledge for rational engineering and elucidation of the molecular 

mechanisms of substrate specificity of ZIPs. To achieve this aim, we will: 

1. Identify key residues that are differentially conserved in ZIP8 and ZIP4, because 

these residues are likely to be important in determining the substrate preference. 

2. Rationally engineer human ZIP8 to alter its substrate preference by systematically 
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replacing the differentially conserved residues in ZIP8 by the corresponding 

residues in human ZIP4. 

3. Screen the variants using the cell-based radioactive metal transport assay.  

4. Rationale for the altered substrate specificity by using combined bioinformatics 

and structural information.  

1.6.2  Specific aim 2: Development and application of non-radioactive metal assays 

To avoid the potentially dangerous radioactive method, the community has long 

expected to develop a non-radioactive method. We hypothesize that by combining ICP-

MS and rare stable isotopes, an easy-to-use method can be developed and applied to 

biochemical studies of the ZIPs. To achieve this aim, we will: 

1. Develop an ICP-MS-based 70Zn transport assay for human ZIP4 expressed in 

HEK293T cells.  

2. Apply this non-radioactive assay to determine the turnover number of human ZIP4; 

determine the roles of the ZIP4-ECD; and evaluate Zn efflux during the assay. 

3. Explore the potential of converting this approach into a high-throughput format by 

using laser ablation-ICP-MS (LA-ICP-MS) to detect samples on a solid surface. 

1.6.3  Specific aim 3: Explore the specificity filter 

During the studies on specific aim 1, a conditional selectivity filter was identified, which 

we believe determines the substrate preference of the protein. Although the filter existed 

in most of the ZIPs, the amino acids composition of the filter varies greatly. We 
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hypothesized that the different amino acid composition of the selectivity filter leads to the 

differences in substrate preference. To test this hypothesis, we will: 

1. Systematically replace the residues (Q180, E318, and E343 in ZIP8) forming the 

selectivity filter with polar and/or charged residues to generate a library. We focus 

on human ZIP8 because we have established a highly reliable transport assay for 

this protein. 

2. Screen the library against metal mixtures containing substrate and/or non-

substrate metals using ICP-MS and cell-based transport assay. 

3. Rationale for the altered and expanded substrate spectrum as a guidance for later 

engineering practice.  
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reveals a conditional selectivity filter critically involved in determining substrate 
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This work was led by me under the guidance of Dr. Jian Hu and accomplished through 

collaborations. Dr. Jian Hu, Dr. Dexin Sui and I did the sequence alignment and picked 

the residues of interests (Figure 2.3, 2.5). Dr. Sui and I designed primers (Table 2.1) and 

conducted mutagenesis. Dr. Sui conducted early metal uptake assays (Figure 2.3) and I 

conducted the rest of the metal uptake assays, including Zn, Cd, Fe and Mn assays and 

kinetic assays (Figure 2.6-2.9). I conducted Western blot, Tianqi Wang provided 

Immunofluorescence data (Figure 2.4, 2.7, 2.13). Dr. Hu performed the bioinformatic 

studies (Figure 2.10). Zhen Li and Dr. Gaurav Sharma from Dr. Kenneth Merz’s group 

carried out the computational study (Figure 2.11 and 2.12). Dr. Keith MacRenaris from 
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Dr. Thomas O’Halloran’s group and I conducted the ICP-MS study (Table 2.2 and Figure 

2.9). I conducted the swapping experiment in human ZIP4 (Figure 2.13). Dr. Hideki 

Takahashi was involved in manuscript writing and editing.  
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2.1 Summary 

Engineering of transporters to alter substrate specificity as desired holds great 

potential for applications, including metabolic engineering. However, the lack of 

knowledge on molecular mechanisms of substrate specificity hinders designing effective 

strategies for transporter engineering. Here, we applied an integrated approach to 

rationally alter the substrate preference of ZIP8, a Zrt-/Irt-like protein (ZIP) metal 

transporter with multiple natural substrates and uncovered the determinants of substrate 

specificity. By systematically replacing the differentially conserved residues with the 

counterparts in the zinc transporter ZIP4, we created a zinc-preferring quadruple variant 

(Q180H/E343H/C310A/N357H), which exhibited largely reduced transport activities 

towards Cd2+, Fe2+, and Mn2+ whereas increased activity toward Zn2+. Combined 

mutagenesis, modeling, covariance analysis, and computational studies revealed a 

conditional selectivity filter which functions only when the transporter adopts the outward-

facing conformation. The demonstrated approach for transporter engineering and the 

gained knowledge about substrate specificity will facilitate engineering and mechanistic 

studies of other transporters. 

2.2 Introduction 

Transporter engineering has gained traction in recent years because of its great 

potential in broad applications, particularly in metabolic engineering245–247. As membrane 

transporters govern the fluxes of substrates, intermediates, or products across the cell 
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and organellar membranes, transporter engineering has been viewed as a promising 

strategy to control the kinetics of reactions inside the biofactories. Metal transporters hold 

a unique position in dealing with beneficial and/or toxic metal uptake, distribution, 

accumulation, and extrusion. Engineering of metal transporters may reduce 

contamination of toxic metals in foods, enable biofortification, or facilitate 

phytoremediation248. Albeit these potentials, there were only limited trials on a few metal 

transporters to alter substrate specificity. These early studies were either only focused on 

a small set of residues or based on error-prone PCR facilitated random mutations244,249–

251.  

One prominent target for transporter engineering is the Zrt-/Irt-like protein (ZIP) family 

(SLC39A), which selectively transports divalent d-block metals. Recent structural, 

biochemical, and computational studies have provided evidence supporting that the ZIP 

metal transporters utilize an elevator-type transport mode to achieve alternating 

access110,111,178. In the two-domain architecture of a representative ZIP from Bordetella 

bronchiseptica (BbZIP), the only ZIP whose transmembrane domain structure has been 

solved to date, transmembrane helices (TMs) 2/3/7/8 form the static and dimeric scaffold 

domain whereas TM1/4/5/6 form the transport domain which slides vertically as a rigid 

body against the scaffold domain during transport. As the transport sites (M1 and M2) are 

nearly exclusively located in the transport domain, they are alternatingly exposed to either 

side of the membrane when the transport domain shuttles across the membrane. 
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Although several structures representing the inward-facing conformation (IFC) of BbZIP 

have been reported, an experimentally solved outward-facing conformation (OFC) of 

BbZIP is still missing. Nevertheless, an OFC model of BbZIP was generated by using the 

approach of repeat-swap homology modeling, which has been validated by biochemical 

approaches111. As an ancient protein family ubiquitously expressed in all kingdoms of life, 

the ZIPs are diverse in multiple aspects, including substrate specificity. Even with the 

gradually elucidated elevator transport mechanism, which is believed to be applicable to 

most if not all members of the ZIP family, how ZIPs selectively transport certain d-block 

metals while repelling the others remains elusive. Some ZIP family members appear to 

be specific toward zinc ions (Zn2+), but the broader substrate spectrum of other family 

members allows them to function as multi-metal transporters capable of transporting a 

panel of divalent d-block metal ions. For instance, while most of the fourteen human ZIPs 

are reported to transport Zn2+ and play roles in Zn homeostasis and Zn signaling138,252–

254, ZIP8 and its close homolog ZIP14 transport not only Zn2+ but also ferrous ions (Fe2+), 

manganese ions (Mn2+), and cadmium ions (Cd2+), and as such are critically involved in 

Fe and Mn homeostasis and are responsible for cellular Cd uptake and 

toxicity172,202,238,255–264. In Arabidopsis thaliana, Cd accumulation can be partially 

attributed to the Cd2+ transport activity, in addition to the activities toward Zn2+, Fe2+, and 

Mn2+, of the root-expressing IRT1, a founding member of the ZIP family213,265,266. So far, 

the underlying mechanisms of substrate specificity of the ZIPs are largely unknown. Note 
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that although the exact metal species that is transported by ZIPs has not been fully 

established, M2+ is used to indicate that the ZIPs transport divalent metal substrates. 

In this work, we applied a systematic approach to rationally alter the substrate 

specificity of a multi-metal transporter, ZIP8 from human, initially aiming to increase the 

preference toward Zn2+ over Cd2+ (described Zn/Cd selectivity hereafter). The quadruple 

variant of ZIP8 created in this study (Q180H/E343H/C310A/N357H) exhibited drastically 

increased preference of Zn2+ over not only Cd2+ but also Fe2+ and Mn2+, which are the 

other two physiological substrates of ZIP8 besides Zn2+. Structural modeling, evolutionary 

covariance analysis, and computational studies revealed a residue pair (Q180 and E343) 

that forms a selectivity filter at the entrance of the transport pathway only when ZIP8, an 

elevator-type transporter, adopts the outward-facing conformation, providing the 

structural and biochemical basis of the strong epistasis among the mutations introduced 

in the quadruple variant. The results of reverse substitution experiments performed on 

human ZIP4 confirmed the importance of the proposed selectivity filter in determining 

substrate preference.  

2.3 Materials and Methods 

2.3.1 Genes, plasmids, and mutagenesis 

The complementary DNA of human ZIP4 (GenBank access number: BC062625) and 

human ZIP8 (GenBank access number: BC012125) from Mammalian Gene Collection 

were purchased from GE Healthcare. The ZIP4 coding sequence was inserted into a 
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modified pEGFP-N1 vector (Clontech) in which the downstream EGFP gene was deleted, 

and an HA tag was added at the C-terminus. The ZIP8 coding sequence was inserted 

into the pcDNA3.1 vector (Invitrogen). The ZIP8 construct consists of the N-terminal 

signal peptide of ZIP4 (amino acid residues 1-22) followed by a GSGS linker and a FLAG 

tag, the ZIP8 coding sequence (residue 23-460), and a HA-tag at the C-terminus. Site-

directed mutagenesis of ZIP8 was conducted using QuikChange mutagenesis kit (Agilent, 

Cat#600250). All mutations were verified by DNA sequencing. The primers used in this 

work are listed in Table 2.1. 

Name Sequence (5’-3’) a 
ZIP8  
E343H 
C374L 

ACTTCCATAGCAATCCTATGTCACGAGTTTCCCCACGAGTTAGGA 
CTATTCAACTTCCTTTCTGCATTGTCCTGCTATGTTGGGCTAGCT 

C374L/C376A CTATTCAACTTCCTTTCTGCATTGTCCGCTTATGTTGGGCTAGCTTT
TGGC 

Q180H CTTTTTTCAAATGCAATTTTCCACCTTATTCCAGAGGCATTTGGA 
Q180H/E343H/N176D GCTATTGGGACTCTTTTTTCAGATGCAATTTTCCACCTTATTCCA 
Q180H/E343H/E184K GCAATTTTCCACCTTATTCCAAAGGCATTTGGATTTGATCCCAAA 
Q180H/E343H/D189H ATTCCAGAGGCATTTGGATTTCACCCCAAAGTCGACAGTTATGTT 
Q180H/E343H/C310A 
Q180H/E343H/S325A 
Q180H/E343H/Q332T 
Q180H/E343H/N357H 
Q180H/E343H/P392E 
Q180H/E343H//T451S 

ATTGCCTGGATGATAACGCTCGCTGATGCCCTCCACAATTTCATC 
GATGGCCTGGCGATTGGGGCTGCTTGCACCTTGTCTCTCCTTCAG 
TCCTGCACCTTGTCTCTCCTTACAGGACTCAGTACTTCCATAGCA 
GGAGACTTTGTGATCCTACTCCACGCAGGGATGAGCACTCGACAA 
TTGGTGGGCAACAATTTCGCTGAGAATATTATATTTGCACTTGCT 
ACTGGAAGAAAAACCGATTTCTCATTCTTCATGATTCAGAATGCT 

 
ZIP4 

 

H379Q CTCACTGGGGACGCTGTCCTGCAACTGACGCCCAAGGTGCTGGG
G 

H536E ACCTCGCTGGCCGTGTTCTGCGAAGAGTTGCCACACGAGCTGGG
G 

G503C CTGCCCTATATGATCACTCTGTGTGACGCCGTGCACAACTTCGCC 
H550N GGGGACTTCGCCGCCTTGCTGAACGCGGGGCTGTCCGTGCGCCA

A 

Table 2.1. The primers for mutagenesis. 
a Only the forward primers are shown. The reverse primers are reversely complimentary 
to the sequences of the forward primers. 
b The Q180H/E343H/C310A/N357H variant was generated by using the primers for the 
Q180H/E343H/C310A and N357H variants.  
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2.3.2 Mammalian cell culture, transfection, and Western blot 

Human embryonic kidney cells (HEK293T, ATCC, Cat#CRL-3216) were cultured in 

Dulbecco’s modified eagle medium (DMEM, Thermo Fisher Scientific, Invitrogen, 

Cat#11965092) supplemented with 10% (v/v) fetal bovine serum (FBS, Thermo Fisher 

Scientific, Invitrogen, Cat#10082147) and Antibiotic-Antimycotic solution (Thermo Fisher 

Scientific, Invitrogen, Cat# 15240062) at 5% CO2 and 37°C. Cells were seeded on the 

polystyrene 24-well trays (Alkali Scientific, Cat#TPN1024) for 16 h in the basal medium 

and transfected with 0.8 μg DNA/well using lipofectamine 2000 (Thermo Fisher Scientific, 

Invitrogen, Cat# 11668019) in DMEM with 10% FBS. 

For Western blot, samples were mixed with the SDS sample loading buffer and heated at 

96°C for 10 min before loading on SDS-PAGE gel. The proteins separated by SDS-PAGE 

were transferred to PVDF membranes (Millipore, Cat#PVH00010). After blocking with 5% 

(w/v) nonfat dry milk, the membranes were incubated with anti-FLAG antibody (Agilent, 

Cat# 200474-21) or anti β-actin (Cell Signaling, Cat# 4970S) at 4°C overnight, which were 

detected with HRP-conjugated goat anti-rat immunoglobulin-G at 1:5000 dilution (Cell 

Signaling Technology, Cat# 7077S) or goat anti-rabbit immunoglobulin-G at 1:3000 

dilution (Cell Signaling Technology, Cat# 7074S) respectively using the 

chemiluminescence reagent (VWR, Cat#RPN2232). The images of the blots were taken 

using a Bio-Rad ChemiDoc Imaging System. 



 

67 

 

2.3.3 Metal transport assay 

2.3.3.1 Internal competition for Zn2+ and Cd2+  

Twenty hours post transfection, cells were washed with the washing buffer (10 mM 

HEPES, 142 mM NaCl, 5 mM KCl, 10 mM glucose, pH 7.3) followed by incubation with 

Chelex-treated culture media (DMEM plus 10% FBS). ICP-MS analysis indicated that the 

treatment with Chelex-100 reduced Zn content by more than 97%, whereas had little 

effects on the contents of Fe and Mn (Table 2.2).  

(µM) Mn Fe Zn 

Before 0.059 3.988 3.637 

After 0.043 3.702 0.091 

Table 2.2. ICP-MS analysis of some d-block metals in the culture media (DMEM+10% 
FBS) before and after the treatment with the Chelex-100 resin. 

The Chelex-treated culture media used for transport assay already contains 0.091 

µM Zn, 3.702 µM Fe, and 0.043 µM Mn. Indicated amount of metals, including the 

radioactive isotopes, were added into this culture media to initiate transport. To reduce 

the systematic errors caused by variations in transporter expression level and in cell 

number during transfer and wash among different samples, we added both Zn2+ and Cd2+ 

to the same cell sample by taking the advantage of 65Zn and 109Cd emitting gamma ray 

at different energy levels (1100 keV and 88 keV for Zn and Cd, respectively). A diagram 

is shown in Figure 2.1 to illustrate the experiment process. Accordingly, we were able to 

measure the two isotopes simultaneously when two detection windows were used in the 

gamma counter (800-1500 keV for Zn window and 30-150 keV for Cd window). As 65Zn 

also emits gamma rays within the Cd window, a calibration was performed to determine 
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the signal solely derived from 109Cd by subtracting the contribution of 65Zn from the 

reading recorded within the Cd window. To do so, the signals of a series of 65Zn standard 

samples (0-20 μM) were measured within both the Zn-window and the Cd-window. The 

resulting slope of the linear correlation 0.235 was used to calibrate the readings recorded 

within the Cd window to obtain the signals specific to Cd (Figure 2.1).  

 

Figure 2.1. Internal competition transport assay and data processing. (A) Illustration of 
the experimental procedure. Cells expressing different levels of ZIP8 (shown as red 
channels) in three independent experiments (Exp 1-3) are incubated with a mixture of 
65Zn and 109Cd under the same experimental conditions, followed by termination with an 
ice cold EDTA-containing solution and extensive wash. Radioactivities of 65Zn and 109Cd 
associated with the cells were simultaneously quantified by using a gamma counter in 
two detection windows (800-1500keV for Zn and 30-150keV for Cd). As demonstrated in 
the simulated experiments, although the Zn (or Cd) transport activity may have a large  
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Figure 2.1. (cont’d) 
deviation due to varied expression levels of the transporter in different experiments, the 
ratios of the transport activities of Zn to Cd (the Zn/Cd selectivity) are essentially the same. 
(B) Calibration of the signals recorded in the Cd window. Radioactivities of a series of 
65Zn standard samples (0-20 μM) recorded in the Cd window are plotted against the 
readings recorded in the Zn window. The slope of the curve (0.235) means that, for any 
given sample containing 65Zn and 109Cd, 23.5% of the reading recorded in the Zn window 
contributes to the reading in the Cd-window. Therefore, to calibrate the readings in the 
Cd window, 23.5% of the reading in the Zn window was subtracted from the reading 
recorded in the Cd window to determine the radioactivity truly derived from 109Cd. 109Cd 
does not contribute to the reading in the Zn window. 

In the experiments shown in Figure 2.3, 5 μM ZnCl2 (0.05 μCi/well) and 5 μM CdCl2 

(0.05 μCi/well) were used in the substrate mixture. In the experiments shown in Figures 

2.6 and 2.13, as the variants of ZIP8 or ZIP4 and its variants exhibited low Cd transport 

activity, more Cd (15 μM Cd2+, 0.15 μCi/well) was used while Zn2+ concentration was kept 

the same as before. After incubation at 37°C for 30 min, the plates were transferred on 

ice and an equal volume of the ice-cold washing buffer containing 1 mM EDTA was added 

to the cells to terminate metal uptake93,104,109,111,113,117,260,267–269. The cells were washed 

twice and pelleted through centrifugation at 75 x g for 5 min before lysis with 0.5% Triton 

X-100. A Packard Cobra Auto-Gamma counter was used to measure radioactivity. The 

Zn (or Cd) transport activity was determined by subtracting the radioactivities of 65Zn (or 

109Cd) associated with the cells transfected with the empty vector from those associated 

with the cells transfected with metal transporters.  

For kinetic studies, equal amount of Zn2+ and Cd2+ were mixed in the media at the 

indicated concentrations with the following radioactivity: 0.01 μCi/μM for Cd2+ and 0.005 

μCi/μM for Zn2+. The remaining procedure was the same as described above.  
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2.3.3.2 Fe2+ transport assay 

Twenty hours post transfection, cells were washed with the washing buffer (10 mM 

HEPES, 142 mM NaCl, 5 mM KCl, 10 mM glucose, pH 7.3) followed by incubation with 

Chelex-treated DMEM plus 10% FBS. Indicated amount of FeCl3, including the 

radioactive 55Fe3+ (0.1 μCi/μM), were added into the media supplemented with 2 mM 

freshly prepared ascorbic acid (to reduce Fe3+ to Fe2+) to initiate transport29,40. The other 

procedures were the same as the Zn transport assay except that the cell lysates were 

mixed with the Ultima Gold cocktail (PerkinElmer, Cat# L8286) and 55Fe associated with 

the cells was quantified using a liquid scintillation counter (LS 6500 Multi-Purpose 

Scintillation Counter). 

2.3.3.3 Mn2+ transport assay  

Twenty hours post transfection, cells were washed with the washing buffer (10 mM 

HEPES, 142 mM NaCl, 5 mM KCl, 10 mM glucose, pH 7.3) followed by incubation with 

Chelex-treated DMEM plus 10% FBS. MnCl2 was added to the media to the final 

concentration of 50 µM. The other procedures were the same as the Zn transport assay 

except that the cell lysates were digested with nitric acid and applied to Mn measurement 

using ICP-MS. More specifically, 75 µL of the cell lysate was mixed with 100 µL of 70% 

nitric acid (Fisher chemical, Cat# A509P212) in 15 mL metal-free tube (Labcon, Cat# 

3134-345-001-9). The samples were heated in 60°C water bath for 1 h to make sure the 

sample is fully digested. After incubation each sample was diluted to 3 ml using MilliQ 
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water to a final solution of 2.33% nitric acid (v/v). Samples were analyzed using the Agilent 

8900 Triple Quadrupole ICP-MS equipped with the Agilent SPS 4 Autosampler. 

Instrument calibration was accomplished by preparing standards and internal controls. 

The standard was IV-ICPMS-71A (Inorganic Ventures), standard concentrations were 

100, 50, 25, 12.5, 6.25, 3.125 ng/ml for each element. IV-ICPMS-71D (Inorganic Ventures) 

was used for internal control. The relative level of Mn was expressed as the molar ratio 

of Mn and phosphorus270. 

2.3.3.4 Time course experiments 

To determine the optimal incubation time, time course experiments were conducted 

at the indicated time in the range of 0-90 minutes. In these experiments, the 

concentrations of Zn2+, Cd2+, and Fe2+ were 5 µM, 5 µM, and 20 µM respectively. The 

result is shown in Figure 2.2. 

 

Figure 2.2. Time courses of metal transport by the wild type ZIP8. left: Zn2+; middle: Cd2+; 

right: Fe2+. Metal substrates were detected using a gamma counter (for 65Zn and 109Cd) 

or a liquid scintillation counter (for 55Fe). The concentrations of Zn2+, Cd2+, and Fe2+ were 

5 µM, 5 µM, and 20 µM respectively. 
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2.3.3.5 Competition assay with Fe2+ or Mn2+ 

For competition assay using Fe2+ or Mn2+, all the procedure was the same as 

described above, except that the incubation buffer (Chelex-treated culture media 

containing DMEM plus 10% FBS) contained 5 μM Zn (0.05 µCi/well) with 100 μM FeCl3 

plus 2 mM ascorbic acid or 100 μM MnCl2. 

2.3.4 Immunofluorescence imaging 

HEK293T cells were grown in 24-well trays for 16 h on Poly-D-Lysine (Corning, 

Cat#354210) coated coverslips and transfected with plasmids harboring ZIP8 gene or the 

4M variant using lipofectamine 2000. To visualize cell surface expressed ZIP8 or the 4M 

variant, cells were washed by Dulbecco's phosphate-buffered saline (DPBS) after 24 h 

transfection and then fixed for 15 min at room temperature by using 4% formaldehyde. 

The cells were washed by DPBS for three times and then incubated in 2% BSA in DPBS 

for 1 h. The cells were incubated with 4 μg/mL anti-FLAG antibody diluted with 2% BSA 

in DPBS at 4ºC overnight. After washing three times by DPBS, the cells were incubated 

with Alexa-488 goat anti-rat antibodies at 1:200 (Thermo Fisher Scientific, Cat#A11006) 

diluted in DPBS with 2% BSA for 1 h. After three times washing by DPBS, coverslips were 

mounted on the slides with fluoroshield mounting medium with DAPI (Abcam, Cat# 

ab104139). Images were taken with a 40x objective using Nikon C2 confocal microscope. 

To detect the overall expression of ZIP8 and the 4M variant, after fixation by 4% 

formaldehyde, cells were permeabilized and blocked for 1 h with DPBS containing 2% 



 

73 

 

BSA and 0.1% Triton X-100 and then were incubated with 4 μg/mL anti-FLAG antibody 

diluted with 2% BSA in PBST with 0.1% Tween-20 (ThermoFisher Scientific, Cat# 85113) 

at 4 ºC overnight. The other procedures were the same as those for the non-

permeabilized cells. 

2.3.5 Bioinformatics and structural modeling 

Multiple sequence alignment was conducted using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/). A threshold of 50% sequence identity was 

used as the cutoff to select orthologs of ZIP8, ZIP14, and ZIP4. Structure models were 

generated by SWISS MODEL (https://swissmodel.expasy.org/interactive). The structural 

model of human ZIP8 in the IFC was generated using the BbZIP structure (PDB: 5TSB) 

as the template. The models of ZIP8 in the OFC were created using either the OFC model 

of BbZIP111 or the AlphaFold predicted human ZIP13 

(https://alphafold.ebi.ac.uk/entry/Q96H72) as the template. Other ZIPs were modeled 

using the AlphaFold predicted human ZIP13 as the template. Evolutionary covariance 

analysis was conducted by using EVcouplings (https://v2.evcouplings.org/). To study the 

amino acid composition at the positions where Q180 and E343 are located in ZIP8, the 

protein sequences of the PF02535 family in the Pfam database 

(https://pfam.xfam.org/family/Zip) were retrieved, classified, and analyzed using the 

approach described previously253. The aligned sequences in each subfamily were 

analyzed in Jalview.  



 

74 

 

2.3.6 MD simulation and free energy calculation 

MD simulations were performed using AMBER20271. The system was prepared using 

CHARMM-GUI272, in which the box dimension was 101×101×126 Å containing one ZIP8 

protein, 262 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) molecules, and 25973 

OPC water molecules. Minimization was done in five stages with a gradient of restriction 

from protein backbone to side chain, each step yield 10, 000 steps of steepest descendent 

and 10, 000 steps of conjugate gradient methods; then 36 ns of NVT heating was 

performed with the temperature increasing gradually from 0 to 300 K. Then another 3 μs 

of simulation was performed to equilibrate the system in the NPT ensemble. Finally, a 

seven-window thermodynamic integration was conducted on the equilibrated system, 

each window yielded 300 ns. For every 50 ps the snapshot was saved to the trajectory 

file, yielding 420, 000 snapshots for the Gaussian Quadrature analysis. 10 Å cutoff was 

used for the non-bonded interaction. PME method and PBC were used for the simulations, 

and the Langevin algorithm with a 2.0 ps–1 friction coefficient was used for maintaining 

the temperature273. Berendsen barostat was used for pressure control with a relaxation 

time of 1.0 ps274. The time step was 1.0 fs with SHAKE used to constrain the bonds 

containing hydrogen atoms275. 

To compare free energy changes upon metal ions binding to the selectivity filter 

involving the side chains of H180, H343, D318, and E184 in the 4M variant, a modified 

12-6-4 Lennard-Jones (m-12-6-4-LJ) non-bonded model was introduced to consider the 
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induced dipole effect between the metal ion and coordinating atoms during simulation276. 

Since the induced dipole effect is highly dependent on the polarizability of coordinating 

atoms, all parametrized polarizabilities used in this research was provided by the table in 

Figure S5A. Because the m-12-6-4-LJ model mainly yields strongly localized interactions, 

only the residues at the metal binding sites were applied with modified polarizabilities and 

m-12-6-4-LJ potentials.  

2.3.7 Statistical analysis 

Statistical analysis was conducted using the Student’s t-test. 

2.4 Results 

2.4.1 Identification of the differentially conserved residues (DCRs) 

ZIP8 is a member of the LIV-1 subfamily including nine human ZIPs, in which ZIP8 

and ZIP14 are multi-metal transporters mediating influx of Zn2+, Fe2+, Mn2+, and Cd2+ from 

the extracellular space138,203. The other LIV-1 proteins, including ZIP4, prefer Zn2+ over 

other biologically relevant divalent metal ions. Accordingly, the LIV-1 subfamily can be 

divided into two groups with distinct substrate specificities. Multiple sequence alignment 

of human LIV-1 proteins allowed us to identify two residues, Q180 and E343 (residue 

numbers in ZIP8), which are invariable in ZIP8 and ZIP14 but replaced by histidine 

residues in the Zn-preferring LIV-1 proteins (Figure 2.3A). We named the residues with 

these features differentially conserved residues (DCRs), as they are conserved in the 

orthologs (or close paralogs) sharing the same substrate specificity but non-
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conservatively replaced with the amino acids conserved in the paralogs with different 

substrate specificity. As it has been demonstrated that isozyme-specific residues are 

crucial in determining substrate specificity of enzymes277–279, these two DCRs were 

postulated as key residues defining the substrate spectrum of the LIV-1 proteins. 

 

Figure 2.3. Epistatic interaction between Q180 and E343 involved in determining transport 
activity and substrate preference of human ZIP8. (A) Sequence alignment of human LIV-1 

proteins to identify the uniquely conserved residues (in red) in the transport site and the pore 

entrance of ZIP8 and ZIP14. (B) The structure model of ZIP8 with the residues Q180 and H343 

highlighted in stick mode. The dashed arrows indicate the entrance and the exit of the transport 

pathway. The transport site of ZIP8 with bound metal substrates (M1 and M2, grey spheres) is 

shown in the framed box, and the residues uniquely conserved in ZIP8 and ZIP14 are shown in 

cyan. (C) Zn2+ and Cd2+ transport activities of the variants with mutated transport site. The 

transport activities of the variants are expressed as percentages of the corresponding activities  
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Figure 2.3. (cont’d) 
of the wild type ZIP8. The Zn2+ (or Cd2+) transport activity was determined by    subtracting the 

radioactivities of 65Zn (or 109Cd) associated with the cells transfected with the empty vector from 

those associated with the cells transfected with the vector that contains the DNA encoding the 

wild type ZIP8 or the variants. The shown data are from one representative experiment with three 

replicates. The short horizontal bars represent ±S.D., and the long horizontal bars indicate means. 

(D) The Q180H mutation rescued the transport dead E343H variant and increased the Zn/Cd 

selectivity. Left: The Zn2+ and Cd2+ transport activities of the variants of Q180H and Q180H/E343H. 

Right: The relative Zn/Cd selectivity of the variants of Q180H and Q180H/E343H. The Zn/Cd 

selectivity is defined as the ratio of the Zn2+ transport activity over the Cd2+ transport activity, and 

the relative Zn/Cd selectivity of a variant is expressed as percentage of the Zn/Cd selectivity of 

the wild type ZIP8. Each solid dot represents the mean of at least three replicates in one individual 

experiment. The shown data are the combined results of five independent sets of experiments 

conducted for each variant. The asterisks indicate the significant differences between the variants 

and the wild type ZIP8 (Student’s t-tests: * P≤0.05; ** P≤0.01; *** P ≤0.001). 

 Notably, E343 is located in the transport site (the M1 site according to the BbZIP 

structures), whereas Q180 is predicted to be at the entrance of the transport pathway 

according to the ZIP8 structure model where the transporter adopts an inward-facing 

conformation (IFC) (Figure 2.3B). In later experiments, we replaced Q180 and E343 with 

histidine and tested the substrate preference of the resulting variants. Sequence 

comparison also revealed two uniquely conserved metal-chelating residues (C374 and 

C376) in the putative M2 site of ZIP8, so we also tested the role of these residues by 

replacing them with the corresponding residues in ZIP4, a well-characterized zinc 

transporter104,113,117,121,218,267,280,281.  

2.4.2 Internal competition transport assay to precisely measure the Zn/Cd 

selectivity 

Our initial focus was put on the Zn/Cd selectivity because the two metals, both in the 

IIB column of the periodic table, share similar properties in coordination chemistry. Indeed, 



 

78 

 

the previous studies have indicated that Zn2+ and Cd2+ use the same transport pathway 

through multi-metal ZIPs115,203, and distinguishing them requires a delicate but less 

understood mechanism. To precisely measure small kinetic isotope effect of an enzyme, 

a commonly used approach is the internal competition assay in which a mixture of two 

competing substrates labeled with light and heavy isotopes respectively is applied to the 

enzyme for processing282. Similarly, we applied an internal competition transport assay 

by adding a mixture of radioactive 65Zn2+ and 109Cd2+ to the cells transiently expressing 

the wild type ZIP8 or the variants. After incubation and washing, radioactivity associated 

with the cells were measured to quantify 65Zn and 109Cd simultaneously by taking the 

advantage of different energy levels of the gamma rays emitted by the two radioisotopes 

(65Zn: 800-1500 keV; 109Cd: 30-150 keV). Under the optimal experimental conditions 

(Figure 2.2), the calculated radioactivity ratio of 65Zn over 109Cd would represent the ratio 

of the transport rates of the two competing substrates (i.e., the Zn/Cd selectivity). An 

illustration of the internal competition transport assay is shown in Figure 2.1. 

2.4.3 Identification of a double variant with a greatly increased Zn/Cd selectivity 

The metal chelating residues in the transport site, including E343 in the M1 metal 

binding site as well as C374 and C376 in the M2 metal binding site109,113, were tested in 

the first round. As shown in Figure 2.3C, the mutations on the cysteine residues (C374L 

and C374L/C376A) yielded no change in Zn2+ (or Cd2+) transport activity, whereas the 

E343H variant exhibited no transport activity toward either substrate. This result was 
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unexpected because the E343H mutation leads to a binuclear metal center with metal 

chelating residues identical to ZIP4, so it is unlikely that this mutation completely disrupts 

metal binding at the transport site. The abolished transport activity of the E343H variant 

could not be explained by misfolding either because the mutation did not cause a 

drastically reduced expression as indicated in Western blot (Figure 2.4).  

 
Figure 2.4. Expression analysis of ZIP8 and the variants. (A) Comparison of the single 
and double variants with the wild type ZIP8 by Western blot (upper panel) and 
quantification analysis using ImageJ (lower panel). (B) Comparison of triple variants with  
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Figure 2.4. (cont’d) 
the wild type ZIP8 and the Q180H/E343H (2M) variant by Western blot (upper panel) and 
quantification analysis using ImageJ (lower panel). N-FLAG ZIP8 and β-actin were 
detected using anti-FLAG and anti-actin antibodies, respectively. The expression level of 
a variant is expressed as the percentage of the ratio of the wild type ZIP8 over β-actin. 
The shown result is from a representative experiment. (C) Immunofluorescence analysis 
of cell surface expressed ZIP8 variants. The procedure is the same as indicated in the 
legend of Figure 4A. 
 

We then tested the effects of the mutation of Q180 which is located at the entrance 

of the transport pathway. Of interest, the Q180H variant exhibited an increase in the 

Zn/Cd selectivity by nearly two folds when compared with the wild type ZIP8 (Figure 

2.3D). More importantly, the Q180H mutation rescued the transport dead E343H variant, 

and the resulting Q180H/E343H double variant (the 2M variant hereafter) exhibited a 

nearly four-fold increase in the Zn/Cd selectivity relative to the wild type ZIP8 and a two-

fold increase on top of the Q180H variant, indicative of strong synergistic effect between 

the two residues. Close inspection of the data showed that the increased Zn/Cd selectivity 

was achieved primarily through suppressing the Cd2+ transport activity (Figure 2.3D), 

whereas the Zn2+ transport activity was modestly increased but with no statistical 

significance. 

2.4.4 Identification of additional mutations that further improve the Zn/Cd 

specificity 

By comparing the amino acid sequences among ZIP8, ZIP14, and ZIP4 homologs 

from multiple species (Figure 2.5), many additional DCRs were identified. We chose ZIP4 

to compare ZIP8 and ZIP14 is because ZIP4 shares the highest sequence identity with 
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ZIP8/14 than other LIV-1 members and also it is a well-characterized zinc transporter. 

Mapping a total of 35 DCRs on the structure model of ZIP8 revealed a distinguishable 

pattern that many DCRs, particularly those potentially involved in metal chelation, are 

located along or at the entrance of the transport pathway (Figures 2.5 & 2.6A).  



 

82 

 

 
Figure 2.5. Sequence alignment of the transmembrane domains of the paralogs of ZIP8 
(with blue background), ZIP14 (green), and ZIP4 (pink). ZIP8s: NP_001128618.1  
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Figure 2.5. (cont’d) 
(Homo sapiens), XP_028661002.1 (Erpetoichthys calabaricus), XP_015141100.1 (Gallus 
gallus), XP_026528489.1 (Notechis scutatus), XP_021101083.1 (Heterocephalus glaber), 
XP_004465564.1 (Dasypus novemcinctus), ERE89656.1 (Cricetulus griseus), 
XP_025729341.1 (Callorhinus ursinus). ZIP14s: XP_030057878.1 (Microcaecilia 
unicolor), XP_021037369.1 (Mus caroli), NP_001338586.1 (Homo sapiens), 
XP_025788819.1 (Puma concolor), KAA0716775.1 (Triplophysa tibetana), 
XP_026883554.1 (Electrophorus electricus). ZIP4s: XP_001371970.3 (Monodelphis 
domestica), NP_001071137.1 (Rattus norvegicus), XP_003802407.1 (Otolemur garnettii), 
NP_570901.3 (Homo sapiens), XP_017367157.1 (Cebus imitator). The DCRs along or at 
the entrance of the transport pathway are highlighted in yellow and the others are in cyan. 
The tested DCRs are potential metal chelating residues (before or after substitution) along 
the transport pathway or at the pore entrance. The mutations derived from DCR swapping 
are listed below the alignment. The transmembrane helices (α1-α8) are shown as the red 
bars above the sequences. *C310 was substituted with alanine to avoid potential 
structural disruption caused by glycine substitution. **T451S is a conservative 
replacement, but it was tested because T451 is spatially close to other selected DCRs. 

 

 
Figure 2.6. Generation of a quadruple variant with further improved Zn/Cd selectivity. (A)  
Mapping of the selected DCRs on the structure model of ZIP8. The selected DCRs are  
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Figure 2.6. (cont’d) 
labeled and shown in stick mode – Q180 and E343 are in yellow, and the others are in 
orange. The residues substituted in the quadruple variant are labeled in white on a green 
background. (B) Screening of the triple variants with mutations on the selected DCRs. 
The Zn2+ (Cd2+) transport activities (left) and the Zn/Cd selectivity (right) are expressed 
as percentage relative to the Q180H/E343H double variant (2M). Each solid dot 
represents the mean of at least three replicates in one individual experiment. The shown 
data are the combined results of 2-3 independent sets of experiments conducted for each 
variant. The short horizontal bars represent S.D., and the long horizontal bars indicate 
means. (C) Comparison of the Zn (Cd) transport activity (left) and the Zn/Cd selectivity 
(right) of the quadruple variant (4M) with those of the 2M variant. The Zn (Cd) transport 
activities (left) and the Zn/Cd selectivity (right) are expressed as the percentage values 
relative to the 2M variant. Each data point represents the mean of three replicates in one 
experiment and the results of four independent sets of experiments are shown. The 
asterisks indicate the significant differences between the 2M and the triple variants or 
between the triple and the quadruple (4M) variants (Student’s t-tests: * P≤0.05; ** P≤0.01). 

Based on the structure model, we postulate that, compared with the DCRs facing 

lipids or involved in TM packing, the metal chelating DCRs in the transport pathway are 

most likely to play a role in distinguishing metal substrates. We therefore examined 

whether replacing these DCRs in ZIP8 with the corresponding amino acids in ZIP4 would 

further increase the Zn/Cd selectivity on top of the 2M variant (Figure 2.6B). The nine 

generated triple variants exhibited quite different properties: Some variants lost most (for 

the variants of 2M+N176D and 2M+E184K) or nearly all (for the variants of 2M+Q322T 

and 2M+P392E) of the transport activity toward both Zn2+ and Cd2+. The variant of 

2M+D189H also exhibited reduced activity, but it can be attributed to the lower expression 

level (Figure 2.4B). The variants of 2M+S325A and 2M+T451S showed no change in 

Zn2+ or Cd2+ transport when compared with the 2M variant, whereas the mutations of 

C310A and N357H seemed to increase the activity toward Zn2+ more than Cd2+. We then 
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examined whether combining the C310A and N357H mutations with the 2M variant would 

improve the Zn/Cd selectivity. As shown in Figure 2.6C, the resulting quadruple variant 

(Q180H/C310A/E343H/N357H, the 4M variant hereafter) exhibited a two-times greater 

Zn/Cd selectivity than the 2M variant, which can be attributed to a significantly reduced 

Cd2+ transport activity and a small (but statistically insignificant) decrease in Zn2+ transport 

activity (Figure 2.6C). When compared with the wild type ZIP8, the 4M variant achieved 

an approximately 7-8 times enhancement in the Zn/Cd selectivity.  

2.4.5 Transport kinetic study of the 4M variant toward the multiple substrates of 

ZIP8 

Expression analysis showed that the 4M variant was expressed in HEK293T cells 

with similar total and cell surface expression levels when compared with the wild type 

ZIP8 (Figure 2.7A), indicating that the combined mutations did not affect folding or 

intracellular trafficking of the transporter.  
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Figure 2.7. Transport kinetics of the 4M variant in comparison with that of the wild type 
ZIP8. (A) Expression analysis of the wild type ZIP8 and the 4M variant in HEK293T cells. 
Left: Immunofluorescence images of the cells expressing the wild type ZIP8 or the 4M 
variant. The total expression and the surface expression of the N-FLAG ZIP8 (or the 4M 
variant) were detected by an anti-FLAG antibody and then an Alexa-488 labeled 
secondary antibody in permeabilized and non-permeabilized cells, respectively. The 
scale bar represents 10 µm. Right: Western blot of the wild type ZIP8 and the 4M variant. 
β-Actin was used as loading control. A non-specific signal is indicated by the arrow. (B) 
Transport of Zn2+ (left) and Cd2+ (right) by the 4M variant (open symbols) and the wild type 
ZIP8 (solid symbols). The shown data are from one representative experiment with 3-4 
replicates for each data point. The error bars indicate ±S.D. The curves were fitted using 
the Hill model in OriginTM. The transport rates are expressed as percentages of the Vmax 
value of the wild type ZIP8. (C) The kinetic parameters of the 4M variant and the wild type 
ZIP8. The errors are the S.E. generated in curve fitting. 
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To understand the biochemical basis of the increased Zn/Cd selectivity, we measured 

Zn2+ and Cd2+ uptake and compared the kinetic parameters of the wild type ZIP8 and the 

4M variant. As shown in Figure 2.7B, the 4M variant transported Zn2+ with a nearly 

fourfold increase in Vmax but also a more than twofold increase in KM, which led to a 1.6-

times increase in Vmax/KM when compared to the wild type ZIP8. When transporting Cd2+, 

the 4M variant exhibited a sixfold increase in KM with no significant change in Vmax, 

resulting in a 6-7 times reduction in Vmax/KM. The cooperativity as indicated by the Hill 

coefficients (n=1-2) may result from the M1 and M2 metal binding sites in the transport 

site and/or from the interactions between the two monomers of the ZIP dimer. 

Dimerization seems to be a common feature among the ZIP family 

members104,110,111,283,284. Together, the mutations in the 4M variant led to a moderate 

increase in specificity constant for Zn2+ but a large reduction for Cd2+, which accounted 

for the greatly enhanced Zn/Cd selectivity. In addition, the transport kinetics of the 4M 

variant was reminiscent of that of ZIP4 that transports Zn2+ much more efficiently than 

Cd2+ under the same experimental conditions (Figure 2.8). However, the residual Cd2+ 

transport activity of the 4M variant suggests that there are additional unidentified 

mechanism(s) to allow the 4M variant to transport Cd2+. 
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Figure 2.8. The Zn and Cd transport activities of the wild type ZIP8 and the 4M variant 
(left) in comparison with human ZIP4 (right). The same data shown in Figure 3B are 
presented differently for better comparison with ZIP4. The transport rates are expressed 
as the percentages of the Vmax for Zn2+.  

Fe2+ and Mn2+ are also natural substrates of ZIP8 and known to compete with other 

metals238,257,259,260. To examine whether the 4M variant exhibits altered transport activities 

toward these two metals, we compared the Zn2+ transport activities of the wild type ZIP8 

and the 4M variant in the presence and absence of an excess amount of Fe2+ or Mn2+. 

As for the Zn2+/Fe2+ competition, Zn2+ transport at the concentration of 5 µM significantly 

decreased for the wild type ZIP8 when 100 µM Fe2+ was added (Figure 2.9A). 
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Figure 2.9. Reduced Fe2+ and Mn2+ transport activity of the 4M variant. (A) Inhibition of 
Zn2+ transport of the wild type ZIP8 and the 4M variant by 100 µM of Fe2+. The shown 
data are from one representative experiment with three replicates for each condition. (B) 
Fe2+ transport kinetics of the wild type ZIP8 and the 4M variant. The shown data are from 
one representative experiment with three replicates for each condition. The error bars 
indicate ±S.D. The curves were fitted using the Hill model in OriginTM. The transport rates 
are expressed as percentages of the Vmax of the wild type ZIP8. The kinetic parameters 
of the 4M variant and the wild type ZIP8 are listed in the table and the errors are the S.E. 
generated in curve fitting. (C) Inhibition of Zn2+ transport of the wild type ZIP8 and the 4M 
variant by 100 µM of Mn2+. The shown data are from one representative experiment with 
three replicates for each condition. (D) Mn2+ transport assay of the wild type ZIP8 and the 
4M variant. After incubation with Mn2+ (50 µM) for 30 min, the cells were washed and 
digested by nitric acid for ICP-MS measurement. The intracellular Mn levels were 
expressed as the molar ratios of Mn and phosphorus in the same sample. The shown  
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Figure 2.9. (cont’d) 
data are from one representative experiment with three replicates for each condition. In 
(A), (C), and (D), the short horizontal bars represent S.D., and the long horizontal bars 
indicate means. The asterisks indicate the significant differences (Student’s t-tests: ** 
P≤0.01; *** P≤0.001; NS, not significant). 

In contrast, the 4M variant showed no sign of Zn2+ transport inhibition by 100 µM Fe2+, 

suggesting that the 4M variant may have lost most of the transport activity toward Fe2+. 

Consistently, the 4M variant showed a Vmax/KM that is more than ten times lower than that 

for the wild type ZIP8 with Vmax being reduced by seven folds and KM being increased by 

two folds (Figure 2.9B). For Mn2+, the presence of Mn2+ at the concentration of 100 µM 

efficiently blocked Zn2+ transport of the wild type ZIP8 by more than 90% but had no 

inhibitory effect on the Zn2+ transport activity of the 4M variant (Figure 2.9C). Rather, a 

~40% increase in Zn2+ uptake was observed, indicative of a putative allosteric activation. 

Next, we measured the Mn2+ transport activities of the wild type ZIP8 and the 4M variant 

by using inductively coupled plasma mass spectrometry (ICP-MS). The Mn/phosphorus 

(Mn/P) molar ratio of the wild type ZIP8 sample was significantly increased, whereas no 

change in the Mn/P ratio was observed for the 4M variant sample when compared with 

the control group (Figure 2.9D). These results strongly indicated that the 4M variant has 

lost the Mn2+ transport activity. 

Collectively, by substituting four DCRs of the multi-metal transporter ZIP8 with the 

amino acids at the corresponding positions of the Zn transporter ZIP4, we were able to 

create a ZIP8 variant with a drastically increased substrate preference toward Zn2+ over 
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Cd2+, Fe2+, and Mn2+ due to the enhanced Zn2+ transport and the greatly diminished 

transport for the other metals. 

2.4.6 A conditional selectivity filter that is formed and functions only in the outward-

facing conformation (OFC) 

In order to understand the structural and biochemical basis of the strong epistatic 

interaction between Q180 and E343 (Figure 2.6), we conducted structural modeling, 

evolutionary covariance analysis, and phylogenetic analysis, which revealed a conditional 

selectivity filter that functions only in the OFC. 

Using the IFC structure and the OFC structure model of BbZIP as templates, we 

generated the homology models of human ZIP8 in two conformational states (Figure 

2.10A). We noticed that AlphaFold predicts the structures of human ZIPs in distinct 

conformations with several ZIPs being in the OFC state111. Using the predicted structure 

of ZIP13, which represents the most outward open state, as the template, we generated 

an additional ZIP8 structural model in the OFC (Figure 2.10A).  
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Figure 2.10. Identification of a conditional selectivity filter at the entrance of the transport 
pathway. (A) ZIP8 structural models in the OFC. The structural models were generated 
using either the OFC model of BbZIP (left) or the AlphaFold predicted human ZIP13 (right) 
as the template in homology modeling. As shown in the zoomed-in views, Q180 and E343 
are close and face to each other in both structural models with the distances between the 
Cαs being labeled. The scaffold domain is colored in green and the transport domain in 
blue. (B) Predicted contacting residues of ZIP8 in an evolutionary covariance analysis by 
EVcouplings. Interactions involving Q180 are highlighted in orange in the interaction 
diagram (left). E343, E344, and I447 are predicted to interact with Q180, which is 
consistent with the structural model of ZIP8 in the OFC (right). (C) Amino acid composition 
at the positions of E343 (left) and Q180 (right) in major ZIP subfamilies. Analysis of 
prokaryotic and eukaryotic ZIPs in the LIV-1 subfamily is shown in the frames. The amino 
acid sequences retrieved from the PF02535 family in the Pfam database, including 2599  
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Figure 2.10. (cont’d) 
in GufA/ZupT subfamily, 1200 in ZIP I subfamily, 716 in ZIP II subfamily, 5955 in LIV-1 
subfamily, and 1033 in ZIP9 subfamily, were aligned and analyzed in Jalview. (D) The 
selectivity filter of ZIPs (in parentheses) from the major subfamilies. The structural models 
were generated using the AlphaFold predicted human ZIP13 as the template in homology 
modeling. The residues potentially involved in metal binding in ZIP8 and the 
corresponding residues in other ZIPs are labeled and shown in stick mode. Some side 
chains were adjusted to better accommodate a zinc ion (grey sphere).  

Remarkably, although the Cα atoms of Q180 and E343 are 14.9 Å apart in the IFC 

model, they approach one another in both OFC models where they are 7.5 Å and 8.9 Å 

apart, respectively. Consistently, Q180 and E343 are predicted to form a direct interaction 

according to an evolutionary covariance analysis of ZIP8 (Figure 2.10B). As these metal 

chelating residues are close in space and face each other, they likely form a metal binding 

site at the entrance of the transport pathway. 

Next, we conducted a phylogenetic analysis of the Q180-E343 pair in the entire ZIP 

family. Sequence analysis of more than 11,000 ZIPs from the major subfamilies of the 

ZIP revealed that the topologically equivalent residue of E343 of ZIP8 is histidine in most 

of the subfamilies, while glutamate occupies this position only in a small fraction of the 

eukaryotic LIV-1 proteins (Figure 2.10C). At the position equivalent to Q180 of ZIP8, a 

glutamine, which is exclusively present in the eukaryotic members of the LIV-1 subfamily, 

always copresents with a glutamate at the position equivalent to E343 of ZIP8, suggesting 

that the functions of the two residues are strongly coupled, which is consistent with the 

strong epistasis as revealed in the mutagenesis study (Figure 2.6).  
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Taken together, given the short distance between Q180 and E343 in the OFC models 

and their functional coupling in determining substrate preference and activity, Q180 and 

E343 are likely involved in a selectivity filter at the entrance of the transport pathway. As 

Q180 and E343 approach only when the transporter adopts an OFC, we call it a 

conditional selectivity filter. Close inspection of the OFC models suggested that D318 

from the transport site may also join Q180 and E343 to better coordinate metal ions at 

the pore entrance (Figure 2.10D) and the nearby E184 is another candidate involved in 

metal recruitment. Indeed, the E184K mutation reduced the activity of the 2M variant by 

80-90% (Figure 2.6). Sequence analysis of the entire ZIP family and modeling studies 

suggested that this conditional selectivity filter may be present in most of the ZIP family 

members, although the amino acid composition of this metal binding site may vary in 

different subfamilies (Figure 2.10D). 

2.4.7 Free energy calculation of metal binding to the selectivity filter 

Substitution of Q180 and E343 by histidine residues introduced two imidazole groups 

in the selectivity filter (Figure 2.11A), generating a metal binding site preferring Zn2+ over 

Fe2+ and Mn2+ according to the previously determined free energies of metal binding with 

small molecule ligands (Figure 2.12A)285,286.  
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Figure 2.11. Computational characterization of the interactions of the 4M variant with 
metal substrates at the selectivity filter. (A) Structural model of the 4M variant with a zinc 
ion bound (grey sphere) at the selectivity filter. The structural model was generated by 
homology modeling using the human ZIP13 structure predicted by AlphaFold as the 
template. The metal ion is coordinated with H180, D318, and H343 with the metal-ligand 
distances labeled in angstrom. (B) MD simulations of the 4M variant with two bound zinc 
ions. Left: the starting model. One zinc ion was placed at the selectivity filter and the other 
at the transport site to prevent the former from entering the channel. Right: the ending 
model. The metal ion initially placed at the selectivity filter was stabilized by four residues, 
including E184, whereas the second one in the transport site moved down the transport 
pathway to a deeper position where two aspartate residues (D311 and D351, highly 
conserved in the LIV-1 subfamily) joined E344 to form a new metal binding site. (C) Free 
energy calculation of Zn2+ and Cd2+ binding to the selectivity filter (with E184 included) of 
the 4M variant. M2+(aq) and M2+(pro) indicate Zn2+ (or Cd2+) in aqueous solution or bound 
at the selectivity filter, respectively. The free energy change resulting from the mutation 
of Zn2+ to Cd2+ in aqueous solution (∆GZn-Cd, aq) or at the selectivity filter (∆GZn-Cd, pro) was 
calculated using thermodynamic integration and the results are expressed in kcal/mol.  

However, this estimation cannot satisfactorily explain why histidine replacement also 

improved the Zn/Cd selectivity since the free energy reduction upon ligand replacement 

with imidazole is similar for Zn2+ and Cd2+. To address this issue, we conducted molecular 

dynamics (MD) simulations on the 4M variant in the OFC with a bound metal ion at the 

selectivity filter to obtain an energy-minimized structural model, which will be 

subsequently used for free energy calculation of metal binding using thermodynamic 

integration285–291. In the first trial, only after 10 ns of MD simulation, the Zn2+ initially 
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located at the selectivity filter moved to a deeper place within the transport pathway where 

the metal ion was coordinated by the residues from both M1 and M2 sites (Figure 2.12B).  

 
Figure 2.12. Computational characterization of metal binding at the selectivity filter. (A) 
Free energy changes of metal ion binding with small molecule ligands (refs 41&42). (B) 
The initial trial of MD simulation. The zinc ion initially located at the selectivity filter (left) 
moved to the transport site in the ending model (right) where it is coordinated with the 
residues from M1 (H314, H343), M2 (E344), and a bridging residue involved in both M1 
and M2 (D318). 

To prevent metal ion translocation to the transport site, a second metal ion was added 

in the starting model at the position which would otherwise be occupied by the metal ion 

at the selectivity filter. As expected, the metal ion bound at the selectivity filter was 

stabilized throughout a 3 µs MD simulation only with a small displacement (Figure 2.11B). 

Notably, E184, which was not included in metal chelation in the starting model, was found 
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to join the metal binding site with H180, H343, and D318 during the MD simulations, likely 

improving metal binding at the selectivity filter. Meanwhile, due to the repulsion between 

the two metal ions in the starting model, the second metal ion added in the transport site 

moved further down the transport pathway and then stabilized by three carboxylic acid 

residues (E344, D311, and D351). Using this energy-minimized and structure-stabilized 

ending model, we calculated and compared the free energy changes of Zn2+ and Cd2+ 

binding at the selectivity filter. As shown in Figure 2.11C, the selectivity filter (with E184 

being included) of the 4M variant prefers binding Zn2+ over Cd2+ by 3.8±0.3 kcal/mol (n=3). 

Overall, the results of free energy calculation supported that the amino acid composition 

of the identified selectivity filter critically determines the substrate preference and that 

metal screening at the selectivity filter is a crucial step of distinguishing metal substrates. 

2.4.8 Characterization of the ZIP4 variants containing the reverse substitutions 

To test the importance of the selectivity filter in another ZIP, we chose human ZIP4 

to perform reverse substitution on the residues that are topologically equivalent to those 

that were mutated in the 4M variant of ZIP8. As shown in Figure 2.13A, for Zn2+ and Cd2+ 

transport, the results indicated that: (1) The H379Q mutation (the reverse substitution of 

Q180H in ZIP8) showed little effect on Zn2+ or Cd2+ transport activity; (2) The H536E 

mutation (the reverse substitution of E343H in ZIP8) completely abolished the Zn2+ 

transport activity but retained a marginal activity toward Cd2+; (3) Combining the H379Q 

and H536E mutations (the reverse substitutions of the 2M variant) partially restored Zn2+ 
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and Cd2+ transport activities and the Zn/Cd selectivity was significantly reduced by more 

than 60%, mirroring the effect of the 2M variant of ZIP8 that exhibits an increased Zn/Cd 

selectivity; and (4) Incorporation of additional two mutations (G503C and H550N, the 

additional two reverse substitutions of the 4M variant) with the H379Q/H536E variant 

abrogated Zn2+ and Cd2+ transport activities. Importantly, the partial restoration of Zn2+ 

and Cd2+ activities of the H536E variant by the H379Q mutation suggests an epistatic 

interaction, consistent with the proposed structural model where residues at these two 

positions are in close proximity when the transporter is in the OFC (Figure 2.10).  

 
Figure 2.13. Characterization the substrate specificities of human ZIP4 and its variants. 
(A) The Zn2+ (Cd2+) transport activities (left) and the Zn/Cd selectivity (right) are 
expressed as percentage relative to the wild-type ZIP4. Each solid dot represents the  
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Figure 2.13. (cont’d)  
mean of three replicates in one individual experiment. The shown data are the combined 
results of three independent sets of experiments conducted for each variant. The short 
horizontal bars represent S.D., and the long horizontal bars indicate means. (B) Fe2+ 
transport assay of the wild-type ZIP4 and the variants. The 55Fe radioactivity associated 
with the cells transfected with the empty vector was set as 100%. The shown data are 
from one representative experiment with three replicates for each condition. (C) Mn2+ 
transport assay of the wild-type ZIP4 and the variants. After incubation with Mn2+ (50 µM) 
for 30 min, the cells were washed and digested by nitric acid for ICP-MS measurement. 
The intracellular Mn levels were expressed as the molar ratios of Mn and phosphorus in 
the same sample. The shown data are from one representative experiment with three 
replicates for each condition. The asterisks indicate the significant differences between 
the wild-type ZIP4 and the variants (for Zn and Cd) or between the empty vector group 
and the transporter groups (for Fe and Mn). Student’s t-tests: * P≤0.05; ** P≤0.01; *** 
P≤0.001. The expression of the HA-tagged ZIP4 and the variants were analyzed by 
Western blots. (D) Expression analysis of ZIP4 and the variants by Western blot. Human 
ZIP4 with a C-terminal HA tag and β-actin were detected using anti-HA and anti-β-actin 
antibodies, respectively. 

The significantly reduced Zn/Cd selectivity of the H379Q/H536E variant reinforces 

the notion that these two residues at the selectivity filter play a role in determining 

substrate specificity. As the H379Q mutation had little effect on Zn2+ or Cd2+ transport 

activity, it seems that the H536E mutation is responsible for the reduced Zn/Cd selectivity. 

Indeed, the single H536E mutation did not completely abrogate Cd2+ transport activity as 

it did for Zn2+ transport. While we could not detect Fe2+ transport activity for any of the 

tested constructs of ZIP4, a Mn2+ transport activity was detected for the wild-type ZIP4 

and the H379Q variant (Figures 2.13B & C). The Mn2+ transport activity was diminished 

by the H536E mutation but could not be restored by the H379Q mutation. Interestingly, 

the quadruple variant (H379Q/H536E/G503C/H550N) exhibited a partially restored Mn2+ 

activity. Overall, the mutagenesis study on ZIP4 confirmed the importance of the 
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selectivity filter in determining substrate preference, whereas the other two mutations 

along the transport pathway appeared to function differently from their counterparts in 

ZIP8. 

2.5 Discussion 

Engineering of metal transporters with altered substrate specificity can be strategized 

for potential applications in agriculture and environmental protection. In this work, we 

developed and applied an approach to rationally alter the substrate specificity of a multi-

metal ZIP transporter, human ZIP8. We created a zinc-preferring ZIP8 variant by 

combining four designed mutations on selected residues at the entrance or along the 

transport pathway, demonstrating that these mutations increased the Zn2+ transport 

activity while largely suppressed the activities toward Cd2+, Fe2+, and Mn2+ (Figures 2.3-

2.7). To apply this approach on a transporter of interest, it is crucial to identify a close 

homolog (referred to as the reference) with a distinct substrate spectrum. ZIP4 was 

chosen as the reference of ZIP8 because it strongly prefers Zn2+ over Cd2+ (Figure 

2.8)113,267,268. One can identify the DCRs through multiple sequence alignment of the 

homologs of the target and the reference, map them on the structure (or structure model) 

of the transporter, and find specific residues located at the entrance or along the transport 

pathway. Then, the selected DCRs are replaced with the amino acids in the 

corresponding positions of the reference transporter. The resulting variants are subjected 

to internal competition transport assay to identify the mutations which confer a desired 
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substrate specificity to the variants. Finally, the beneficial mutations can be combined for 

greater fitness improvement. This approach is likely applicable to other transporters, and 

it can also be combined with directed evolution. For instance, optimization of the amino 

acids at the key residues identified from the DCR swapping study can be pursued by 

multi-site saturation mutagenesis. 

More importantly, the mutagenesis and functional studies conducted in this work 

unraveled key molecular determinants of substrate specificity of ZIP8, in particular a 

conditional selectivity filter. Among the four residues substituted in the 4M variant, only 

E343 participates in metal binding at the M1 site which is the primary transport site of the 

ZIPs109,115,183,244. Previous multiple sequence analysis has predicted E343 as a key 

residue involved in determining substrate specificity253,254, but its role was evidenced only 

when the transport dead E343H variant was rescued by the Q180H mutation in the 2M 

variant (Figure 2.3). The importance of the equivalent residue of Q180 in other ZIPs, 

including H104 in IRT1244, H379 in ZIP4109,283, and S106 in BbZIP110, were documented, 

and it has been proposed that the residue at this position is at the very frontline in 

interacting with metal substrates109,283. Consistently, this work finds that Q180 in ZIP8 

plays a pivotal role in determining substrate preference. Structural modeling, covariance 

analysis, phylogenetic analysis, and free energy calculation provided the structural and 

physicochemical basis of the epistatic interaction and synergy of Q180 with E343, 

strongly indicating that Q180 and E343 not only jointly exert functions in selecting 
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substrates but also physically interact at the entrance of the transport pathway in the OFC 

(Figures 2.9 & 2.10). Physical contact of the involved residue pair is one of many reasons 

that explain the epistasis of two compensatory mutations292. The importance of this 

residue pair in determining substrate preference and a similar epistatic interaction 

between these two residues have been confirmed through the corresponding reverse 

substitutions in ZIP4 (Figure 2.13), a zinc transporter in the same LIV-1 subfamily. 

Compared with other known elevator transporters, ZIP8 (and possibly many other ZIPs 

as well as) is unique in that Q180 in the scaffold domain approaches E343 in the transport 

domain to screen metal substrates (Figure 2.10A). This is a prominent example showing 

that the scaffold domain of an elevator transporter may actively participate in substrate 

selection. Different from the pre-formed selectivity filters in ion channels transporting 

alkaline and alkaline earth metal ions, the selectivity filter of ZIP8, which is a likely carrier 

according to the saturable kinetic profile (Figures 2.7 & 2.9), is formed in a conformation 

dependent manner, which therefore represents an unprecedented conditional selectivity 

filter. Also unlike the selectivity filters of canonical ion channels, the proposed selectivity 

filter of ZIP8 must not be the only mechanism that determines substrate specificity, since 

residues in the transport site and along the transport pathway (see below) are the obvious 

candidates involved in discriminating metal substrates. 

The other two mutations in the 4M variant (C310A and N357H) are distant from the 

transport site or the entrance of the transport pathway. Rather, they are located at the 
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interface between the transport domain and the scaffold domain. Although each mutation 

had very modest effects, combination of the two mutations significantly improved the 

Zn/Cd selectivity on top of the 2M double variant (Figures 2.5 & 2.6). One possible 

explanation is that these mutations at the domain interface alter the dynamics of the 

elevator-type transporter, i.e., the sliding of the transport domain against the scaffold 

domain. It has been shown that the mutations at the domain interface of a prototypic 

elevator transporter UapA drastically changed the substrate spectrum293. In addition, 

mutations of metal chelating residues may also alter the dynamic interactions of metal 

substrate with the transporter along the transport pathway. This is consistent with the 

notion that substrate translocation dynamics is as crucial as modification of the transport 

site in defining the substrate spectrum of a sugar transporter294. Accordingly, the entire 

process of multiple dynamic interactions between substrate molecule and transporter 

along and at the entrance of the conduit, rather than the mere substrate binding at the 

high-affinity transport site, is vital for substrate recognition and selection. Uniquely for 

metals, their interactions with a variety of ligands in solution (water, counterions, and other 

small molecule ligands) should also be considered, as the ligand exchange rates of metal-

ligand complexes can affect metal selectivity as well. 

Taken together, we demonstrated in this work that substitution of four rationally 

selected residues was sufficient to convert human ZIP8 that transports multiple metal 

substrates into a zinc-preferring transporter. Importantly, a conditional selectivity filter that 



 

104 

 

is formed and functions only when the transporter adopts the OFC was identified by using 

combined approaches. As the 4M variant is a zinc-preferring transporter with similar total 

and cell surface expression as the wild type ZIP8 (Figure 2.7A), it can be applied to 

knock-out/knock-in experiments to determine whether certain biological functions of ZIP8 

are attributed to the transport activity toward Zn2+ and/or other natural substrates (Fe2+ 

and Mn2+). Given the high sequence identity between ZIP8 and ZIP14 (48%), the same 

mutations in ZIP14 may generate similar effects on substrate specificity. After all, the 

importance of the proposed selectivity filter has been confirmed in ZIP4 (Figure 2.13), 

which shares a lower sequence identity (31%). Whether or not the identified residue pair 

plays a similar role in ZIPs with longer evolutionary distance needs to be tested in future 

study. 

2.6 Conclusion 

 In this work, we identified a series of differentially conserved residues through 

sequence alignment and residue mapping. In vivo functional metal uptake assays studied 

these mutants and one variant, 4M, stood out during the screening for change in Zn/Cd 

preferences. Kinetics studies on Zn and Cd validified the dramatic change Zn and Cd 

change in the mutants compared to the wild type was achieved through slightly increased 

Zn preference and greatly decreased Cd activity. Fe and Mn activity was abolished for 

4M as well. This work combined suggested a successful method for rational engineering, 

potentially applicable to other transporter families. 
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 A conditional selectivity filter was also identified during the process. Consistent 

with the recent structural biology development in the ZIP family111, the Q180 and E343 

residue in human ZIP8 will came to each other’s proximity to form a filter and further 

determine the substrate preference of the protein. Further clarification on the role of this 

filter will be of great interests. 
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3.1 Summary 

The essential microelement zinc is absorbed in the small intestine mainly by the zinc 

transporter ZIP4, a representative member of the Zrt/Irt-like protein (ZIP) family. ZIP4 is 

reportedly upregulated in many cancers, making it a promising oncology drug target. To 

date, there have been no reports on the turnover number of ZIP4, which is a crucial 

missing piece of information needed to better understand the transport mechanism. In 

this work, we used a non-radioactive zinc isotope, 70Zn, and inductively coupled plasma-

mass spectrometry (ICP-MS) to study human ZIP4 (hZIP4) expressed in HEK293 cells. 

Our data showed that 70Zn can replace the radioactive 65Zn as a tracer in kinetic 

evaluation of hZIP4 activity. This approach, combined with the quantification of the cell 

surface expression of hZIP4 using biotinylation or surface-bound antibody, allowed us to 

estimate the apparent turnover number of hZIP4 to be in the range of 0.08-0.2 s-1. The 

turnover numbers of the truncated hZIP4 variants are significantly smaller than that of the 

full-length hZIP4, confirming a crucial role for the extracellular domain in zinc transport. 

Using 64Zn and 70Zn, we measured zinc efflux during the cell-based transport assay and 

found that it has little effect on the zinc import analysis under these conditions. Finally, 

we demonstrated that use of laser ablation (LA) ICP-TOF-MS on samples applied to a 

solid substrate significantly increased the throughput of the transport assay. We envision 

that the approach reported here can be applied to the studies of metal transporters 

beyond the ZIP family. 
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3.2 Introduction 

As an essential trace element, zinc ions play catalytic, structural, and regulatory roles 

in biological systems295, including cell signaling296–298 and cell cycle control during meiosis 

and mitosis299–306.  Zinc fluxes are also associated with numerous physio-pathological 

processes297,299,303,307–313. In humans, dietary zinc is absorbed in the small intestine where 

its transport is primarily mediated by ZIP4, a zinc transporter belonging to the Zrt/Irt-like 

protein (ZIP) metal transporter family138,253,254,314. The pivotal role of ZIP4 in zinc uptake 

is manifested by ZIP4 dysfunctional mutations that lead to acrodermatitis enteropathica 

(AE), a life-threatening recessive genetic disorder133,218,267,268,315. Remarkably, aberrant 

expression of ZIP4 has been found in many types of cancer and knockdown of ZIP4 in 

cancer cells significantly reduces cell proliferation and metastasis151,158,161,316–322. Limited 

tissue distribution under normal conditions and aberrant upregulation in cancer suggest 

that ZIP4 is a promising cancer biomarker and anti-tumor drug target. 

The mechanism of zinc ion transport by ZIP-family proteins is not well understood. 

Recent structural and biochemical studies of a bacterial ZIP from Bordetella 

bronchiseptica have suggested that the ZIP transporters use an elevator mode as the 

common transport mechanism110,111 (Figure 3.1). As elevator transporters can act as 

either carriers or channels to achieve substrate translocation across the membrane, it is 

important to determine the transport mechanism of the ZIPs of interest by characterizing 

their kinetic properties. Proteoliposome-based studies showed that the bacterial ZIPs may 
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behave as carriers or ion channels115,284,323, but the cell-based assays have suggested 

that the ZIPs act as carriers. Early studies on a ZIP homolog from E.coli, ZupT, showed 

that the transporter behaved as a carrier in an E.coli strain where several endogenous 

metal transporters have been knocked out211,324. Due to the difficulties in protein 

production, liposome reconstitution, and the transporters’ sensitivity to lipid 

composition325, eukaryotic ZIPs have only been studied in the cell-based transport 

assay93,94,104,109,113,117,183,184,265,283,326,327. However, one concern with the cell-based assay 

is that metal efflux during the transport assay, which is due to the activities of metal 

exporters on the plasma membrane, may lead to an underestimation of the imported 

metal substrate, resulting in a distorted dose curve and incorrectly determined kinetic 

parameters. Therefore, it is necessary to evaluate the effect of metal efflux on the 

transport assay. 
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Figure 3.1. Proposed elevator-type transport mechanism. (A) The elevator motion of 
BbZIP. The interconversion of the inward-facing and outward-facing conformations is 
achieved by vertical sliding of the transport domain (blue) against the static scaffold 
domain (green) that is involved in dimerization (not shown). The computational model for 
the outward-facing conformation was reported in ref 40. (B) Five AlphaFold 2.0 predicted 
structures of mouse ZIP4 dimer in the side (left) and top (right) views. The transmembrane 
domains (TMD) are structurally superimposed to reveal the flexibility of the HRD and PCD 
domains. (C) A putative interaction between the HRD (orange) and the transport domain 
(blue). The TMD is colored as for BbZIP in (A). For clarity, the predicted loops have been 
trimmed. Considering that the elevator motion of the transport domain and the flexibility 
of the HRD domain, as indicated by the curved arrows, it is plausible that the interaction 
of the HRD with the transport domain may promote the formation and stabilization of the 
outward-facing conformation and thereby facilitate zinc transport. 

So far, the radioactive 65Zn is the most commonly used substrate in the cell-based 

transport assays for the ZIPs because of the high intracellular zinc level in mammalian 

cells (up to 250 µM). However, the inclusion of radioactive metals in the transport assay 

limits the application of this approach to the extent necessary to thoroughly characterize 
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these important metal transporters. An alternative approach is to use a low-abundance 

stable isotope of zinc so that the high natural background issue can be largely relieved. 

Indeed, 70Zn, which takes only 0.6% of naturally present zinc, has been used in the cell-

based transport assay328, demonstrating the potential to study transport kinetics of metal 

transporters. 

In this work, we used a modified 70Zn-based approach to study the transport kinetics 

of hZIP4 which is expressed in HEK293 cells. Quantification of 70Zn by ICP-MS and the 

cell surface expression level of the transporter allowed us to report, for the first time, the 

turnover number of hZIP4. Using this approach, we re-examined the role of the 

extracellular domain (ECD) for ZIP4 function and confirmed the crucial role of the ECD 

for optimal zinc transport. Using two stable zinc isotopes, 64Zn and 70Zn, we found that 

although zinc efflux is detectable it has little effect on the results of the transport assay 

under our experimental conditions. Taken together, these results lead us to conclude that 

hZIP4 most likely functions as a carrier, rather than an ion channel. We also demonstrated 

that the application of laser ablation (LA) ICP-MS can significantly increase the throughput 

of isotope measurement to study the cell samples loaded on a glass slide. 

3.3 Materials and Methods 

3.3.1 Gene, plasmids, and reagents 

The complementary DNA of human ZIP4 (GenBank access number: BC062625) from 

Mammalian Gene Collection were purchased from GE Healthcare. The hZIP4 coding 
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sequence was inserted into a modified pEGFP-N1 vector (Clontech) in which the 

downstream EGFP gene was deleted, and an HA tag was added at the C-terminus. ZIP4 

variants (∆HRD-hZIP4-HA and ∆ECD-hZIP4-HA) were generated as previously 

described104. All mutations were verified by DNA sequencing. For the hZIP4 construct for 

purification, a FLAG tag is added immediately after the signal peptide to generate the final 

FLAG-hZIP4-HA construct121. 64ZnO and 70ZnO were purchased from American Elements 

(Product# ZN-OX-01-ISO.064I, Lot#1871511028-400 and ZN-OX-01-ISO.070I, 

Lot#1871511028-401, respectively). 30 mg of zinc oxide powder was dissolved in 5 ml of 

1 M HCl and then diluted with ddH2O to make the stock solution at the concentration of 

50 mM. The 64Zn sample was certified as 98% abundance while 70Zn isotope in the other 

sample corresponded to an abundance of 72%. Other reagents were purchased from 

Sigma-Aldrich or Fisher Scientific. 

3.3.2 Cell culture, transfection, and Western blot 

Human embryonic kidney cells (HEK293T, ATCC, #CRL-3216) were cultured in 

Dulbecco’s modified eagle medium (DMEM, Thermo Fisher Scientific, Invitrogen, 

Cat#11965092) supplemented with 10% (v/v) fetal bovine serum (FBS, Thermo Fisher 

Scientific, Invitrogen, Cat#10082147) and Antibiotic-Antimycotic solution (Thermo Fisher 

Scientific, Invitrogen, Cat# 15240062) at 5% CO2 and 37°C. The polystyrene 24-well trays 

(Alkali Scientific, Cat#TPN1024) were treated with 300 µl Poly-D-Lysine (Corning, 

Cat#354210) for each well overnight, after which cells were seeded in the DMEM plus 
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medium. After 16 hours of incubation cells were transfected with 0.8 μg DNA/well using 

lipofectamine 2000 (Thermo Fisher Scientific, Invitrogen, Cat# 11668019) in DMEM plus 

10% FBS. 

For Western blot, samples were mixed with the SDS sample loading buffer and 

heated at 96 °C for 10 min before loading on SDS-PAGE gel. The proteins separated by 

SDS-PAGE were transferred to PVDF membranes (Millipore, Cat#PVH00010). After 

blocking with 5% (w/v) nonfat dry milk, the membranes were incubated with mouse anti-

HA antibody (Thermo Fisher Scientific, Cat# 26183) or rabbit anti-β-actin (Cell Signaling, 

Cat# 4970 S) at 4 °C overnight, which were detected with HRP-conjugated horse anti-

mouse immunoglobulin-G antibody at 1:5000 dilution (Cell Signaling Technology, Cat# 

7076) or goat anti-rabbit immunoglobulin-G antibody at 1:3000 dilution (Cell Signaling 

Technology, Cat# 7074) respectively using the chemiluminescence reagent (VWR, 

Cat#RPN2232). The images of the blots were taken using a Bio-Rad ChemiDoc Imaging 

System. 

3.3.3 Treatment of the culture media with Chelex-100 

100 ml of the culture media (DMEM+10% FBS) was mixed with 5 g Chelex-100 resin 

(Sigma-Aldrich, Cat# C7901) in a column and placed on a gyratory rocker overnight. The 

resin can be regenerated for further treatment after following process: washed by one 

column volume of water, incubate with one column volume of 1 M hydrochloric acid for 
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one hour, wash with one column volume of water, incubate with one column volume of 1 

M sodium hydroxide for one hour, wash with two column volumes of water. 

3.3.4 Zinc transport assay 

Twenty hours post transfection, cells were washed with the washing buffer (10 mM 

HEPES, 142 mM NaCl, 5 mM KCl, 10 mM glucose, pH 7.3) followed by incubation with 

Chelex-treated culture media. 70Zn was added to initiate the transport. In the experiments 

shown in Figures 1A, 1B and 4B, 5 µM of 70Zn was added. In the experiments shown in 

Figures 2 and 3, 12 µM of 70Zn (about 5-10 times of the apparent KM) was added. After 

incubation at 37°C for 30 min, the plates were put on ice and an equal volume of the ice-

cold washing buffer containing 1 mM EDTA was added to the cells to terminate metal 

uptake, followed by three times of washing with ice-cold washing buffer. 

3.3.5 Estimation of cell surface expression level by biotinylation 

Cell surface protein biotinylation and isolation was done with the cell surface protein 

biotinylation and lsolation kit (Thermoscientific, Cat#A44390). 20 hours post transfection, 

the cells from six wells in a 24-well tray were washed by phosphate-buffered saline (PBS, 

200 µl per well) and subjected to amine labelling of the membrane proteins at cell surface 

with Sulfo-NHS-SS-Biotin in PBS (200 µl per well) as described in the manual. After 

incubation at room temperature for 10 minutes, the labelling solution was removed and 

cells were washed with the ice-cold tris(hydroxymethyl)aminomethane-buffered saline 

(TBS, 200 µl per well) to terminate the reaction. Cells were then harvested in TBS (200 
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µl per well) and lysed. The lysate was applied to the NeutrAvidin agarose column to purify 

the labeled proteins. The labelled proteins were collected in the elution buffer containing 

10 mM DTT. The samples were then mixed with 2xSDS loading buffer with a 1:1 volume 

ratio. hZIP4 with an N-FLAG tag and C-HA tag (FLAG-hZIP4-HA) was purified as 

reported121 and used as the standard to generate a standard curve. The samples from 

cells and the standards were subjected to Western blot. 

3.3.6 Estimation of cell surface expression level by surface bound antibody 

Twenty hours post transfection, cell culture media was removed and cells were 

washed with Dulbecco's phosphate-buffered saline (DPBS). Cells were then fixed with 4% 

formaldehyde for 10 minutes at room temperature, followed by three times of washing 

with DPBS to remove formaldehyde. To detect the HA-tagged hZIP4 expressed at cell 

surface, cells were incubated in DPBS solution with 5% BSA (Sigma-Aldrich, Cat# A2153) 

and 3 µg/ml anti-HA antibody (Invitrogen, Cat# 26183) for one hour and a half at room 

temperature. The solution was then removed and the cells were washed five times with 

DPBS. Each time the plate was put on a gyratory rocker for 5 minutes of gentle shaking. 

The sample was subjected to Western blot together with the known amount of anti-HA 

antibody. The latter was used to generate a standard curve to estimate the cell surface 

bound anti-HA antibody. To detect the cell surface bound anti-HA antibodies, the HRP-

conjugated horse anti-mouse immunoglobulin-G antibody at 1:5000 dilution (Cell 

Signaling Technology, Cat# 7076) was directly applied to the PVDF membrane in the 
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Western blot experiment, followed by signal visualization using the chemiluminescence 

reagent (VWR, Cat#RPN2232). 

3.3.7 Zinc isotope replacement experiment and estimation of zinc efflux 

HEK293T cells were seeded into poly-D-lysine treated polystyrene 24-well plates as 

described previously and allowed to grow in the regular culture media (DMEM plus 10% 

FBS) for 16 hours.  The culture media were then removed as much as possible and the 

metal supplemented 64Zn-enriched culture media was added. The metal supplemented 

64Zn-enriched culture media is the Chelex-treated culture media (DMEM plus 10% FBS) 

supplemented with Mg, Ca, Cu, and 64Zn to restore these metals back to the levels in the 

untreated culture media. The calculation was based on the ICP-MS data in Table 3.1 At 

the designed time points, the 64Zn enriched culture media was removed and cells were 

washed with the washing buffer for three times. The cells were digested in nitric acid for 

ICP-MS analysis. 

 24Mg 43Ca 54Fe 55Mn 63Cu 64Zn 

Before treatment 
782.463±9.

836 
1705.372±

32.952 
3.048±0.34

3 
0.070±0.01

1 
0.236±0.00

2 
4.037±0.13

8 

After treatment 
9.778±7.49

4 
24.857±15.

512 
3.141±0.63

1 
0.068±0.03

1 
0.137±0.05

2 
0.369±0.23

5 
Residual metal 

(%) 
1.25 1.46 103.05 97.64 58.2 9.14 

Table 3.1. Changes of divalent metal concentrations (in µM) in the cell culture media 
before and after Chelex-100 treatment. Data from three independent experiments are 
expressed as mean±S.D. 

3.3.8 Determination of zinc efflux during the transport assay 

After being cultured in the 64Zn enriched culture media for three passages in a poly-

D-lysine treated polystyrene 24-well plate, HEK293T cells were transfected with the 
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plasmid encoding hZIP4. 20 hours post transfection, the cells were treated with or without 

the 70Zn-enriched culture media containing 5 µM 70Zn. Six replicates from different wells 

were included in each group (the treated cells or the untreated cells). After incubation at 

37°C for 30 minutes, the cells in both groups were treated in the same way as described 

in the section of zinc transport assay. 64Zn and 70Zn associated with the cells were 

quantified by ICP-MS and calibrated with 31P in the same sample by using the Zn/P count 

ratio. A cartoon illustration explaining the following equations is shown in Figure 3.11B. 

The efflux of 64Zn during the transport assay was determined accordingly. 

64Zninitial = 64Znedg, rt + 64Znedg, ef   (1) 

64Znend = 64Znedg, rt + 64Znif, rt   (2) 

70Zninitial = 70Znedg, rt + 70Znedg, ef   (3) 

70Znend = 70Znedg, rt + 70Znif, rt   (4) 

64Znif, rt /70Znif, rt = C64/70   (5) 

where the subscripts initial and end represent states of cells before and after the assay, 

respectively. edg represents the endogenous zinc; rt represents the zinc retained after 

the assay; ef represents the zinc exported during the assay; if represents the zinc 

imported during the assay. 

64Zninitial and 70Zninitial were determined in the untreated cells, and 64Znend and 70Znend 

were determined in the treated cells. C64/70 refers to the 64Zn/70Zn molar ratio in the 70Zn 

stock solution, which was experimentally determined to be 0.123. As shown in the dataset 
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in Figure 3.11B, 70Zninitial is two orders of magnitude smaller than 70Znend, which is 

because the cells were grown in the 64Zn-enriched culture media. Since 70Znedg, ef is a 

portion of 70Zninitial, it can be ignored in (4), yielding 

70Znif, rt  ≈ 70Znend 

substitute 70Znif, rt into equation (5), 64Znif, rt = 70Znif, rt x C64/70 

substitute 64Znif, rt into equation (2), 64Znedg, rt = 64Znend – 64Znif, rt 

substitute  64Znedg, rt into equation (1), 64Znedg, ef = 64Zninitial – 64Znedg, rt 

Accordingly, percentage of endogenous 64Zn efflux = 64Znedg, ef / 64Zninitial x 100%.  

3.3.9 ICP-MS experiment 

All standards, blanks, and cell samples were prepared using trace metal grade nitric 

acid (70%, Fisher chemical, Cat# A509P212), ultrapure water (18.2 MΩ·cm @ 25 °C), 

and metal free polypropylene conical tubes (15 and 50 mL, Labcon, Petaluma, CA, USA). 

For cell samples in polystyrene 24-well cell culture plates, 200 µl of 70% trace nitric acid 

was added to allow for initial sample digestion. Following digestion, 150 µl of the digested 

product was transferred into metal free 15 mL conical tubes. For liquid samples, 50 µl of 

liquid samples were added to metal free conical tubes followed by addition of 150 µl of 

70% trace nitric acid. All cell and liquid samples were then incubated at 65°C in a water 

bath for one hour followed by dilution to 5 ml using ultrapure water. These completed ICP-

MS samples were then analyzed using the Agilent 8900 Triple Quadrupole ICP-MS 

(Agilent, Santa Clara, CA, USA) equipped with the Agilent SPS 4 Autosampler, integrate 
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sample introduction system (ISiS), x-lens, and micromist nebulizer. Daily tuning of the 

instrument was accomplished using manufacturer supplied tuning solution containing Li, 

Co, Y, Ce, and Tl. Global tune optimization was based on optimizing intensities for 7Li, 

89Y, and 205Tl while minimizing oxides (140Ce16O/140Ce < 1.5%) and doubly charged 

species (140Ce++/140Ce+ < 2%).  Following global instrument tuning, gas mode tuning was 

accomplished using the same manufacturer supplied tuning solution in KED mode (using 

100% UHP He, Airgas). Specifically, intensities for 59Co, 89Y, and 205Tl were maximized 

while minimizing oxides (140Ce16O/140Ce < 0.5%) and doubly charged species 

(140Ce++/140Ce+ < 1.5%) with short term RSDs < 3.5%. ICP-MS standards were prepared 

from a stock solution of NWU-16 multi-element standard (Inorganic Ventures, 

Christiansburg, VA, USA) that contains As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Ni, Se, V, 

Zn that were diluted with 3% (v/v) trace nitric acid in ultrapure water to a final element 

concentration of 1000, 500, 250, 125, 62.5, 31.25, and 0 (blank) ng/g standard. Internal 

standardization was accomplished inline using the ISIS valve and a 200 ng/g internal 

standard solution in 3% (v/v) trace nitric acid in ultrapure water consisting of Bi, In, 6Li, 

Sc, Tb, and Y (IV-ICPMS-71D, Inorganic Ventures, Christiansburg, VA, USA). The 

isotopes selected for analysis were 31P, 64Zn, 66Zn, 67Zn, 68Zn, 70Zn and 6Li, 45Sc, and 89Y 

for internal standardization. Continuing calibration blanks (CCBs) were run every 10 

samples and a continuing calibration verification standard was analyzed at the end of 

every run for a 90-110% recovery.   
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3.3.10 LA-ICP-TOF-MS experimental protocol 

Cell samples were lysed with 0.25% Triton X-100 plus 10% Coomassie blue. 5 µl of 

cell lysate was carefully dropped onto a siliconized glass slide which was then transferred 

into a 200°C oven to let the droplets dry completely. To siliconize glass slides, we used 

25 x 75 x 1.0 mm microscope slides (Alkali Scientific, Cat# SM2551) that were washed 

thoroughly with hand soap and water. After leaving on bench top for drying, the slides 

were placed in a beaker to which siliconization solution (Supelco, Cat# 85126) was added, 

and the slides were submerged covered for 30 minutes at room temperature (about 25°C) 

in a hood. The glass slides were then carefully removed from the beaker and dried 

overnight at room temperature. The slides were then rinsed briefly with ultrapure 

deionized water and placed in an oven (45°C) overnight. The slides need to be preheated 

before samples are added to minimize the coffee stain effect and for sufficient drying of 

the droplet. 

3.3.11 LA-ICP-TOF-MS instrument setup and sample parameters  

Glass slides were loaded into a Bioimage 266 nm laser ablation system (Elemental 

Scientific Lasers, Bozeman, MT, USA) which is equipped with an ultra-fast low dispersion 

TwoVol3 ablation chamber and a dual concentric injector (DCI3) and is coupled to an 

icpTOF S2 (TOFWERK AG, Thun, Switzerland) ICP-TOF-MS. Daily tuning of the LA-ICP-

TOF-MS settings was performed using NIST SRM612 glass certified reference material 

(National Institute for Standards and Technology, Gaithersburg, MD, USA). Optimization 
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for torch alignment, lens voltages, and nebulizer gas flow was based on high intensities 

for 140Ce and 55Mn while maintaining low oxide formation based on the 232Th16O+/232Th+ 

ratio (< 0.5).  

Sample loaded glass slides were tested on the LA system using multiple laser powers 

and spot sizes to determine optimum parameters for ablation. Due to the sample dye, we 

needed higher LA power to ablate through the sample with enough energy density while 

still minimizing ablation of glass. The optimized laser parameters were 80% laser power 

(9.5-10.5 J/cm2 laser fluence, 0.1-0.15 mJ sample energy) with a 40 µm spot size (circular) 

and repetition rate of 50 Hz (single pulse response was tested daily with values between 

4-5 ms) with no overlap between the adjacent laser spots. Ablation of the glass slide was 

analyzed using 27Al and 140Ce elemental maps to ensure minimal glass ablation but 

complete sample ablation. Following ablation of the entire droplet and concurrent analysis 

(Figure 3.2), we sped up the process by ablating five parallel lines across each droplet 

with 120 µm spacing between two adjacent lines. This provided sufficient data points for 

statistical analysis with minimal differences between analyses (Figure 3.2). Because of 

the coffee stain effect, cell lysate was not evenly distributed within a sample droplet. For 

each ablation line, the 31P counts were used to identify and exclude the data from the 

ablation points where the cell lysate content is very low. Then, the counts of 31P and 70Zn 

from the five ablation lines for each sample droplet were summed up respectively and 

used to calculate the 70Zn/31P count ratio. 
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Figure 3.2. Comparison of the 70Zn/P count ratios at different locations within sample 
drops. (A) Imaging of 31P and 70Zn of a drop of cell lysate on glass slide by LA-ICP-MS. 
The arrows indicate the rough positions of the five ablation lines randomly selected for 
analysis. The scale bars indicate 500 µm. The table shows that the determined 70Zn/31P 
count ratios for the whole drop and the sum of the five lines are nearly identical. (B) 
Cartoon illustration of ablation of three replicates. The white lines represent the ablation 
lines. For each drop, ablation was conducted along five parallel lines with a distance of 
120 micrometers between the adjacent lines. (C) Comparison of the 70Zn/P count ratios 
of the five lines within the and between the sample drops. The shown data are the three 
replicates of the sample for which the hZIP4-expressing HEK293 cells were treated with 
the 70Zn-enriched culture media containing 17 µM total zinc. Each dot represents the 
70Zn/P count ratio of one ablation line, which was determined by LA-ICP-MS. The relative 
SD for the five lines in each replicate is approximately 2%, indicating that the 70Zn/P count 
ratios at different locations in one sample drop are highly consistent. 

3.3.12 Statistics 

We assumed a normal distribution of the samples and significant difference were 

examined using Student’s t test. Uncertainties are reported as standard deviation or 

standard error of the mean, as indicated. 
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3.4 Results 

3.4.1 Preparation of the 70Zn-enriched culture media for the cell-based zinc 

transport assay 

Due to the high concentration of zinc in mammalian cells295, it is critical to distinguish 

between zinc imported from the extracellular space (exogenous zinc) and that already 

present in the cells prior to the assay (endogenous zinc). The use of the radioactive zinc 

isotope 65Zn is a well-established solution, but this long-lived and high-energy gamma 

emitter also raises safety concerns for the researchers performing the experiments. 

Therefore, the use of a non-radioactive metal substrate becomes an attractive option. In 

an early study, transport assays employed the stable isotope 70Zn (natural 

abundance=0.6%)328. The 70Zn-enriched culture media was prepared in two steps: total 

zinc concentration in the culture media was first decreased by treatment with the zinc-

specific S100A12 protein immobilized on agarose followed by supplementation with salts 

containing 70Zn329. It was shown that the cellular 70Zn concentration was significantly 

increased after the cells were incubated with the 70Zn-enriched media and that the cells 

expressing ZIP transporters accumulated more 70Zn in a two-hour incubation than control 

cells, providing the proof-of-concept of using 70Zn in the cell-based transport assay. 

Using an analogous approach, we treated the cell culture media containing FBS with 

the metal ion chelating resin Chelex-100 to lower the zinc concentration.  Chelex-100 has 

relatively high selectivity toward zinc ions over the transition metals (manganese, iron, 
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cobalt, nickel and copper)330 and has been employed to prepare metal-deficient 

mammalian cell culture media331. We tested whether a treatment of a commonly used 

mammalian culture media (DMEM+10% FBS) with Chelex-100 would be sufficient to 

remove most of the naturally present zinc so that the natural background of zinc would 

be low enough to allow for a sensitive analysis. As shown in Table 3.1, the results of 

inductively coupled plasma mass spectrometry (ICP-MS) analysis indicated that the 

Chelex-100 treatment removed approximately 90-95% of the zinc naturally present in the 

culture media. We then added the desired amounts of 70Zn (72% enrichment) to the 

Chelex-treated media to generate the 70Zn-enriched media for the cell-based transport 

assay. Consistent with the previous reports329,331, the Chelex-treated media contain 43% 

less copper, 99% less calcium, 99% less magnesium when compared with the media 

without the treatment. These changes in metal content did not affect the activity of hZIP4 

(Figure 3.3).  

 

 

Figure 3.3. Comparison of hZIP4 activity in the Chelex-treated culture media with and 
without supplementing Mg, Ca, and Cu. These metal elements were found to be removed 
by Chelex-100 (Table 3.1).  
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3.4.2 Zinc transport assay of hZIP4 using the 70Zn-enriched culture media 

To measure the transport activity of hZIP4, the 70Zn-enriched culture media was 

applied to HEK293 cells transiently expressing hZIP4. After incubation at 37 °C, the 

reaction was terminated with an ice-cold buffer containing 1 mM EDTA, followed by 

extensive wash using a phosphorous-free wash buffer. Concentrated nitric acid was then 

added to digest the cells and the resulting samples were subjected to ICP-MS analysis. 

To control for the variation in cell number between samples, we normalized the counts 

per second of 70Zn using the count ratio of 70Zn and 31P (70Zn/P) following the approach 

of Lane et al.270. This calibration simplifies the procedure as there is no need to count cell 

numbers or measure protein concentrations of the samples. As shown in Figure 3.4A, 

incubation with the 70Zn-enriched culture media resulted in a higher level of the 70Zn/P 

ratio for the cells expressing hZIP4 than that for the cells transfected with an empty vector, 

indicating that the activity of hZIP4 can be tracked using the stable isotope 70Zn. Based 

on the time course experiments, an incubation time of 30 minutes was chosen for later 

experiments (Figure 3.4B). Since the 70Zn/P ratios after background subtraction are 

linearly correlated with the cell surface expression levels of hZIP4 (Figure 3.5), the 

calculated 70Zn/P ratio represents the transport activity of hZIP4 expressed in HEK293T 

cells. Under the optimized conditions, a dose-dependent experiment was performed, and 

the dose curve was fitted with the Hill model commonly used in steady-state kinetic study 
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(Figure 3.4C). The apparent KM is 1.1±0.3 µM with the Hill coefficient of ~1, which agrees 

with our previously reported values when 65Zn was used in the transport assay104,109. 

 

Figure 3.4. Cell-based kinetic study of hZIP4 using the stable isotope 70Zn as the 
substrate. (A) Counts (per second, detected in ICP-MS) of 31P and 70Zn in the cells with 
and without expressed hZIP4 (left) and the 70Zn/P count ratios (right). The error bars 
represent the standard deviation of the mean. The Student’s t test was performed to 
examine the statistically significant difference. (B) Time course of hZIP4-mediated 70Zn 
transport. Three replicates were performed at each time point. (C) Dose curve of hZIP4-
mediated 70Zn transport. Left: The 70Zn/P count ratios of the cells with (solid circle) and 
without (open circle) expressing hZIP4 at the indicated concentrations of total zinc in the 
extracellular space. Right: Kinetic analysis of hZIP4. The activity of hZIP4 was calculated 
by subtracting the 70Zn/P count ratio of the cells transfected with the empty vector from 
that of the cells expressing hZIP4. The curve was fitted with the Hill model. Three  
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Figure 3.4. (cont’d) 
replicates were performed for each condition. The extracellular zinc consists of 70Zn (with 
an enrichment of 72%) and other zinc isotopes. The shown data are from one of three 
independent experiments in which similar results were obtained. 

 

 
Figure 3.5. Correlation between the zinc transport activity of hZIP4 and its cell surface 
expression level. (A) Counts (per second, detected in ICP-MS) of 31P and 70Zn in the 
HEK293T cells transfected with empty vector (EV, 800 ng) or the indicated amounts of 
plasmid DNA encoding hZIP4-HA (50-800 ng). The error bars represent the standard 
deviation of the mean. (B) 70Zn/P count ratios before and after subtracting the background. 
(C) Total and cell surface expression of hZIP4. Cells in each well of a 24-well plate were 
transfected with the indicated amounts of plasmid DNA with a fixed ratio of 400 ng DNA 
per µL of Lipofectamine 2000. Total expression of hZIP4 was detected in Western blot 
using an anti-HA antibody, and cell surface expression of hZIP4 was determined by the 
surface bound anti-HA antibody, which was detected in Western blot using an HRP-
conjugated horse anti-mouse IgG antibody. (D) Correlation of the 70Zn/P ratios (after 
background subtraction) and the cell surface expression levels of hZIP4.  

3.4.3 Determination of the turnover number of hZIP4 and re-examination of the role 

of the ECD 

While the turnover number is a useful gauge for understanding transport mechanisms, 

there are no reports of such values to date for eukaryotic ZIP transporters. The turnover 

number of a transporter is commonly evaluated using experimentally determined values 
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for Vmax and the number of transporters expressed at the cell surface. Vmax can be 

determined in the ICP-MS experiment that reports the total transport rate (number of zinc 

ions per second) of hZIP4 when zinc concentration is saturating (Figure 3.4)104,117. To 

determine the cell surface expression level of a membrane protein, biotinylation followed 

by Western blot is a commonly used approach332,333. We applied this approach to the 

cells expressing hZIP4-HA and estimated the number of hZIP4-HA expressed at the cell 

surface by comparison with the purified hZIP4 tagged with an N-FLAG and C-HA (FLAG-

hZIP4-HA) in the Western blot experiment (Figure 3.6A). We also performed the 70Zn 

transport assay on the hZIP4-HA-expressing cells which were transfected at the same 

time as the cells used for the analysis of the hZIP4-HA surface expression (Figure 3.6B). 

Although the expression levels of hZIP4-HA may vary in different independent 

experiments, hZIP4-HA expression in the same batch of transfection are very similar 

(Figure 3.7). These results allowed us to estimate the apparent turnover number of hZIP4 

to be 0.08±0.02 s-1 (mean±standard error, S.E., n=3). The slow transport rate and the 

saturable kinetics both suggest that hZIP4 is best characterized as a carrier. 
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Figure 3.6. Determination of the turnover number of hZIP4. (A) Estimation of the surface 
expression level of hZIP4-HA by biotinylation and Western blot. The purified FLAG-hZIP4-
HA was used as the standard. Degradative fragments were found in both biotinylated 
hZIP4-HA and FLAG-hZIP4-HA. In the standard curve, the black squares represent the 
standards and the red cross represents the biotinylated hZIP4-HA in the sample. 
Biotinylated sample was loaded into the gel with 50% dilution. The shown data are from 
one of three independent experiments. (B) Calculation of the turnover number of hZIP4 
from three independent experiments.  
 

 

Figure 3.7. Comparison of hZIP4 transient expression in the cells grown in different wells 
in the same experiment. Western blot was performed to detect the HA-tagged hZIP4 and 
β-actin. 

We then extended this 70Zn-based assay to further evaluate the role of ZIP4-ECD in 

zinc transport function. ZIP4 has a large ECD among human ZIPs but the exact function 
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of this domain has not been fully elucidated. In our early study where 65Zn was used in 

transport assays104, we showed that deletion of the N-terminal-most HRD subdomain 

resulted in a 50% loss of activity and deletion of the entire ECD, which consists of the 

HRD and the PCD subdomains, resulted in approximately 75% loss of activity compared 

to the full-length hZIP4, indicating that the ECD is important for optimal zinc transport. 

However, a recent study reported that ECD deletion of hZIP4 with a C-terminal eGFP tag 

did not significantly affect the zinc transport activity when compared with the full-length 

hZIP4-eGFP176. To clarify this point, we compared the apparent turnover numbers of 

hZIP4 variants with a C-terminal HA tag including the full-length transporter (hZIP4-HA), 

the ∆HRD variant (∆HRD-hZIP4-HA), and the ∆ECD variant (∆ECD-hZIP4-HA). The 

previous study has shown that the truncated variants did not affect the apparent KM104, 

so we focused only on the turnover number. The number of moles of 70Zn associated with 

the cells expressing hZIP4-HA or the variants were quantified by using ICP-MS as 

described above. In this study, we did not use biotinylation to estimate the cell surface 

expression levels of these constructs because they have different numbers of the lysine 

residues at the extracellular side and accessibility of the lysine residues differs according 

to a structure model predicted by AlphaFold (Figure 3.8). 
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Figure 3.8. Lysine residues in hZIP4. The AlphaFold predicted structure of hZIP4 
(UniProt ID: Q6P5W5) is shown in cartoon mode and colored with the confidence score 
(pLDDT). hZIP4 consists of the ECD and the TMD, and the former is composed of the 
very N-terminal HRD subdomain and the PCD subdomain. All the seven lysine residues 
are shown in stick mode, labeled, and colored in red, out of which five are exposed to the 
extracellular side – three are fully exposed in the HRD and two appear to be partially 
buried in the TMD. SP: signal peptide. 

Instead, we determined the surface expression levels of hZIP4-HA and its variants by 

quantifying the anti-HA antibody bound at the surface of fixed but non-permeabilized cells. 

The use of a surface-bound antibody to evaluate the cell surface expression of a 

membrane protein is a well-established approach334 and has been used in prior studies 

of ZIP4218,335. To quantify the cell surface-bound anti-HA antibodies, a standard curve 

was generated by applying the serially diluted anti-HA antibodies in a Western blot 

experiment (Figure 3.9A). After calibrating the transport data with the cell surface 

expression levels of the HA-tagged transporter constructs (Figure 3.9B), the determined 

apparent turnover number of hZIP4-HA (0.2±0.03 s-1, mean±S.E., n=3, Figure 3.9C) was 
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found to be generally consistent with that obtained from the biotinylation experiment 

(0.08±0.02 s-1, Figure 3.6). Consistent with our previous report104, the cell surface 

expression levels of the two truncated variants are significantly higher than that of the full-

length hZIP4-HA and the calculated apparent turnover numbers (0.05±0.01 s-1 for ∆HRD-

hZIP4-HA, mean±S.E., n=3, and 0.03±0.01 s-1 for ∆ECD-hZIP4-HA, mean±S.E., n=3) are 

significantly lower than that of the full-length hZIP4-HA. The difference in cell surface 

expression levels also agree with the different total expression levels for these constructs 

(Figure 3.10). Collectively, these results reinforce the notion that ZIP4-ECD is crucial for 

optimal zinc transport activity of hZIP4 and the HRD subdomain plays a more important 

role in supporting an efficient zinc transport than the PCD subdomain.  

 

Figure 3.9. Comparison of the apparent turnover numbers of hZIP4-HA and the truncated 
variants (∆HRD-hZIP4-HA and ∆ECD-hZIP4-HA). (A) Estimation of the cell surface bound 
anti-HA antibodies. Left: Western blot of the cell surface bound anti-HA antibodies. The 
samples containing the indicated amount of anti-HA antibody were used as the standards. 
A HRP-conjugated horse-anti-mouse antibody was used to detect the mouse anti-HA  
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Figure 3.9. (cont’d) 
antibodies. Right: Quantification of the cell surface bound anti-HA antibodies in the cell 
samples. The black squares represent the standards and the red plus signs represent the 
surface bound anti-HA antibody in the samples. (B) Calculation of the apparent turnover 
numbers using the data from one representative experiment. The shown data are from 
one of three independent experiments in which similar results were obtained. (C) 
Comparison of the apparent turnover numbers of hZIP4-HA, ∆HRD-hZIP4-HA, and 
∆ECD-hZIP4-HA. Each data point represents the mean of one of three independent 
experiments. Three replicates were performed in one experiment. The error bars 
represent the standard deviations of the mean. The Student’s t test was performed to 
examine statistically significant difference.  

 

 

Figure 3.10. Comparison of total expression of hZIP4 and the truncated variants. Western 
blot was performed to detect the HA-tagged proteins and β-actin.  

3.4.4 Estimation of zinc efflux during the transport assay 

One concern with the cell-based transport assay is that while substrate is being 

transported into the cells by the importer of interest, some of the imported substrate may 

be expelled from the cells due to the activity of exporters at the plasma membrane. If this 

happens, it will lead to an underestimation of the influx rate and thus inaccuracy in the 

determination of the kinetic parameters. To evaluate possible effects of zinc efflux on the 
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zinc transport assay for hZIP4, we designed the isotope exchange experiment. First, we 

determined how long it takes to replace the naturally present cellular zinc (endogenous 

zinc) with 64Zn (98% enrichment) added in the extracellular space. To do this, the cells 

growing in the regular culture media (DMEM plus 10% FBS, contains the naturally present 

zinc isotopes with natural abundance) were incubated with the 64Zn-enriched culture 

media and the levels of cellular 70Zn (as an indicator of the endogenous zinc in cells) and 

64Zn were measured using ICP-MS at different time points. As shown in Figure 3.11A, 

after incubation for 48 hours without culture media replacement, the replacement of 70Zn 

by 64Zn reached equilibrium. The decrease in the 70Zn/64Zn count ratio fit well with the 

one-phase decay model, indicating that the imported 64Zn exchanged with a single 

intracellular zinc pool.  
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Figure 3.11. Evaluation of zinc efflux during the transport assay. (A) Time course of 70Zn 
replacement by 64Zn. Cells growing in the regular culture media with naturally present 
zinc isotopes were incubated with the 64Zn-enriched culture media. At the indicated time 
points, cells were digested for ICP-MS analysis. The 70Zn/64Zn count ratios were 
normalized and plotted against the reaction time, and the curve was fitted using the one-
phase decay model. (B) Estimation of zinc efflux during the transport assay. The hZIP4-
expressing cells growing in the 64Zn-enriched culture media were washed and then 
incubated with the 70Zn-enriched culture media for 30 minutes. The 64Zn/P and 70Zn/P 
count ratios were determined by ICP-MS before and after the transport assay. Upper: The 
diagram illustrating the changes of 64Zn and 70Zn due to influx and efflux during the assay. 
Lower: Calculation of zinc efflux in one of three independent experiments in which similar 
results were obtained. Six replicates were performed for each condition. The calculations 
are described in detail in Experimental procedures. 

Next, we cultured the cells in the 64Zn-enriched media for three passages (3 days per 

passage) to ensure a complete replacement and then transferred the cells to the same 
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70Zn-enriched media used in the zinc transport assay for a 30-min incubation. After 

termination by addition of EDTA followed by extensive washing, the amounts of 64Zn and 

70Zn associated with the cells were determined by ICP-MS. As presented in Figure 3.11B, 

our calculation showed that 6.4±3.9% of the endogenous 64Zn was expelled from the cells 

during the 30 min transport assay. The calculations are detailed in Experimental 

procedures. Given that the imported zinc ions rapidly exchange with a single pool of the 

endogenous zinc (Figure 3.11A), it can be deduced that the same percentage of 70Zn 

imported during the assay has been expelled from the cells through the same pathway 

as the endogenous 64Zn. This result indicates that a small fraction of zinc ions from the 

endogenous zinc pool (64Zn) and those from the extracellular space (mainly 70Zn) are 

exported from the cells during the transport assay, and therefore the hZIP4 activity 

(determined by the imported 70Zn) is indeed underestimated. Given that only ~6% of the 

influxed zinc was exported during the assay, we conclude that zinc efflux would not 

significantly affect the transport kinetic study of hZIP4 under the current experimental 

conditions. Consistently, a fit of the data in Figure 3.11A indicates that an approximate 

half-life for zinc loss from the cells was 3 hours (i.e. 164 min), providing further support 

for this conclusion. It has been reported that mammalian cells handle light and heavy zinc 

isotopes differently, resulting in a 0.2-0.4‰ difference in their transport336, which is two 

orders of magnitude smaller than the ~6% zinc efflux determined in this work. Therefore, 

the kinetic isotope effect may have little effect on data interpretation. Nevertheless, our 



 

137 

 

data also suggest that care should be taken in the experimental design to minimize the 

effect of substrate efflux on the activity measurement of an importer.  

Collectively, it is very unlikely that the determined slow transport rate (0.08-0.2 s-1) is 

due to a significant zinc efflux during the transport assay. We speculate that in order to 

acquire an adequate amount of zinc using a slow zinc transporter like ZIP4, cells must 

express a large number of transporter molecules at the cell surface, thus allowing the 

mechanisms that regulate the cell surface expression level of the transporter121,217,337 to 

efficiently fine tune the overall zinc transport capacity at the plasma membrane. Whether 

endogenously expressed hZIP4, other than hZIP4 overexpressed in HEK293T cells, 

exhibits a similar transport rate and whether other mammalian ZIPs are also slow 

transporters warrant future investigation. 

3.4.5 LA-ICP-MS assisted zinc transport assay with an increased throughput 

It takes approximately three minutes to analyze one sample by ICP-MS in the liquid 

mode. A higher throughput is required for many applications, including inhibitor screening 

for drug discovery and directed evolution for transporter engineering. We explored the 

possibility of increasing the speed of isotope measurement by using LA-ICP-MS. For this 

purpose, cells were lysed after the 70Zn-based transport assay, and the cell lysate was 

dropped onto a siliconized glass slide and dried in oven (Figure 3.12A). On a standard 

glass slide (26 mm x 75 mm), up to 36 drops can be manually applied at a volume of 5 µl 
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per drop. The 70Zn/P count ratio of each drop was then measured by LA-ICP-MS 

equipped with a time-of-flight (TOF) detector.  

 
Figure 3.12. Kinetic study of hZIP4 with increased throughput by using LA-ICP-MS. (A) 
Cartoon illustration of a siliconized glass slide loaded with cell lysate samples for LA-ICP-
MS detection. To increase the detection speed, five parallel lines (composed of 
continuous contacting spots) were ablated across each sample drop. (B) Dose curve of 
hZIP4-mediated 70Zn transport using LA-ICP-TOF-MS to detect 70Zn and 31P. Left: The 
70Zn/P count ratios of the cells with (solid circle) and without (open circle) expressing 
hZIP4 at the indicated concentrations of total zinc in the extracellular space. Right: Kinetic 
study of hZIP4. The activity of hZIP4 was calculated by subtracting the 70Zn/P count ratio 
of the cells transfected with an empty vector from that of the cells expressing hZIP4. The 
curve was fitted using the Hill model. Each point represents the data of the cells in one 
subwell. For each condition, three replicates were performed. The extracellular zinc 
consists of 70Zn (with an enrichment of 72%) and other zinc isotopes. The shown data are 
from one of three independent experiments in which similar results were obtained. 

Because the 70Zn/P ratio remains nearly constant at different locations within one 

drop (Figure 3.2), each drop was scanned by five parallel lines across the drop, rather 
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than the entire area of the drop, to speed up the process. Accordingly, it took less than 

half a minute to scan one drop, reducing the analysis time by a factor of six when 

compared with the assays conducted in the liquid mode. Although the absolute amount 

of 70Zn associated with the cells are not established under the current protocol, a dose 

curve of hZIP4-mediated zinc transport can be generated by using the determined 70Zn/P 

ratios. As shown in Figure 3.12B, the 70Zn/P ratios in the hZIP4-expressing cells are 

significantly higher than those in the cells transfected with the empty vector, and 

subtraction of the latter from the former yielded a dose curve similar to that generated by 

using the data collected by ICP-MS in the liquid mode (Figure 3.4). Curve fitting using 

the Hill model resulted in an apparent KM of 2.3±0.3 µM (n=3) with the Hill coefficient of 

~1 (Figure 3.12A), consistent with values obtained in prior studies 104,117 and in the 

transport assay described above (Figure 3.4). These results demonstrate that this LA-

ICP-TOF-MS assisted approach significantly increases the throughput without 

compromising data quality. We expect the throughput of this approach to further increase 

significantly with optimization of automation of cell handling, slide preparation, and slide 

scanning strategy. 

3.5 Discussion 

Although the free Zn2+ concentration within cells could be extremely low even to 

picomolar level, the total Zn2+ concentration in cells is up to sub-millimolar level. Such a 

high concentration of cellular Zn represents a very high background readings for cell-
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based Zn biochemistry studies, bring huge errors and inaccuracy. Indeed, one of the 

reasons why radioactive 65Zn, despite its hazardous nature, is still very commonly used 

in the field is for its zero background in nature, along with its other features such as easy 

detection and the straightforwardness in experiment design. We developed a new 

protocol for in vivo Zn assay, and by taking advantage of the low abundance of 70Zn (0.6%) 

the high background issue from the natural Zn has been minimized. Furthermore, to 

eliminate indigenous Zn from the incubation solution, people have previously reported the 

usage of agarose bound zinc-specific S100A12 protein330. Although efficient, it is not quite 

accessible. Here we tested and replaced it with the more commercially available ion 

chelating resin Chelex-100. Lastly, the detection issue was solved with ICP-MS, which is 

considered one of the most powerful elemental analysis methods taking into account of 

its low detection limit, high resolution and rapid and easy screening speed, especially 

when coupled with an auto-sampler. The new protocol has been tested and was capable 

of replacing the radioactive Zn assays, demonstrating good data quality and consistence. 

Taking advantage of this new system, we were able to study more biochemical features 

of the ZIP family and we believe it could potentially be applied to more transporter studies. 

We revealed that the turnover number of the hZIP4-HA being 0.2±0.03 s-1 (Figure 

3.9C), which suggested that ZIP4 is a carrier. This value is generally consistent with the 

turnover numbers of representative carrier proteins338 and close to a panel of slow carriers, 

including VMAT1 (0.2 s-1)339, MATE1 (0.4 s-1)340, NET (0.11 s-1)341, Tyt1 (0.4 s-1) 126, and 
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Gltph (0.14 s-1)342. However, caution must be exercised because a low turnover number 

does not necessarily exclude the possibility of an ion channel, as the boundary between 

the two classes of membrane transport proteins can be blurred343. Considering that ZIP4 

undergoes endocytosis121,217,337, it is plausible that the ZIP4 surface expression level 

determined by biotinylation may be overestimated. However, given that the zinc ion 

concentration in the PBS buffer used in the biotinylation reaction is unlikely to be at 

micromolar or higher and that the reaction was conducted only at room temperature for 

10 minutes, we don’t think ZIP4 endocytosis, which is a zinc and energy dependent 

process, would significantly affect the estimation of ZIP4 expression at the cell surface. 

 We also revisit the functional role of the ZIP4-ECD, reaching the same conclusion 

as we previously published that ZIP4-ECD plays a crucial part in ZIP4 function. The exact 

function of ZIP4-ECD is still not fully understood. It has been shown that elimination of N-

glycosylation of ZIP4-ECD does not affect the zinc transport activity268. ZIP4-ECD forms 

a homodimer in the crystal structure primarily through the PCD subdomain104. Although 

facilitating dimerization is a likely function of ZIP4-ECD, the fact that the HRD contributes 

most to promoting zinc transport (Figure 3.9C) suggests that the ECD must have 

additional function(s) beyond dimerization. It has been noted that all experimentally 

solved structures of BbZIP are in the inward-facing conformation, regardless of whether 

the transporter is in the substrate-bound or apo state110,111,177, suggesting that the 

transporter in the outward-facing conformation is an energetically unfavorable state with 
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a small population and that promoting the formation and/or stabilization of the outward-

facing conformation may therefore represent a strategy to increase the transport activity. 

According to the structural model of ZIP4 and the proposed elevator mechanism110,111,253, 

the HRD, which shows considerable flexibility in the crystal structure of ZIP4-ECD104 and 

in the AlphaFold predicted structures (Figure 3.1B), could transiently interact with the 

transport domain as the latter slides outward, thereby facilitating the formation and 

stabilization of the outward-facing conformation (Figure 3.1C). Testing this hypothesis, 

especially when the structure of full-length ZIP4 is available, will help to clarify the function 

of the HRD that is present only in ZIP4 and its close homologue ZIP12. 

 For the study in Zn efflux during the metal assays, given only 6% of the indigenous 

Zn was effluxed during the assay, it does not affect the final conclusion of the studies. But 

caution should be taken for similar biochemical studies. The exploration in the high-

throughput potential of the LA-ICP-MS showed great possibilities that if granted with 

further optimization, aid of robotic machinery and customized platform, LA-ICP-MS could 

be a very powerful and high-throughput method for various purposes including 

therapeutic development. 

3.6 Conclusion 

In this work, we applied a modified 70Zn-based approach to study the transport 

kinetics of hZIP4, a representative ZIP metal transporter and a promising oncology drug 

target. Our data showed that the low-abundance stable isotope 70Zn can adequately 
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replace the radioactive 65Zn in the cell-based transport assay. This approach, combined 

with quantification of the surface expression level of hZIP4, allowed us to estimate the 

apparent turnover number of hZIP4 to be in the range of 0.08-0.2 s-1, indicating that hZIP4 

is best described at this time as a carrier, rather than an ion channel. Re-examination of 

the role of the hZIP4-ECD reinforced the notion that the HRD subdomain is responsible 

for most of the function of the ECD in facilitating zinc transport. Estimation of zinc efflux 

during the transport assay showed that zinc efflux did not significantly affect the analysis 

of zinc influx. We also demonstrated that the throughput of the 70Zn-based approach can 

be significantly increased when LA-ICP-TOF-MS was used to study the samples loaded 

on glass slides. This approach may be developed into an assay suitable for drug 

discovery targeting other ZIPs and zinc transporters from other metal transporter families. 

Biological metals with more than one stable isotopes, such as iron (54Fe, 56Fe, 57Fe, and 

58Fe), nickel (58Ni, 60Ni, 61Ni, 62Ni, and 64Ni), and copper (63Cu and 65Cu), can also be 

similarly studied using the ICP-MS-based assay presented in this work. 
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4.1 Summary 

 d-block metal transporters are important for the homeostasis of life essential trace 

elements and also attractive targets of protein engineering for selective enrichment or 

exclusion of d-block metals from the host. However, systematic efforts in metal 

transporter engineering are still lacking due to the poor understanding of the transport 

mechanism and substrate specificity. Here, we demonstrate a strategy to alter and 

expand the substrate spectrum of ZIP8, a promiscuous d-block metal transporter, by 

randomizing the three residues believed to form a selective filter at the entrance of the 

transport pathway. Screening of the library using the cell-based transport assay and ICP-

MS for simultaneous metal content measurement led to the discovery of variants with 

drastically increased activity and altered substrate preference. Selected variants also 

exhibited novel activities against metals that are not substrates of wild-type ZIP8, 

including the diatomic cation VO2+. These findings, together with the discovery that Pb2+ 

is a new substrate of wild-type ZIP8, indicate that the ZIP fold has strong plasticity and 

amenability to transport a variety of metals with different physicochemical properties, and 

is therefore a promising platform for the creation of designer metal transporters for 

potential applications. 

4.2 Introduction 

Some d-block metals, such as manganese, iron, cobalt, nickel, copper, zinc, and 

molybdenum perform essential functions in biological systems by playing structural, 
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catalytic, and regulatory roles in various biomolecules8,344–349. The importance of these 

metals and the potential deleterious effects upon dysregulation underscore the need for 

precise regulation of their concentration and distribution in biological systems, and metal 

transporters, which act as selective gates to control the flux of metal ions across biological 

membranes, therefore play a central role in maintaining the homeostasis of these 

micronutrients at the cellular and systemic levels350,351. 

To harness the selective transport of metal ions, the divalent d-block metal 

transporters have been considered to be attractive engineering targets for applications 

such as biofortification352,353, phytoremediation354,355, biomining356,357, and heavy metal 

exclusion from foods358,359. From this perspective, the Zrt/Irt-like protein (ZIP) family has 

gained increasing attention due to its ubiquitous expression in all kingdoms of life, its 

broad substrate spectrum and, in particular, its pivotal role in metal uptake from the 

environment101,138,253,254,314. Creating a ZIP with desired properties will allow the highly 

selective accumulation or exclusion of certain metals in the host organism, which holds 

great potential for the aforementioned applications. For example, engineering IRT1, a 

plant root-expressing iron-transporting ZIP, to eliminate Cd transport activity while 

retaining iron transport activity may help reduce Cd uptake by crops in contaminated 

soils244. 

In our previous study on ZIP8, a promiscuous ZIP that transports zinc, iron, 

manganese, and cadmium, we showed that a combination of four rationally designed 
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mutations led to a variant with increased zinc transport activity and drastically reduced 

activities for Cd, Fe, and Mn, demonstrating the feasibility of rational engineering of a ZIP 

transporter327. Importantly, the strong epistatic interaction between two residues chosen 

for mutagenesis allowed us to identify a selectivity filter located at the entrance of the 

transport pathway (Figure 4.1). Three residues (Q180, E318, and E343) approach each 

other when the transporter adopts an outward-facing conformation according to the 

proposed elevator transport mode110,111, and form a transient metal binding site that may 

screen the coming metal ions before the substrate translocate to the transport site. 

Bioinformatic analysis of these three positions revealed that although the proposed 

selectivity filter is likely present in most ZIP family members, the amino acid composition 

is highly diverse113,327, suggesting that ZIPs may have very different substrate 

preferences and that the selectivity filter represents an ideal target to alter substrate 

spectrum. 

 
Figure 4.1. The selectivity filter and transport site of ZIP8.  
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Figure 4.1. (cont’d) 
Left: the structural model of human ZIP8 in the outward-facing conformation. The solid 
red arrow indicates the pathway for metal to enter the transport site through the     
selectivity filter, and the dashed red arrow indicates the pathway for metal to be released 
to the cytoplasm when the transporter switches to the inward-facing conformation. The 
model was generated by homology modeling using the AlphaFold predicted ZIP13 
structure as template (https://alphafold.ebi.ac.uk/entry/Q96H72). For clarity, long loops 
connecting transmembrane helices are trimmed. The residues at the selectivity filter are 
shown in yellow and the residues forming the transport site are in blue. The metal 
substrate is depicted as a grey sphere. D318 and E343 work at both the selectivity filter 
and transport site. Right: the zoomed-in view of the framed region. The one-letter codes 
of the amino acids to be introduced into the positions at the selectivity filter are shown in 
the frames.  

In this work, we explored the extent to which the substrate spectrum of ZIP8 can 

be tuned by systematically altering the amino acid composition of the selectivity filter and 

screening the variants against a panel of divalent d-block metals using an ICP-MS-based 

transport assay. Our data showed that this strategy resulted not only in drastically altered 

activity and substrate preference for the known ZIP8 substrates, but also in an expansion 

of the substrate spectrum to include the metals that are not substrates for wild-type ZIP8. 

These results demonstrate the great potential of the ZIP fold to be engineered to 

selectively transport a variety of divalent metals, paving the way for the creation of 

designer metal transporters for applications. 

4.3 Materials and Methods 

4.3.1 Gene, plasmids, and reagents 

The complementary DNA of human ZIP8 (GenBank access number: BC012125) from 

Mammalian Gene Collection were purchased from GE Healthcare. The ZIP8 construct 

consists of the N-terminal signal peptide of ZIP4 (amino acid residues 1-22) followed by 
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a GSGS linker and a FLAG tag, the ZIP8 coding sequence (residue 23-460), and a HA-

tag at the C-terminus. Site-directed mutagenesis of ZIP8 was conducted using 

QuikChange mutagenesis kit (Agilent, Cat#600250). All mutations were verified by DNA 

sequencing. 70ZnO was purchased from American Elements (ZN-OX-01-ISO.070I, 

Lot#1871511028-401) and 57FeCl3 was purchased from Sigma-Aldrich (790427, 

Lot#MBBD4771). 30 mg of zinc oxide powder was dissolved in 5 ml of 1 M HCl and then 

diluted with ddH2O to make the stock solution at the concentration of 50 mM. 57FeCl3 was 

dissolved in 1 M HCl to final concentration of 100 mM. The 70Zn sample was certified as 

72% abundance and 57Fe was 99.9%. Other reagents were purchased from Sigma-

Aldrich or Fisher Scientific. 

4.3.2 Cell culture, transfection, and Western blot 

Human embryonic kidney cells (HEK293T, ATCC, Cat#CRL-3216) were cultured in 

Dulbecco’s modified eagle medium (DMEM, Thermo Fisher Scientific, Invitrogen, 

Cat#11965092) supplemented with 10% (v/v) fetal bovine serum (FBS, Thermo Fisher 

Scientific, Invitrogen, Cat#10082147) and Antibiotic-Antimycotic solution (Thermo Fisher 

Scientific, Invitrogen, Cat# 15240062) at 5% CO2 and 37°C. Cells were seeded on the 

polystyrene 24-well trays (Alkali Scientific, Cat#TPN1024) for 16 h and transfected with 

0.8 μg DNA/well using lipofectamine 2000 (Thermo Fisher Scientific, Invitrogen, Cat# 

11668019) in DMEM with 10% FBS. 
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For Western blot, samples were mixed with the SDS sample loading buffer and 

heated at 37°C for 20 min before loading on SDS-PAGE gel. The proteins separated by 

SDS-PAGE were transferred to PVDF membranes (Millipore, Cat#PVH00010). After 

blocking with 5% (w/v) nonfat dry milk, the membranes were incubated with anti-FLAG 

antibody (Agilent, Cat# 200474-21) or anti β-actin (Cell Signaling, Cat# 4970S) at 4°C 

overnight, which were detected with HRP-conjugated goat anti-rat immunoglobulin-G at 

1:5000 dilution (Cell Signaling Technology, Cat# 7077S) or goat anti-rabbit 

immunoglobulin-G at 1:3000 dilution (Cell Signaling Technology, Cat# 7074S) 

respectively using the chemiluminescence reagent (VWR, Cat#RPN2232). The images 

of the blots were taken using a Bio-Rad ChemiDoc Imaging System. 

4.3.3 Metal transport assay 

Twenty hours post transfection, cells were washed with the wash buffer (10 mM 

HEPES, 142 mM NaCl, 5 mM KCl, 10 mM glucose, pH 7.3) followed by incubation with 

the wash buffer plus metals for 30 minutes. To screen substrate and non-substrate metals 

for wild-type ZIP8, the metal mixture contained 5 µM of AuCl3, 5 µM PtCl4 or 5 µM 

(NH4)2Cr2O7, respectively. To screen variants against metal substrates, metal mixture Set 

1 is composed of 2 mM CaCl2, 1 mM MgCl2, 5 µM for CdCl2, CoCl2, MnCl2, Pb(NO3)2, 

Na2SeO3, 57FeCl3, 70ZnCl2, and 1 mM of ascorbic acid. The metal mixture Set 2 is 

composed of 2 mM CaCl2, 1 mM MgCl2, 2 µM of CdCl2, 15 µM of MnCl2, 40 µM of 57FeCl3 

and 1 mM of ascorbic acid. To test novel activities toward non-substrate metals, the metal 
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mixture contained 2 mM CaCl2, 1 mM MgCl2, 2.5 µM 70Zn, and 5 µM for CuCl2, VOSO4, 

NiSO4, respectively. 

After incubation at 37°C for 30 min, the plates were put on ice and an equal volume 

of the ice-cold washing buffer containing 1 mM EDTA was added to the cells to terminate 

metal uptake, followed by three times of washing with ice-cold wash buffer. 

4.3.4 ICP-MS experiment 

All standards, blanks, and cell samples were prepared using trace metal grade nitric 

acid (70%, Fisher chemical, Cat# A509P212), ultrapure water (18.2 MΩ·cm @ 25 °C), 

and metal free polypropylene conical tubes (15 and 50 mL, Labcon, Petaluma, CA, USA). 

For cell samples in polystyrene 24-well cell culture plates, 200 µl of 70% trace nitric acid 

was added to allow for initial sample digestion. Following digestion, 150 µl of the digested 

product was transferred into metal free 15 mL conical tubes. For liquid samples, 50 µl of 

liquid samples were added to metal free conical tubes followed by addition of 150 µl of 

70% trace nitric acid. All cell and liquid samples were then incubated at 65°C in a water 

bath for one hour followed by dilution to 5 ml using ultrapure water. These completed ICP-

MS samples were then analyzed using the Agilent 8900 Triple Quadrupole ICP-MS 

(Agilent, Santa Clara, CA, USA) equipped with the Agilent SPS 4 Autosampler, integrate 

sample introduction system (ISiS), x-lens, and micromist nebulizer. Daily tuning of the 

instrument was accomplished using manufacturer supplied tuning solution containing Li, 

Co, Y, Ce, and Tl. Global tune optimization was based on optimizing intensities for 7Li, 
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89Y, and 205Tl while minimizing oxides (140Ce16O/140Ce < 1.5%) and doubly charged 

species (140Ce++/140Ce+ < 2%).  Following global instrument tuning, gas mode tuning was 

accomplished using the same manufacturer supplied tuning solution in KED mode (using 

100% UHP He, Airgas). Specifically, intensities for 59Co, 89Y, and 205Tl were maximized 

while minimizing oxides (140Ce16O/140Ce < 0.5%) and doubly charged species 

(140Ce++/140Ce+ < 1.5%) with short term RSDs < 3.5%. ICP-MS standards were prepared 

from a stock solution of NWU-16 multi-element standard (Inorganic Ventures, 

Christiansburg, VA, USA) that contains As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Ni, Se, V, 

Zn that were diluted with 3% (v/v) trace nitric acid in ultrapure water to a final element 

concentration of 1000, 500, 250, 125, 62.5, 31.25, and 0 (blank) ng/g standard. Internal 

standardization was accomplished inline using the ISIS valve and a 200 ng/g internal 

standard solution in 3% (v/v) trace nitric acid in ultrapure water consisting of Bi, In, 6Li, 

Sc, Tb, and Y (IV-ICPMS-71D, Inorganic Ventures, Christiansburg, VA, USA). The 

isotopes selected for analysis were 31P, 64Zn, 66Zn, 67Zn, 68Zn, 70Zn and 6Li, 45Sc, and 89Y 

for internal standardization. Continuing calibration blanks (CCBs) were run every 10 

samples and a continuing calibration verification standard was analyzed at the end of 

every run for a 90-110% recovery.   
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4.3.5 Statistics 

We assumed a normal distribution of the samples and significant difference were 

examined using two-tail Student’s t test. Uncertainties are reported as standard deviation 

or standard error of the mean, as indicated. 

4.4 Results 

4.4.1 Generation of a library of ZIP8 variants with randomized selectivity filter 

Since the selectivity filter is at the very frontline when interacting with metals, we 

hypothesized that changing the amino acid composition of the three residues constituting 

the selectivity filter will lead to altered substrate preference. To test this, we systematically 

introduced different polar amino acid residues at these positions based on bioinformatic 

analysis of the ZIP family (Figure 4.1). Q180 is at the pore entrance but not at the 

transport site and this position is mostly occupied by a polar or charged residue, including 

histidine, aspartate, glutamate, asparagine, glutamine, and serine327. E318 is one of the 

residues at the transport site and can be replaced by an aspartate or a histidine in other 

ZIPs113. Since a histidine at this position is only present in ZIP13, a Golgi-residing ZIP 

with controversial data regarding the function – it has been shown to be a zinc importer 

for the human protein360 but an iron exporter for the homologous protein in 

Drosophila200,241. In this work, histidine was not introduced to this position because it 

would not be a component of the selectivity filter if ZIP13 maintains the same topology as 

other ZIPs but function as an exporter. E343 is another residue acting at both the 
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selectivity filter and the transport site. In addition to glutamate, the position of E343 can 

also be occupied a histidine or a glutamine in other ZIPs327. Given the similar property to 

glutamate, aspartate was also introduced to this position although it is not present at this 

position in any ZIP. Through site-directed mutagenesis and recombination, a library 

consisting of 48 constructs (wild-type ZIP8 and 47 variants) was generated for functional 

screen (Table 4.1). 

Construct 
Amino Acid Metal Mixture Set 1a 

Metal Mixture 

Set 2b 

180 318 343 Co2+ Zn2+ Cd2+ Pb2+ Mn2+ Cd2+ 

Q180D/343D D D D 67 ± 19c 188 ± 4d 137 ± 6 171 ± 52 49 ± 4 152 ± 30 

Q180E/E343D E D D 179 ± 63 211 ± 4 158 ± 3 152 ± 46 64 ± 7 193 ± 39 

Q180H/E343D H D D 111 ± 23 268 ± 5 182 ± 2 84 ± 28 131 ± 10 189 ± 36 

Q180N/E343D N D D 174 ± 30 150 ± 9 180 ± 13 176 ± 56 95 ± 22 81 ± 11 

Q180S/E343D S D D 290 ± 47 197 ± 12 200 ± 9 209 ± 68 107 ± 17 157 ± 24 

E343D Q D D 718 ± 90 223 ± 14 370 ± 26 427 ± 79 482 ± 90 150 ± 15 

Table 4.1. Screening of the ZIP8 library against a panel of metal substrates. 
a Composed of 2 mM CaCl2, 1 mM MgCl2, 5 µM for CdCl2, CoCl2, MnCl2, Pb(NO3)2, 
Na2SeO3, 57FeCl3, 70ZnCl2, and 1 mM of ascorbic acid. SeO32- data are not shown due to 
low reading.  
b Composed of 2 mM CaCl2, 1 mM MgCl2, 2 µM of CdCl2, 15 µM of MnCl2, 40 µM of 
57FeCl3 and 1 mM of ascorbic acid. Fe2+ data are not shown due to low activity and large 
variation.  
c Mean±S.E.M. Relative activity expressed as percentage of the activity of wild-type ZIP8. 
The number of independent experiments (n) for Set 1 and Set 2 is 4 and 3, respectively.  
d Cells are color based on the following criterial: less than 15%, red; between 15% and 
50%, pink; between 50% and 150%, white; between 150% and 300%, light blue; greater 
than 300%, dark blue. 
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Table 4.1 (cont’d) 

Q180D D D E 24 ± 9 119 ± 6 81 ± 6 125 ± 12 45 ± 7 104 ± 2 

Q180E E D E 34 ± 5 131 ± 5 82 ± 5 94 ± 14 54 ± 8 109 ± 6 

Q180H H D E 33 ± 13 168 ± 5 105 ± 3 34 ± 19 73 ± 12 138 ± 7 

Q180N N D E 40 ± 9 91 ± 3 91 ± 6 121 ± 28 57 ± 3 62 ± 6 

Q180S S D E 80 ± 8 113 ± 4 93 ± 5 139 ± 27 58 ± 6 88 ± 8 

WT Q D E 100   100   100   100   100   100   

Q180D/E343H D D H 69 ± 14 196 ± 3 129 ± 3 195 ± 32 53 ± 7 153 ± 32 

Q180E/E343H E D H 166 ± 35 232 ± 8 158 ± 2 165 ± 49 45 ± 5 185 ± 45 

Q180H/E343H H D H 19 ± 9 213 ± 9 111 ± 4 30 ± 10 34 ± 7 186 ± 89 

Q180N/E343H N D H 0 ± 7 19 ± 3 32 ± 5 38 ± 21 34 ± 19 23 ± 21 

Q180S/E343H S D H 25 ± 10 50 ± 2 62 ± 5 60 ± 11 24 ± 13 40 ± 32 

E343H Q D H 48 ± 29 73 ± 12 135 ± 21 71 ± 33 33 ± 2 26 ± 3 

Q180D/E343Q D D Q 191 ± 38 441 ± 15 296 ± 13 413 ± 126 94 ± 9 157 ± 23 

Q180E/E343Q E D Q 224 ± 23 538 ± 21 477 ± 30 593 ± 180161 ± 19 217 ± 46 

Q180H/E343Q H D Q 307 ± 59 491 ± 29 399 ± 34 194 ± 67 122 ± 12 253 ± 41 

Q180N/E343Q N D Q 66 ± 23 244 ± 21 180 ± 13 195 ± 62 57 ± 6 69 ± 8 

Q180S/E343Q S D Q 0 ± 42 17 ± 6 19 ± 2 28 ± 13 20 ± 4 25 ± 5 

E343Q Q D Q 161 ± 34 316 ± 40 278 ± 28 346 ± 31 78 ± 6 91 ± 15 

Q180D/D318E/E343D D E D 16 ± 7 27 ± 2 35 ± 4 44 ± 6 56 ± 23 34 ± 28 

Q180E/D318E/E343D E E D 16 ± 5 38 ± 6 41 ± 2 57 ± 22 58 ± 17 36 ± 25 

Q180H/D318E/E343D H E D 9 ± 3 10 ± 2 6 ± 0 0 ± 63 8 ± 5 3 ± 3 

Q180N/D318E/E343D N E D 15 ± 6 28 ± 6 40 ± 0 50 ± 30 54 ± 19 27 ± 22 
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Table 4.1 (cont’d) 

Q180S/D318E/E343D S E D 13 ± 5 28 ± 5 35 ± 2 43 ± 21 47 ± 9 29 ± 23 

D318E/E343D Q E D 0 ± 46 35 ± 4 41 ± 4 38 ± 11 45 ± 3 35 ± 7 

Q180D/D318E D E E 0 ± 18 25 ± 4 37 ± 7 16 ± 32 42 ± 7 21 ± 14 

Q180E/D318E E E E 0 ± 17 20 ± 2 43 ± 6 0 ± 14 45 ± 8 12 ± 5 

Q180H/D318E H E E 13 ± 15 16 ± 2 25 ± 5 63 ± 22 34 ± 26 11 ± 7 

Q180N/D318E N E E 0 ± 28 21 ± 8 45 ± 11 116 ± 84 63 ± 11 16 ± 7 

Q180S/D318E S E E 0 ± 19 23 ± 5 43 ± 8 33 ± 32 43 ± 10 13 ± 4 

D318E Q E E 18 ± 14 31 ± 5 40 ± 3 125 ± 60 58 ± 18 17 ± 7 

Q180D/D318E/E343H D E H 11 ± 0 31 ± 5 39 ± 5 58 ± 19 52 ± 21 29 ± 24 

Q180E/D318E/E343H E E H 17 ± 6 36 ± 2 36 ± 2 172 ± 54 41 ± 9 26 ± 19 

Q180H/D318E/E343H H E H 2 ± 3 14 ± 3 14 ± 3 0 ± 73 15 ± 8 4 ± 4 

Q180N/D318E/E343H N E H 10 ± 3 17 ± 4 17 ± 2 0 ± 50 27 ± 12 8 ± 8 

Q180S/D318E/E343H S E H 15 ± 3 21 ± 4 19 ± 2 52 ± 22 19 ± 5 8 ± 5 

D318E/E343H Q E H 0 ± 8 9 ± 1 16 ± 2 46 ± 25 25 ± 13 21 ± 20 

Q180D/D318E/E343Q D E Q 19 ± 6 30 ± 1 29 ± 3 57 ± 5 57 ± 31 29 ± 24 

Q180E/D318E/E343Q E E Q 7 ± 4 40 ± 4 37 ± 2 61 ± 22 49 ± 14 28 ± 19 

Q180H/D318E/E343Q H E Q 18 ± 2 85 ± 4 45 ± 3 0 ± 43 38 ± 17 29 ± 17 

Q180N/D318E/E343Q N E Q 15 ± 7 30 ± 3 36 ± 2 50 ± 24 53 ± 16 26 ± 22 

Q180S/D318E/E343Q S E Q 18 ± 6 33 ± 3 36 ± 2 53 ± 23 50 ± 13 28 ± 22 

D318E/E343Q Q E Q 0 ± 43 36 ± 5 39 ± 4 175 ± 145 39 ± 2 31 ± 7 
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4.4.2 Identification of Pb2+ as a new substrate of ZIP8 

In order to define the border of the substrate spectrum of wild-type ZIP8, we first 

screened a total of thirteen metals that include not only the known substrates of ZIP8, 

including Zn2+, Fe2+, Mn2+, Co2+, and Cd2+, but also those that are not, including Cr3+, 

VO2+, Ni2+, Cu2+, Pt4+, Au3+, Hg2+, and Pb2+. Different from our previous studies where a 

Chelex-treated DMEM plus 10% FBS was used to dissolve metal substrates and incubate 

with HEK293T cells in the transport assay, we used a buffer containing 10 mM HEPES, 

142 mM NaCl, 5 mM KCl and 10 mM glucose in this work to avoid metal binding to serum 

proteins so that the actual free metal concentrations are likely to be higher than those 

when a serum-containing solution was used. In the transport assay, the HEK293T cells 

transiently expressing ZIP8 were incubated with the solution containing the metal mixture 

and ICP-MS was used to detect metal levels, which are expressed as the ratio of M/31P 

where M and 31P are the metal being tested and phosphorus in the same sample, 

respectively. When the same of batch of cells are used in the same experiment, the 

resulting M/31P ratios are highly precise, as shown in our previous study on ZIP4 when 

70Zn was used as the substrate361. As expected, several known ZIP substrate metals, 

including Zn2+, Cd2+, Mn2+ and Co2+, were shown to be transported into the cells 

expressing ZIP8 significantly more than the cells transfected with an empty vector. No 

transport activity of 57Fe, a stable Fe isotope with a low natural abundance, was detected 

because ascorbic acid, which keeps iron in the reduced state, is not compatible with Cu2+ 
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in the solution and therefore excluded from the metal mixture. Unexpectedly, although Mn 

activity turned out to be very low, likely due to the competition from other preferred metals, 

such as Zn and Cd, the transport activity for Pb2+ was detected as the M/31P ratio for the 

ZIP8 group was ~20% higher than that of the control group (Figure 4.2). As the radius of 

Pb2+ (143 pm) is about two times compared to Zn2+ (74 pm), the finding that Pb2+ is a 

novel substrate of ZIP8 indicates that the transport site and selectivity filter are able to 

accommodate metal ions with very different size. However, the inability of wild-type ZIP8 

to transport many other tested metals, including VO2+, Cr2+, Ni2+, Cu2+, Pt, Au, and Hg2+ 

indicates that, despite of promiscuity, ZIP8 still transports metals in a selective manner. 

 

Figure 4.2. Detection of ZIP8 transport activity toward an array of metals. For each metal, 
the relative M/31P molar ratio of the ZIP8 group is expressed as the percentage of the  
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Figure 4.2. (cont’d) 
M/31P molar ratio of the empty vector group. Fe3+ was not reduced to Fe2+ due to the lack 
of ascorbic acid in the sample to avoid reaction with Cu2+. Each symbol (open circle for 
the empty vector group or solid circle for the ZIP8 group) represents the result of one 
replicate, and three replicates were conducted under one condition. For the result of each 
metal, the horizontal bar is the mean of three replicates and the vertical bar shows 1±S.D. 
Two tailed student’s t test was used to test statistical significance. **: P<0.01; ***: P<0.001. 
The P values for Mn2+, Co2+, Zn2+, Cd2+, and Pb2+ are 0.006, 0.0003, 0.0003, 2x10-6, and 
4x10-5, respectively.  

4.4.3 Screening the library against metal substrate mixtures 

Given that ICP-MS can spontaneously quantify the content of multiple metals in a 

sample, ICP-MS is particularly useful to study substrate specificity because the relative 

transport rate for each metal would not be affected by variations in expression level or 

cells number in different samples. In this work, in order to examine the systematic 

mutagenesis of the selectivity filter leads to changed substrate specificity, the constructs 

in the generated library were screened against a mixture of known metal substrates – Zn, 

Cd, Mn, Co, Fe, and Pb. However, due to the presence of competing substrates, the 

activity of Mn and Fe couldn’t be consistently detected. To address this problem, a second 

set of metal mixture composed of Mn, Fe, and Cd was used to screen the library. The 

molar ratios of Mn, Fe, and Cd in the metal mixture have been optimized so that the 

activities for all three metals can be detected (Figure 4.3).  
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Figure 4.3. Detection of the activities for Mn2+, Fe2+, and Cd2+ under an optimized 
condition. For each metal, the relative M/31P ratio of the ZIP8 group (solid circle) is 
expressed as the percentage of the M/31P ratio of the empty vector group (open circle). 
Each data point represents the result of one replicate, and six replicates were conducted 
under one condition. For the result of each metal, the horizontal bar is the mean of three 
replicates and the vertical bar shows 1±S.D. Two tailed student’s t test was used to test 
statistical significance. ***: P<0.001. The P values for Mn2+, Fe2+, and Cd2+, are 6x10-5, 
0.0002, and 2x10-7, respectively.  
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Figure 4.4. Western blot data of the empty vector (negative control), ZIP8-WT and the 
variants. Western blot was performed to detect the FLAG-tagged proteins (human ZIP8 
and its variants) and β-actin. 

The M/31P ratio of was calculated for each metal substrate and expressed as the 

percentage of the M/31P ratio of the same metal for the wild-type ZIP8. The results are 
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summarized in Table 4.1 and the activity toward each metal for each variant was 

classified into five categories – greatly increased (greater than 300%); modestly 

increased (between 150% and 300%); no significant change (between 50% and 150%); 

modestly reduced (between 15% and 50%); and greatly reduced (less than 15%). It 

should be noted that Fe data are not included in Table 4.1 because the results of Fe 

transport are less reproducible with larger variations than those for other metals, probably 

due to the still weak activity even under the optimized condition. Analysis of the data in 

Table 4.1, including the expression analysis of the constructs by Western blot (Figure 

4.4), led to several interesting findings. 

i. D318E substitution is detrimental to the transport of all metals for nearly all the tested 

variants, which is not due to reduced expression of these variants according to the 

results of Western blot. 

ii. Variants containing the combination of the E343D substitution and D318 (present in 

the wild-type ZIP8) favor the transport of metal substrates in most cases. The most 

outstanding variant is the E343D single variant that exhibits significantly increased 

activity for all metals with the activities for Co2+, Mn2+, and Pb2+ being increased more 

than those for Zn2+ and Cd2+, indicating an altered substrate preference. 

iii. When only considering the variants without the detrimental D318E substitution and 

with the obvious outlier E343D being excluded, there are clearly positive correlations 

between activities of any two tested metals (Figure 4.5). The greatest correlation 
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between Zn and Cd reflects their similar chemical properties and therefore it would be 

most challenging to create variants to selectively transport one while exclude the other. 

In contrast, the poorest correlations between Mn and Cd and between Co and Pb 

suggest better chances to separate the activities for each metal pair.  

iv. When the Zn2+ activities were correlated with the activities for Cd2+, Pb2+, and Co2+, 

the slopes, which were all smaller than one (Figure 4.5), indicate that the common 

effect of the mutations at the selectivity filter is to increase the preference for Zn2+ over 

other metals. Further analysis revealed several variants that exhibited significantly 

altered substrate preference, including: (1) the double variant Q180E/E343H that 

shows modestly increased activity for non-Mn2+ metals but a reduced activity for Mn, 

making it a Mn-excluding variant; (2) the double variant Q180H/E343H that behaves 

to be a Zn/Cd-preferred variant with reduced activities for Co2+, Mn2+, and Pb2+ and a 

consistent preference for Zn2+ over Cd2+ as reported327; (3) the double variant 

Q180N/D318E that appears to be a Mn-preferred variant, despite the activities for all 

metals were reduced; and (4) the triple variant Q180E/D318E/E343H that behaves 

like a Pb-preferred variant with increased Pb transport activity while reduced activities 

for other metals. To reveal the biochemical basis for altered activity/substrate 

specificity in these variants, further kinetic studies are required. 
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Figure 4.5. Correlation analysis of the activities for different metal substrates. Activities 
are expressed as the percentages of the corresponding activities of wild-type ZIP8. Only 
the variants without the D318E substitution were analyzed due to the strong detrimental 
effects of the mutation on the activities for nearly all metals tested. The E343D single 
variant (red solid circle) was excluded from linear regression because it is an obvious 
outlier for nearly all correlation analysis (except for the Cd-Pb pair). The activities for Zn2+, 
Cd2+, Pb2+, and Co2+ obtained in Metal Mixture Set 1 and the activities for Mn2+ and Cd2+ 
obtained in Metal Mixture Set 2 were applied to correlation analysis. The r2 values are 
summarized in the correlation matrix.  

4.4.4 New transport activities toward non-substrate metals 

Given the significantly altered substrate specificity of the selected variants, we 

wondered if any of these variants is able to transport the metals which are not substrates 
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of wild-type ZIP8 (such as VO2+, Ni2+, and Cu2+). We then conducted transport assay of 

these variants against a metal mixture containing these non-substrate divalent cations 

and compared the results with wild-type ZIP8. As shown in Figure 4.6, all tested variants 

exhibited transport activity for at least one of the non-substrate metals since the M/31P 

ratios were significantly greater than those for wild-type ZIP8, i.e. two variants showed 

activity for VO2+, four variants for Ni2+, and three variants for Cu2+. Of great interest, the 

double variant Q180N/D318E displayed activities for all three non-substrates, whereas 

the transport activities of this variant for Zn2+, Cd2+, Co2+, and Mn2+ were shown to be 

reduced (Table 4.1). In contrast, the E343D variant, which showed drastically increased 

activities for all known ZIP8 substrates (Table 4.1), only exhibited a marginal activity 

toward VO2+ but no activity toward Ni2+ or Cu2+. These results indicate that new transport 

activities can be generated by changing the amino acid composition of the selectivity filter, 

but at the expense of reduced activities against former substrates. 
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Figure 4.6. Detection of new activities toward VO2+, Ni2+, and Cu2+ for selected variants. 
The relative M/31P ratio of a variant is expressed as the percentage of the M/31P ratio of 
the wild-type ZIP8. Each symbol represents the result of one sample, and three replicates 
were conducted for one condition. The horizontal bar is the mean of three replicates and 
the vertical bar shows 1±S.D. Data shown are from one of three independent experiments. 
Two tailed student’s t test was conducted to test statistical significance. *: P<0.05; **: 
P<0.01; ***: P<0.001. The P values from left to right are 0.002, 0.002, 0.0002, 0.003, 
0.002, 0.0002, 0.009, 0.046, and 0.02, respectively. 

4.5 Discussion 

The engineering of metal transporters that allow for the enrichment or exclusion of 

certain metals from living organisms has great potential in applications including, but not 

limited to, biofortification, phytoremediation, bio-mining, and heavy metal exclusion from 
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food. However, the field also faces significant challenges. First, the d-block metals, which 

are the target metals of most interest in these applications, share similar physicochemical 

properties, making it difficult to create metal transporters with high selectivity. Second, 

our understanding of the transport mechanism and substrate specificity of d-block metal 

transporters is still in its infancy, and the poor knowledge of the dynamic d-block metal-

protein interactions during metal translocation through the transporter significantly 

impedes rational engineering. Third, the lack of high-throughput assays for metal 

transporters hinders the application of directed evolution to metal transporter engineering. 

Here, we applied a metal transporter engineering approach based on our previous finding 

of a conditional selectivity filter at the pore entrance of the transporter ZIP8327, a highly 

promiscuous transporter, was chosen as the target based on the fact that promiscuity is 

known to be a starting point for different specificities in natural or directed evolution362. 

Our data strongly suggest that both the transport activity and substrate specificity of ZIP8 

can be altered over a wide range, demonstrating the feasibility of tuning the function of a 

metal transporter by targeting the selected key residues based on prior knowledge. 

By randomizing the three residues forming the selectivity filter, we generated a 

library consisting of 48 constructs and screened them using ICP-MS to study transport 

activity and substrate preference by taking advantage of the simultaneous measurement 

of multiple elements, including the metals of interest and phosphorus used for activity 

calibration. The results showed that both activity and substrate preference can be 
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drastically altered by targeting the selectivity filter, highlighting the key role of this 

structural element in transport. The E343D mutation is particularly interesting because 

this position is very rarely occupied by an aspartate in the entire ZIP family, although the 

substitution is considered to be conservative. Since E343 plays a dual role in transport – 

a gating residue in the selectivity filter and a residue in the transport site to confer a high 

affinity, the greatly increased activity for all known metal substrates caused by the E343D 

mutation may suggest that a shorter side chain allows a faster metal binding to the 

transport site due to a larger pore of the selectivity filter and/or a faster release from the 

transport site due to a longer distance between the metal and the carboxylic acid and thus 

a weaker interaction. The exclusion of an aspartate from this position in natural evolution 

may be the result of the otherwise much higher transport rate, which would be detrimental 

to the tightly controlled homeostasis for d-block metals. Conversely, the D318E 

substitution drastically reduced the transporter activity across the entire spectrum of metal 

substrates, which could not be rescued by the E343D substitution, despite the two 

residues facing each other in both the selectivity filter and the transport site (Figure 4.1). 

The lack of epistatic effects of contacting residues, as observed between Q180 and 

E343327, suggests that D318 and E343 have non-overlapping functions. In fact, the 

variants with the same amino acid composition at the selectivity filter but different 

distribution among the three involved residues often did not show the same activity and 
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substrate preference (Figure 4.7), indicating that the three positions in the selectivity filter 

are not equal in determining activity and substrate preference.  

 
Figure 4.7. Comparison of the constructs with the same amino acid composition at the 
selectivity filter. The constructs within the same frame have the same amino acid 
composition but different distribution at the positions of 180, 318, and 343. They often do 
not exhibit the same activity or substrate preference, suggestive of non-overlapping roles 
of these residues in transport. Data are retrieved from Table 4.1.  

This work led to the discovery of ZIP8 variants that may help elucidate the 

biological functions of this promiscuous metal transporter. ZIP8 has been shown to be 

involved in many different physiological and pathological processes. Since ZIP8 can 

transport Zn, Mn and Fe under physiological conditions, it is not always easy to determine 

whether a particular function of ZIP8 is associated with its transport activity for which 
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metal substrate(s). We previously reported that the combination of two mutations, Q180H 

and E343H, resulted in a ZIP8 variant with an increased preference for Zn over Cd. In 

this work, the screening results (Table 4.1 and Figure 4.5) showed that the 

Q180H/E343H variant indeed behaves like a Zn-preferred transporter with a substrate 

preference in the order Zn>Cd>>Mn~Co~Pb. A slightly different variant (Q180E/E343H) 

turned out to be a Mn-excluded variant, since the activities for all substrates except Mn 

were increased, while the activity for Mn was decreased by more than 50%. In contrast, 

the Q180N/D318E variant prefers Mn over Zn, although the activities for all substrates 

are decreased to different extents. Because these variants show drastically altered 

preferences for different physiological substrates, they can be used to differentiate the 

role of different metal activities in a physio/pathological event. Similarly, the 

Q180E/D318E/E343H variant could be useful to study the contribution of ZIP8 in Pb2+ 

transport and toxicity, since it strongly prefers Pb2+ over the other metal substrates. 

Finally, our data demonstrate the great potential of the ZIP fold to transport metal 

ions with very different physicochemical properties. It is unexpected that Pb2+, a non-d-

block metal ion with a radius even larger than Cd2+, the previous largest ZIP substrate, 

can be accommodated to pass through the ZIP8 transport pathway (Figure 4.2). 

Consistently, our data showed that although VO2+, Ni2+ and Cu2+ are not substrates for 

wild-type ZIP8, new activities towards these metals were found in selected variants 

(Figure 4.6). Although Ni2+ and Cu2+ have been reported to be substrates of some 
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ZIPs183,185, this is the first time that the diatomic ion VO2+ is found to be transported by a 

ZIP. Taken together, our study clearly demonstrates that the ZIP fold, which is conserved 

in the entire ZIP family, has a strong plasticity and amenability to transport a variety of 

metal ions, and thus may be an ideal platform for creating metal transporters with greatly 

altered and expanded substrate spectrum. 
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CHAPTER 5: Conclusion and perspectives 

This thesis project aims to better understand the molecular basis of substrate 

specificity and use the gained knowledge to alter the substrate spectrum of the ZIP metal 

transporters. To achieve these goals, I have focused on representative ZIPs including 

human ZIP4 and ZIP8 to answer the following questions: 

1. What are the molecular determinants for substrate specificity of ZIPs? What 

are the roles of the residues in the identified selectivity filter? 

2. Can we rationally engineer the promiscuous ZIP8 and alter its substrate 

preference as desired? And can we broaden the substrate spectrum of ZIPs? 

3. Can we develop a non-radioactive metal assay using ICP-MS and stable 

isotopes to speed up engineering and also answer biochemical questions of 

ZIPs? 

Overall, I have addressed most of these questions. In Chapter Two, I identified a 

series of differentially conserved residues (DCRs) by comparing the ZIPs with different 

substrate preference. By just mutating four selected DCRs, ZIP8 was successfully 

converted into a ZIP4-like and Zn-preferring transporter. Importantly, this effort led to the 

identification of  a conditional selectivity filter which plays a key role in determining the 

substrate specificity. The follow-up work in Chapter Four showed that extensive 

mutagenesis of the selectivity filter led to drastically altered and expanded substrate 

spectrum of ZIP8, not only confirming the importance of the selectivity filter but also 
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providing a novel strategy to engineer ZIP8 and other ZIPs, since the selectivity filter is a 

shared structural element in most ZIPs. Engineering ZIPs requires a rapid and reliable 

analytical approach to measure the transport activity of variants generated in the process. 

To meet this requirement, in Chapter Three, I developed a non-radioactive approach by 

taking advantage of ICP-MS and stable rare isotopes. Using this approach, I 

demonstrated a 0.08-0.2 s-1 turnover rate for human ZIP4 expressed in HEK293T cells, 

indicating that ZIP4 is best described as a carrier and reaffirmed the key role of ZIP4-

ECD for Zn transport activity. Metal efflux during the assay was found not to be significant, 

eliminating the concern that efflux may seriously interfere with data interpretation for the 

cell-based transport assay. The increased throughput of this approach, particularly when 

LA-ICP-MS was applied to study samples on a solid surface, indicated a good potential 

for conversion of this approach into a high-throughput format in future study.  

I believe there are two prominent questions to be addressed in the field for future 

research.  

1. Clarification of the transporter mechanism. Convincing evidence has been 

presented to support the elevator transport mode for BbZIP and possibly other 

ZIPs. However, an experimentally solved OFC structure is still not available, 

representing a major missing piece for the proposed transport cycle. As BbZIP 

in the cadmium-bound state prefers the IFC while BbZIP in the apo state is 

unstable in detergent micelles likely due to a high degree of dynamics, the OFC 
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of BbZIP needs to be stabilized by mutagenesis, chemical crosslinking, 

optimization of the membrane mimetics, or their combinations for structural 

characterization by x-ray crystallography or cryo-EM. A completely elucidated 

transport mechanism of ZIPs will provide a paradigm for the elevator 

transporter and for metal transport across biological membranes. 

In addition to further establishing the universal elevator mode that is applicable 

to the entire ZIP family, the transport mechanisms of different ZIPs should be 

investigated to establish the subfamily/subgroup-specific mechanism. The low 

sequence similarity among the five major subfamilies and many other smaller 

groups strongly suggests functional diversity. This calls for a closer look at the 

different mechanisms among all the ZIP subfamilies. 

2. Engineering of ZIPs for desired transport properties. Engineering metal 

transporters for desired substrate specificity and transport activity holds a huge 

potential for applications in agriculture and environmental protection. Our 

recent progress has demonstrated that rational engineering of a ZIP is feasible, 

but the extent to which the substrate specificity of a given ZIP can be altered 

and expanded towards non-substrate metals are still prominent questions. 

Efforts in this direction could also lead to better understanding in structure-

function correlation, which may potentially lead to engineered transporters with 

a fully designed substrate preference or even de novo designer transporters. 
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Although these goals along with real-life applications are still a long way off, the 

substantial benefits of success warrant more attention for future research. 
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