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ABSTRACT 
 

Metal Ion Fluxes and Localization in Amphibian Fertilization 
 

John F. Seeler 
 

Meiosis is a highly regulated process necessary for proper chromosome division. Zinc 

fluxes regulate mammalian meiosis; between prophase I and metaphase II, total intracellular zinc 

increases by 50%, while 20% of zinc is released in “zinc sparks” following fertilization. Although 

zinc fluxes had been shown to be conserved in mammals, it was unknown if they were conserved 

in different classes of animals. Xenopus laevis, the African clawed frog, was therefore used for 

these experiments. As a model organism, Xenopus provides a different toolkit than mammals, 

namely the large size and easy acquisition of its eggs. Both the zinc spark and a decrease in 

accessible zinc leading to entry into anaphase II were found to be conserved in Xenopus. 

Additionally, the majority of intracellular manganese is released following fertilization. Most 

manganese in both eggs and embryos is bound to a low-molecular weight carboxylate. Zinc and 

manganese are stored in cortical vesicles along with calcium and multiple other transition metals. 

Both extracellular zinc and manganese act as blocks to polyspermy, though the IC50 of zinc is an 

order of magnitude less than that of manganese. Because amphibians were the first tetrapod class 

to evolutionarily diverge, meiotic zinc fluxes are therefore an ancient phenomenon. The 

manganese release is an unexpected finding, demonstrating a further novel role of a transition 

metal ion. Compared to mammalian zygotes, proportionally less zinc is released from Xenopus, 

which is probably due to significantly different egg geometries as well as the large amount of zinc 

storage in the Xenopus yolk. Multiple transition metals are not stored in the cortical granules of 

other species’ eggs – it is possible that Xenopus uses them as a system of detoxification. 
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In the second part of this thesis, the zinc binding of EMI2, a meiotic spindle checkpoint 

protein, was studied. The molecular mechanism by which zinc fluxes regulate meiosis is unknown. 

EMI2 inhibits the APC/C, an E3 ubiquitin ligase that regulates the cell cycle. EMI2 starts to be 

expressed when egg zinc levels rise and is degraded following the zinc spark. The protein contains 

two zinc-binding sites and mutating its zinc-binding region leads to meiotic catastrophe, so it is 

hypothesized that it is regulated by differential zinc binding. Competitive chelation results show a 

420,000-fold difference in binding affinity between EMI2’s two zinc-binding sites. Using high-

energy-resolution fluorescence detection spectroscopy, the first binding site (Cys4) binds zinc 

tighter than the second binding site (Cys3His). The difference in zinc-binding affinities in EMI2 

are significantly greater than those found in other RING domain proteins. Although in vitro and in 

vivo experiments are necessary to determine functionality, these initial results support the 

hypothesis that EMI2 acts as a zinc-dependent meiotic regulator. 

The localization and concentration of transition metals in biological samples are mapped 

using microscopic methods; however, the fixation process can lead to bulk elemental changes 

and/or alterations in their localization. In the third part of this thesis, the effects of a modified 

version of Timm’s sulfide staining method were studied to determine if sulfide fixation maintains 

transition metal content and localization as well as to determine which step(s) of the fixation to 

resin-infusion process lead to the greatest amounts of elemental change. Chemically-fixed 

biological samples used for elemental mapping experiments tend to show a significant loss in 

transition metal content. Aided by the large size of Xenopus eggs, bulk elemental content was 

analyzed at each step of the fixation and resin-infusion process to determine if and when metal 

content changed. Surprisingly, sulfide was not necessary for the preservation of either bulk 

transition metal content or localization in Xenopus eggs, probably because the majority of metals 
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are tightly bound in organelles. Additionally, inductively coupled plasma mass spectrometric 

analysis showed that microscopy-grade chemicals have enough metal content to contaminate 

biological samples, demonstrating that sample preparation techniques need to be optimized before 

starting elemental mapping experiments.  

 Altogether, these studies have revealed new insights into the roles of transition metals in 

meiosis. Meiotic zinc fluxes are conserved in Xenopus, suggesting that this is an ancient 

phenomenon. Additionally, a novel manganese release leading to a block to polyspermy was 

discovered, revealing that other transition metals have important roles in fertilization. Linking 

intracellular zinc fluxes to possible regulatory pathways, EMI2’s two zinc-binding sites 

demonstrate the greatest difference in zinc-binding affinities of all previously-studied RING 

domain proteins, suggesting that one site is regulatory and the other is structural. These results 

contribute to the paradigm shift that transition metals, rather than only alkali and alkaline earth 

metals, can serve as signaling agents. Finally, studying elemental changes following chemical 

fixation in Xenopus eggs demonstrates that tissue type, particularly influenced by the intracellular 

metal binding environment, strongly affects metal retention. Rarely considered previously, 

residual metal content in fixation solutions can be enough to lead to significant sample 

contamination, demonstrating that researchers should analyze the chemicals they use before 

performing elemental mapping experiments. 

 

Six video files are part of this thesis. Their corresponding captions can be found in Appendix A, 

page 191. 
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 Zinc fluxes are necessary for meiotic progression in mammalian eggs and sperm. 

Artificially perturbing intracellular zinc concentrations at different meiotic stages leads to either 

meiotic arrest or catastrophe, demonstrating that zinc plays a regulatory role in the gametic cell 

cycle. This thesis demonstrates that metal release and intracellular metal localization govern 

meiosis in an organism from a different class of Animalia, Xenopus laevis, the African Clawed 

Frog. Because of the large size and quantity of its eggs, the use of Xenopus as a model organism 

provides different advantages than mammalian systems. 

My central hypothesis is that a reduction in zinc is necessary for Xenopus embryos’ entry 

in anaphase II and that the release of both zinc and manganese from a series of cortical vesicles 

acts as a block to multiple sperm entry. Additionally, I provide evidence that the two zinc binding 

sites in zinc binding region of the meiotic protein EMI2 have significantly different binding 

affinities, suggesting that changes in intracellular zinc levels can regulate EMI2’s function. 

In the first section of this chapter, I will review the background of zinc sparks in mammals 

as well as in other classes and phyla of Animalia. Following that discussion, I will describe how 

proper zinc levels are necessary at different stages of meiosis for proper cell cycle progress. I will 

describe the advantages of Xenopus as a model organism and what was previously known about 

its oocytes’ and eggs’ zinc concentrations. Finally, I will summarize what little is known of 

manganese in meiosis. 

In the second section of this chapter, I will describe the role of the spindle checkpoint 

proteins EMI1 and EMI2 in mitosis and meiosis. I will describe the structure and function of EMI2, 

as well as its regulation in Xenopus, the organism in which many of the protein’s functions have 

been studied. Finally, I will discuss the necessity of EMI2’s zinc binding region for proper meiotic 

progress and how it might play a role in the regulation of EMI2.  
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In the third section of this chapter, I will provide an overview of the elemental imaging of 

biological samples. I will describe two different elemental mapping techniques and their 

advantages and disadvantages. Additionally, I will describe the elemental and ultrastructural 

effects of different sample preparation methods and the development of the sulfide fixation 

technique for biological samples. Finally, at the end of this chapter I will describe the scope of my 

thesis. 

 

Meiotic Zinc Fluxes and Oocyte Metal Localization 

The Biological Role of Zinc 

Zinc is a common protein cofactor that is bound by a functional domain known as the zinc 

finger. Zinc finger proteins account for three percent of all human genes. (1) Recent research, 

however, has demonstrated that zinc may also have regulatory roles in a variety of organisms. It 

is well-established that alkali and alkaline metal ions such as Na+, K+, and Ca2+ play roles in 

cellular regulation and signal transduction. Zn2+ has a signal transduction role in the brain. Zinc is 

found in synaptic vesicles within glutamatergic neurons, with the highest density within the 

hippocampal mossy fiber terminals. Zinc functions as a neuromodulator when the vesicles release 

to the synaptic cleft. (2) Additionally, pancreatic islet cells have high concentrations of 

intracellular Zn2+. Much of the Zn2+ is stored in secretory granules. When Zn2+ is released from 

the granules, it has autocrine and paracrine effects, and possibly has endocrine functions through 

the circulatory systems. (3) However, it was not until recently that zinc was found to play a 

regulatory role in a different physiological process, meiosis. 
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“Zinc Sparks” and their Analogues in Different Species 

A striking feature of zinc regulatory pathways in mammalian oocytes is the coordinated 

uptake of billions of zinc ions in the brief final stages of meiotic maturation (Figure 1.1). (4) As 

oocytes undergo meiosis, their zinc content increases by 50% (an increase of 20 billion atoms) 

between the germinal vesicle (GV) stage and metaphase II, which takes around 12 hours (4, 5), to 

a final content of 60 billion zinc atoms. (4, 6) About 10% of total intracellular zinc leaves within 

2 hours post-fertilization while 20% of the zinc leaves within 6 hours post fertilization (4, 6) in 

events described as zinc sparks. (7) 

 

Figure 1.1: Zinc fluxes during murine oocyte meiosis. Modified from (8).  

 

The zinc is released from a pool of approximately 8,000 cortical vesicles, located within 5 

µm of the plasma membrane. It is estimated that around 15% of the zinc in the egg is stored in 

these vesicles with average diameters of 260 nm. (6) The highest concentration of zinc-containing 

vesicles is the vegetal pole, whence the largest amount of zinc efflux. The animal pole contains a 
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much lower number of vesicles and therefore shows a lower intensity of zinc release. (6) The zinc-

containing cortical vesicles in mouse were later identified as cortical granules (CGs). (9) CGs are 

a type of vesicle that release their contents following fertilization. In addition to zinc, mouse CGs 

contain ovastacin, a metalloendopeptidase, which cleaves the glycan ZP2. (9) Xenopus CGs 

contain an orthologue (hatching enzyme). (10) 

Zinc sparks are essential for the transition of the egg into an embryo. Several roles have 

been identified: they regulate transitions from the meiotic to mitotic cell cycle of the egg and 

resulting zygote, and play roles in the slow block to polyspermy in the cell envelope. (11, 12) In 

mouse eggs, the zinc released following fertilization acts to prevent polyspermy by hardening the 

zona pellucida (ZP). Zinc in the ZP is 300% higher post-efflux and changes the structure of the 

matrix. (12) Finally, the magnitude of the zinc spark is indicative of the quality of the resulting 

embryo. (13, 14) 

First observed in Mus musculus, zinc sparks have been found to occur in multiple species. 

They occur after chemical activation in two species of monkeys (Macaca mulatta [rhesus 

macaque] and Macaca fascicularis [crab-eating macaque]) (7) as well as Homo sapiens. (15) Both 

chemical activation and fertilization lead to zinc sparks from cortical vesicles in Bos taurus. (16) 

Recent research has found that zinc release is conserved in lower vertebrates as well. Zinc sparks 

occur in Ambystoma mexicanum (17) (axolotls) and Danio rerio (zebrafish) (17, 18), the latter of 

whose eggs has zinc-containing cortical vesicles. (18) Zinc in the fertilization media blocked 

embroynic development in two invertebrates: Strongylocentrotus purpuratus (sea urchins) and 

Hydractinia symbiolongicarpus (cnidarians), although the authors did not study if these organisms 

release zinc following fertilization. (17) 
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An analogous phenotype is oberved in Caenorhabditis elegans (19) and Drosophila 

melanogaster (20) where zinc availability is required for embryo viability. Similar to mouse eggs, 

Drosophila see an increase in oocyte zinc content during oogeneis, with the formation of zinc-

containing granules. Following activation, intracellular zinc decreases and zinc is released from 

the granules.  

Additionally, zinc fluxes are necessary for proper mammalian male meiotic progression as 

well. Zn2+ redistribution is necessary for capacitation of sperm. Low levels of seminal zinc are 

linked to reduced fertility. (21) 

Besides their role in gametes, there is evidence that fluxes in zinc content and localization 

accompany different stages of mitosis. Zinc and copper localize next to the metaphase plate in 

mitotic NIH 3T3 mouse fibroblasts, whereas in interphase cells they are most concentrated in and 

around the nucleus. Total cellular zinc increases almost 3-fold during mitosis (and because cell 

volume shrinks approximately 4-fold, the zinc concentration is therefore about an order of 

magnitude higher). Zinc may act as a messenger or as a protein cofactor. (22) Rat 

pheochromocytoma (PC12) cells have zinc concentrations that flux with cell cycle progression. 

Fluctuations may be necessary for protein phosphorylation and dephosphorylation and zinc is 

required for DNA synthesis. (23) In a non-Metazoan species, the malarial parasite Plasmodium 

falciparum, copper, magnesium, and zinc contents also increase through its lifecycle. (24)  

Proper Zinc Levels are Necessary for Meiotic Progress 

Zinc plays a role in regulating signaling in Xenopus oocytes. The maturation promoting 

factor (MPF), which leads to meiotic entry (25), consists of the kinase Cdk1 (a.k.a. Cdc2) and 

Cyclin B. (26) There are two pathways to activate the MPF, one starting with Mos and the other 

which is still partially unknown but which contains the kinases Plx1 and PLKK. (26)  
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Artificially lowering the amount of zinc in a hormonally-stimulated Stage VI1 oocyte 

through the expression of an exogenous zinc transporter accelerates the rate of germinal vesicle 

breakdown (GVBD). Conversely, injecting oocytes with ZnSO4 prevents GVBD from occurring 

following stimulation. Increasing concentrations of ZnSO4 prevent ERK from being 

phosphorylated and additionally prevent ERK kinase activity. The researchers found that zinc 

levels affect Ras signaling, which is upstream of ERK. (27) Similarly, treating Stage VI oocytes 

with 1,10-phenathroline, a chelator, activates MAPK (downstream of Mos) through chelating zinc, 

regardless of whether GVBD occurs. (28) Treating oocytes with the zinc-chelator N,N,N′,N′-

Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) and then stimulating them with progesterone 

leads to a decrease in phosphorylation of Plx1 and PLKK. The oocytes do not undergo GVBD; 

there is no maturation spot and only low levels of phospho-Cdc2, a phosphatase downstream of 

Plx1 which activates Cdk1. Additionally, MAPK is only partially phosphorylated. The exact 

mechanism by which zinc chelation activates this signaling pathway remains to be discovered. 

(26) 

Mammalian oocyte maturation is similarly dependent on correct zinc levels. TPEN 

treatment of PI-arrested mouse oocytes leads to meiotic resumption (GVBD and formation of 

metaphase I spindles). However, meiosis takes longer than in controls, and progress stops either 

at metaphase I or telophase I (TI); no oocytes proceed to metaphase II arrest. (8) Similarly, 

disrupting the zinc transporters ZIP6 and ZIP10 with either morpholinos or antibodies leads to 

 
1 The most common scheme for classifying Xenopus oocytes is that of Dumont. (24) 

There are six stages based on size, morphology, and internal development. Stage I corresponds to 
oocytes with diameters between 50-300 mm, while stage VI oocytes are between 1200-1300 
mm. Oocytes are arrested at stage VI (interphase G2/prophase I) until they are hormonally 
stimulated, leading to GVBD.  
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meiotic resumption. (11) Zinc is necessary for PI and metaphase II arrest. TPEN causes meiotic 

resumption through activating the MOS-MAPK pathway before GVBD, while the pathway is 

normally activated after GVBD. (8) TPEN affects the asymmetric division of mouse oocytes as 

well. Polar bodies should be significantly smaller than eggs, but zinc chelation leads to a higher 

rate of symmetric division. TPEN-treated oocytes arrest with a TI spindle attached to 

decompressed chromatin. Zinc supplementation is able to rescue meiotic progress up to 9 hours 

after TPEN addition (i.e. before polar body departure). However, the rescued oocytes have larger 

spindles and polar bodies than control oocytes. TPEN treated oocytes that are arrested in TI are 

capable of fertilization and form the same number of pronuclei as control, but cleavage is delayed 

and they never reach the blastocyst stage. (4)   

Culturing eggs in TPEN as they go through the metaphase I/II transition prevents proper 

metaphase II arrest. Some eggs arrest at TI, while the others have chromosomal or spindle 

abnormalities. (5) A decrease in cytoplasmically-accessible zinc leads to parthenogenic activation. 

TPEN treatment of mouse eggs leads to non-calcium-dependent parthenogenic activation and 

decreases the amount of available zinc in the cytoplasm. (29) TPEN leads to a decrease in MPF 

and MAPK activities, which mirrors what happens after the zinc spark (i.e. pronuclear formation). 

(5) Fertilization and chemical activation (by SrCl2 or ionomycin), lead to degradation of the protein 

EMI2 (see below) and CG release; neither occur after TPEN activation. (29) Similarly, treatment 

with TPEN leads to human egg activation. (15) TPEN treatment of C. elegans embryos causes 

both meiotic catastrophe as well as mitotic problems. Polar body extrusion and chomosone 

segregation are affected, leading to aneuploidy. (19) 

Unnaturally high zinc levels can also disrupt meiosis. Zinc pyrithione (ZnPT, a zinc 

ionophore) inhibits meiotic progression of activated eggs; oocytes retain a metaphase-like spindle 
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(so-called “metaphase III”) rather than proceeding to interphase. (7) Addition of TPEN after ZnPT 

treatment leads to normal activation (formation of polar bodies and pronuclear-like structures), 

whereas treatment with SrCl2 does not lead to activation. Therefore, a decrease in intracellular zinc 

is necessary for meiotic resumption. (5) 

The use of Xenopus laevis as a Model Organism 

Xenopus laevis is used as a model organism for cell cycle and developmental studies. It is 

difficult to acquire significant quantities of mammalian eggs to use for biochemical experiments, 

especially when they need to come from the same mother. Xenopus produces hundreds of eggs at 

a time. (30, 31) With diameters of 1.2-1.3 mm, they are much larger than mammalian eggs, having 

a volume over 5000X that of mouse. (32) They can therefore be manipulated without the use of a 

microscope. The animal pole of the egg is dark, while the vegetal pole is light. It is simple to 

determine if an egg has been fertilized, as the zygote will rotate in liquid so that the animal pole is 

on top, and the small white activation spot in the animal pole will shrink. One of the main 

disadvantages of Xenopus eggs is that the animal pole is pigmented and they contain auto-

fluorescent yolk, making it impossible to image the interiors of live eggs with a confocal 

microscope. However, one can image near the surface of albino eggs. (33)  

Xenopus oocytes are useful as well for the production of cycling egg extracts. There are 

numerous protocols for routine production of extracts, and there are many well-developed 

reconstitution assays for studying the cell cycle in vitro. (34-37) Because the spindle apparatus 

forms in vitro, it is easy to add or remove proteins or cytoplasmic components to study their roles 

in cell division. Xenopus is difficult to manipulate genetically since it is allotetraploid (38) and has 

a relatively long development, although CRISPR/Cas9 has made the procedure significantly easier. 

(39) Antisense oligonucleotides and mRNA microinjections, however, can be used to manipulate 
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protein expression in Xenopus eggs since zygotic mRNA transcription does not begin until the 13th 

cell cycle. (34) Therefore, Xenopus will be an excellent model system for future experiments to 

better understand the protein response to zinc fluxes in the meiotic cell cycle. This will probably 

involve studying the proteins EMI1 and EMI2 (see below).  

Xenopus Oocyte Zinc Uptake 

            Zinc is transported into Xenopus oocytes over a period of months during oogenesis (40, 

41); unlike mouse eggs, there is no massive influx during meiosis. During oogenesis, zinc is taken 

into eggs bound to the protein vitellogenin. (41) Vitellogenin is a plasma protein that contains 2 

atoms of zinc per dimer. (42) Vitellogenin is taken into oocytes between Stages II and VI, with the 

“vitellogenic phase” of oogenesis lasting from Stage III – Stage VI. (41) Stage III – VI oocytes 

have a membrane receptor that permits vitellogenin intake by receptor-mediated endocytosis. 

Inside the oocyte, vitellogenin is cleaved into lipovitellin subunits 1 and 2 (which remain bound 

to zinc) as well as phosvitin. These proteins make up the yolk platelets. (42) It is unknown if 

vitellogenin taken into cells during Stage II is through receptor mediated endocytosis as well. (43) 

In Stage II oocytes, most zinc is in the cytosol and small vesicles. (41) In Stage III and IV oocytes, 

most zinc is contained in the endocytosed vesicles and multivesicular bodies, with some entering 

yolk platelets. By Stage V and VI, around 90% of zinc is in the yolk platelets. Zinc remains in the 

yolk until after tadpole hatching, when it enters the cytosol. (41)  

Zinc levels do not increase as Xenopus oocytes progress from GV oocytes to metaphase II-

arrested eggs. (40, 43) Before starting my research, it was unknown that there was a zinc efflux 

following fertilization in Xenopus eggs. Atomic absorption spectroscopy experiments measured 

no detectable difference in metal content between unfertilized eggs and embryos up to 48 hours 
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post fertilization. (40) Following fertilization, zinc, copper, and iron content does not change 

during the first fifty stages of embryonic development. (40) 

Manganese in Meiosis and Fertilization 

There has been little previous research on the manganese content of eggs. An analysis of 

the manganese concentration of eggs of the Norway lobster (Nephrops norvegicus) found that 

there is no significant change over developmental stages in unfertilized eggs, no significant change 

between oocytes and early zygotes (albeit the author did not study the act of fertilization itself), 

while there is a significant increase in manganese concentration during embryonic development. 

(44) In the Japanese rice fish (Oryzias latipes), the manganese content of the embryo one hour 

post-fertilization is over four times that of the unfertilized egg, and increases through early 

embryonic development. (45) The authors suspected that there is a system of active transport into 

the embryo in order to supply enzymes with cofactors.  

Finally, one group studied the effects of Mn2+ during the fertilization of mouse eggs. Mn2+ 

is the cation of the sperm galactosyltransferase (GT) enzyme which interacts with the zona 

pellucida. Increasing Mn2+ levels lead to approximately logarithmic GT activity. Half-maximal 

activation is at 0.65 mM Mn2+. However, increasing Mn2+ concentrations led to decreasing sperm-

zona binding, with an IC50 at 1.25 mM Mn2+. (46) These results suggest that elevated extracellular 

manganese levels could act as a block to polyspermy. 

Research Questions 

Because changes in zinc levels affect so many different aspects of meiosis, we 

hypothesized that they would be conserved in different classes of animal. We therefore asked the 

following questions: Are meiotic metal fluxes conserved in amphibia, a non-mammalian class? 
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Additionally, how are metals localized within Xenopus eggs and how does fertilization affect their 

localization?  

The results from zinc sparks and zinc perturbation experiments led to the following 

question: What are the molecular mechanisms by which zinc fluxes might regulate the activity of 

oocyte maturation, the establishment of metaphase II arrest, and then at the time of the egg-to-

embryo transition?    

 

EMI1 and EMI2 

Background and Significance 

Mitosis and meiosis occur in every sexually reproducing species and require precisely 

timed activity of regulatory proteins at each stage. During cell division, microtubule spindles form 

to align and separate chromosomes appropriately. Spindle alignment is highly regulated, and many 

key biophysical features of the regulatory mechanism are not yet understood.  

The anaphase promoting complex/cyclosome (APC/C) is a ubiquitin ligase that governs 

cell cycle progression. It is evolutionarily conserved, with 14 different protein subunits in 

vertebrates (Figure 1.2). The APC/C attaches polyubiquitin chains to substrate proteins, which are 

subsequently degraded by the 26S proteasome. (47) The APC/C governs meiotic progress through 

the destruction of enzymes and other catalytic proteins, as well as the activation of other proteins 

through the degradation of their inhibitors. The evolutionarily conserved spindle checkpoint 

proteins early mitotic inhibitor 1 (EMI1, a.k.a. F-box protein 5 [FBXO5]) and EMI2 (a.k.a. Emi1-

related protein 1 [Erp1] and F-box protein 43 [FBXO43]) are involved in inhibiting the APC/C in 

mitosis and meiosis. (48-50) EMI1 and EMI2 inhibit the APC/C at different stages of cell division.  
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Figure 1.2: The APC/C bound to EMI1. From (51). 

 

EMI2 Structure and Function 

EMI1 was first discovered in cycling Xenopus extracts. (52, 53) EMI2 was later determined 

to be a separate protein; the antibodies used for studying EMI1 cross-reacted with EMI2 and the 

two proteins’ functions were conflated. (54) Metaphase II arrest is mediated by cytostatic factor 

(CSF), which was first described in frog eggs in 1971 (55), although the proteins causing it were 

not identified at the time. (55, 56) EMI2 was found to be part of the CSF. (56) Both EMI1 and 

EMI2 are conserved in vertebrates (Figure 1.3). Mammalian and amphibian EMI2 are not 

functionally interchangeable and are regulated differently; Xenopus EMI2 is unable to enter the 

mouse germinal vesicle (the different temperature at which the species fertilize their eggs could 

affect interchangeability as well). (29) 
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Figure 1.3: C-termini of EMI1 and EMI2 orthologs showing conservation in vertebrates. Mm, 
Mus musculus; Hs, Homo sapiens; Gg, Gallus gallus (chicken); Xl, Xenopus laevis; Dr, Danio 
rerio (zebrafish). From (57).  

 

EMI2’s zinc-binding region (ZBR) is a RING-finger domain located near the C-terminus.  

RING domains consist of two tetrahedral metal binding sites each containing two pairs of amino 

acid ligands (C4 and C3H). (58, 59) A functional ZBR is necessary for APC/C inhibition during 

metaphase II arrest. (29, 52, 60) Additional evidence comes from injecting EMI2 into GV oocytes, 

which arrests them at metaphase I. The addition of TPEN to the medium prevents the precocious 

arrest, meaning that EMI2 requires zinc to function. (5)  

EMI1 and EMI2 have important roles in Xenopus meiosis and early mitosis (Figure 1.4). 

In a stage VI oocyte (interphase G2/prophase I), EMI1 is expressed at a low level (61) and inhibits 

the APC/C during interphase. (62) EMI1 is required for G2 exit and activation of MPF and MAPK 

in response to hormonal stimulation. (54) EMI1 is degraded by the SCFβ-TrCP E3 ubiquitin ligase 

to allow progression beyond prometaphase I (56, 61); if EMI2 is prematurely expressed, metaphase 

I arrest occurs. (61) The APC/C is required for the metaphase I/AI transition. (60) EMI2 starts to 

be expressed during AI. It partially inhibits cyclin B degradation, allowing the meiosis I/meiosis 

II transition to occur. (62, 63)  



 

 

31 
 

 

Figure 1.4: EMI1/EMI2 expression in meiosis and early mitosis. Red = EMI1, Blue = EMI2. 

At metaphase II, MOS triggers a MEK/MAPK signaling cascade. (29) p90 ribosomal S6 

kinase (p90RSK), a MAPK substrate, phosphorylates EMI2, activating it. (64) EMI2 inhibits the 

APC/C, causing metaphase II arrest by preventing the APC/C from destroying cyclin B. (65) At 

fertilization there is a single calcium wave (66, 67) which activates both calcium-/calmodulin-

dependent kinase II (CaMKII) and the phosphatase calcineurin (CaN, a.k.a. PP2B). (68) CaMKII 

phosphorylates EMI2, stimulating its interaction with the Polo Box domain of Plx1. 

Phosphorylation by Plx1 creates a phosphodegron for SCFβ-TrCP-mediated ubiquitylation of EMI2. 

(64) CaN activates the APC/CCdc20 by both negative and positive regulation (Cdc20 is the 

coactivator of the APC/C). Negatively, CaN leads to the degradation of EMI2 by 

dephosphorylating it at pSer335 in the recruiting motif for PP2A-B’56. Positively, CaN 

dephosphorylates Cdc20 at an inhibitory site (pThr68), permitting it to activate the APC/C. (68) 

Fertilization leads to complete degradation of EMI2. (65) This the main pathway to APC/C 

activation. (68) The APC/C with its E2 UbcX/UbcH10 catalyzes a non-proteolytic ubiquitylation 

of EMI2 as well, preventing EMI2’s inhibitory activities. This can accelerate APC/C activation, 
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leading to the quick onset of anaphase. (64) EMI2 degradation and therefore APC/C activation 

lead to cyclin B degradation. (69)  

During the first mitotic interphase, EMI2 and cyclin B1 start to be resynthesized 20-30 

minutes after calcium release. (69) EMI2 reaccumulates in early embryos to the same level as 

before fertilization. (65) During early embryonic divisions EMI2 is negatively regulated by Cdk1 

and positively regulated by PP2A-B’56. The first mitotic division is the slowest, taking around 90 

minutes. The following 11 cycles take around 30 minutes each. Cycle 13 is the mid-blastula 

transition, around 7 hr post-fertilization. EMI2 starts to be degraded and EMI1 is resynthesized. 

EMI1 rather than EMI2 is found in all subsequent cell divisions. (64)  

Mammals differ in early embryonic mitosis. Mice have a prolonged first embryonic cell 

division as well, but subsequent murine cell divisions take 12 hours and are asynchronous. (64) 

EMI2 is degraded after metaphase II and it never reappears. EMI1 is synthesized and regulates the 

APC/C. This is probably because zygotic gene activation (the Mid-Blastula Transition, i.e. the start 

of new zygotic mRNA transcription) occurs after 12 cell cycles in Xenopus but only after 1 cycle 

in mice. (34, 64)  

EMI2 is found in spermatids and sperm in addition to eggs and without it mice are sterile. 

(70) EMI2 is necessary for meiosis I in murine spermatogenesis. Without EMI2, spermatocytes 

arrest at diplotene of prophase I, though some further parthenogenetic division can occur. 

Knocking in additional Cdk1 allows the sperm to enter into MI with significant problems, possibly 

because Cdk1 assists with chromosome condensation. The researchers did not study meiosis II, so 

it is currently unknown if EMI2 is necessary for that in male meiosis. 
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The EMI2 Zinc-Binding Region 

EMI2 requires a functional ZBR to be able to inhibit the APC/C. Schmidt and colleagues 

found that immunodepletion of EMI2 in Xenopus CSF extracts using an antibody against the N-

terminus leads to premature CSF release. Premature CSF release can be rescued by the addition of 

a WT C-terminal fragment. However, a C-terminal fragment containing a C583A mutation (the 

first cysteine in the first zinc-binding site – see Figure 1.3) is unable to rescue metaphase II arrest. 

Similarly, excess full-length MBP-tagged EMI2WT or WT C-terminal fragment is able to prevent 

CSF release, while excess full-length MBP-tagged EMI2C583A cannot. (71) 

Suzuki et al. injected metaphase II-arrested mouse eggs with EMI2C573A (the first cysteine 

of the first zinc-binding site). TPEN was added 4 hours later to determine what proportion of the 

eggs would undergo parthenogenic activation. Fewer EMI2WT-injected eggs extruded their second 

polar bodies in comparison to EMI2C573A eggs. Polar body extrusion was studied in oocytes that 

had EMI2 depleted through siRNA and were injected with cRNA encoding other ZBR mutants 

(C591A [third cysteine in the first site], C601A [first cysteine in the second site], C606A [third 

cysteine in second site], C573A+C606A, and H609A [in the second site]). C573, C591, and C601 

were found to be important for EMI2’s ability to maintain metaphase II arrest. (29) Bernhardt and 

colleagues injected mosue oocytes with a morpholino targeting EMI2 and then were in vitro 

matured. After the first polar body formed, the oocytes were injected with cRNA either encoding 

EMI2WT or EMI2C573A. Most morpholino-injected oocytes without cRNA rescue did not have 

metaphase II spindles, but rather chromatin masses with improper microtubule formations. Most 

EMI2WT-injected oocytes formed proper metaphase spindles. The amount of EMI2C573A-injected 

oocytes with proper spindle formation was between that of the EMI2WT-injected and the control 

oocytes, demonstrating that EMI2 needs to properly bind zinc in order to function. (5) 
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Research Questions 

 Because proper zinc levels are necessary for meiosis and because EMI2 requires a 

functional zinc binding region in order to function, we hypothesize that EMI2 regulates meiotic 

progress through at least one of its two zinc binding sites. This leads to the following questions: 

What are the zinc-binding affinities of EMI2’s two zinc binding sites? Structurally, does the C4 or 

the C3H site have the higher affinity? 

  

Elemental Preservation in Chemically-Fixed Biological Samples 

Imaging biological samples can involve compromises during sample fixation. The next section 

describes two types of elemental mapping and methods to preserve biological samples for X-ray 

imaging. 

X-Ray Elemental Mapping Methods 

 The past decades have seen increasing levels of sensitivity in elemental analytical 

techniques. There are multiple methods to map elemental distribution in biological samples (72), 

but in this introduction I will focus on two that I used in my research: X-ray fluorescence 

microscopy (XFM) and scanning transmission electron microscopy energy dispersive X-ray 

spectroscopy (STEM-EDS). Both techniques utilize an X-ray source. After atoms are ionized by 

X-rays, a photon is released when they return to the ground state. The energy of the photon is 

based on the difference of the two electron orbitals and therefore different elements will fluoresce 

at different wavelengths. (73) Samples are imaged in a grid, similar to a digital camera. The X-ray 

beam passes over the grid stopping at each pixel for a given amount of time. This allows for a 2D 

map of elemental concentration to be created. 
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 There are both synchrotron- and lab-based XFM systems. Laboratory micro-XRF systems 

are slower and have lower spatial and elemental resolution than synchrotron-based XFM. (72) 

Optimally, XFM can detect elements between phosphorus and uranium with the highest sensitivity 

for metalloids and transition metals. The best XFM detection limit is less than 0.1 PPM, though 

most systems have sensitivities 10-10,000X less than that. (72) (See Table 1.1 for the elemental 

detection limits of Beamline 2-ID-D at Argonne National Laboratory) XFM has greater elemental 

sensitivity than other mapping techniques. Another advantage of XFM is that it has deeper sample 

penetration compared to methods that use X-rays with energies below 3 keV. Additionally, XFM 

is able to acquire 3D data through the use of XFM-CT. The highest spatial resolutions of XFM are 

the Bionanoprobe at the Advanced Photon Source at Argonne National Laboratory (74) and 

Beamline ID16A at the European Synchotron Radiation Facility (75), both with spatial resolutions 

of ~30 nm. At this resolution organelles can be studied in detail (75), though radiation damage, 

which leads to bond breaking and therefore sample loss, becomes a problem. (74) 

 

Element Mn Fe Co Ni Cu Zn 
Sensitivity 

(atoms/μm3) 4.5 x 105 6.3 x 105 3.0 x 105 2.4 x 105 5.0 x 105 2.7 x 105 

 
Table 1.1: Minimal sensitivity of XFM. Data from Beamline 2-ID-D, Argonne National 
Laboratory, 500 ms/pixel scan. Data analyzed by Dr. Andrew Crawford. 
  

STEM-EDS or Analytical Electron Microscopy (AEM) combine a scanning transmission 

electron microscope with an electron detector. (76, 77) Because of the overlap of different 

elements’ X-ray peaks, EDS can detect elements with Z > 10. (72, 73) Spatial resolution is as low 

as 5 nm (78), with a minimal elemental limit of detection of 10 ppm (73), though most systems 

have elemental LODs hundreds of times higher. (72) One disadvantage of STEM-EDS is that 



 

 

36 
software packages are designed for materials science rather than biology, making it necessary for 

a user to doublecheck peak assignments. (73) Additionally, quantification of STEM-EDS samples 

is difficult (72, 79), meaning that much data is either presented qualitatively or as elemental ratios. 

In sum, synchrotron XFM provides superior elemental resolution to STEM-EDS, but STEM-EDS 

provides higher spatial resolution, making the two methods complementary.  

Sample Preparation Methods for Elemental Analysis 

Samples need to be prepared for elemental analysis via STEM-EDS or XFM, but every 

preservation method has its own set of advantages and disadvantages. Frozen-hydrated samples 

are ideal for preservation of intracellular structure, elemental content, and elemental localization, 

including the distribution of ions in cell water. (74) Samples are rapidly frozen in liquid propane 

or ethane at a speed of 10,000 K/s to a temperature of 123 K. (72) A layer of vitrified ice forms 

(72) which helps to prevent radiation damage when being subjected to X-rays. (74) There are some 

disadvantages to freeze-hydrated samples. If the biological samples have high water content, the 

water will dilute their intracellular elemental content, making it harder to measure. Frozen XFM 

samples have lower limits of detection than dry samples because of lower probe depths, increased 

X-ray background, and lower fluorescence escape depth. (72) Larger tissues (such as a 1.3 mm 

Xenopus egg) are not able to be frozen quickly enough to create usable frozen-hydrated samples. 

Finally, not every microscope is equipped for sample handling and imaging at liquid nitrogen 

temperatures, limiting instrument availability. 

 Dehydration is another type of sample preparation. In freeze drying, frozen samples are 

placed in a high vacuum, which then sublimates the ice. (72) Advantages of dehydrated compared 

to frozen-hydrated samples are that an instrument with a cryo-setup is no longer necessary and that 

samples are more protected against radiation damage. (74) Disadvantages of dehydration 
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compared to freezing are that dehydration can affect intracellular structure and that some ion loss 

can occur during dehydration. (74, 80) It should be noted however that elemental content and 

intracellular structure are still better preserved than in chemically-fixed samples. (72, 80) 

Chemical fixation is the third type of sample preparation method. Samples are usually fixed 

with aldehydes and then infused with resin before imaging. Chemical fixation leads to the greatest 

changes in intracellular structure and elemental content; native ion distribution is destroyed 

because the aldehydes permeabilize the membranes, leading to the loss of ions and small molecules 

that are not tightly bound. (80-85) Phosphorus content often drops as well, probably through 

creating cracks in the sample and therefore increasing the surface area with which solvents can 

interact. (86) Depending on the tissue type, one may see transition metal loss as well. (81, 87) 

Although worse than freezing or dehydrating, because of the size and/or properties of a biological 

sample, chemical fixation may be the only applicable preparation method.   

Timm’s Staining Method 

 Because chemical fixation alters intracellular structure and can lead to transition metal loss, 

modified procedures are necessary to preserve metal content. Dr. F. Timm worked in forensic 

medicine and when studying poisoning cases decided to understand normal tissue metal 

distribution. (88) In the 1950s he developed a method in which tissue samples are treated with 

sodium sulfide. The S2- interacts with M2+ ions creating metal sulfides, the majority of which are 

insoluble, preventing them from being washed out of the tissue during fixation. The samples are 

then treated with silver, which replaces the metal and grows in size, allowing for easy visualization 

of the original metal localization via light microscope or transmission electron microscopy (TEM). 

(88-90)  
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 Although Timm’s method allows for the visualization of metal-enriched compartments, it 

does not allow quantification of the metal or determination of the original size of the metal 

distribution. The silver replaces the original metal(s). (Reiner Bleher and Emily Que, unpublished 

data) Additionally, because the silver deposition reaction occurs as long as there are silver ions 

and reducing molecules in the vicinity of the sulfide particles, the size of the silver granules is not 

indicative of the size of the original metal. (86) 

 In order to preserve transition metal contents and localization in a chemically fixed sample, 

we have developed a modified form of Timm’s method. We removed the silver staining step in 

order to image native metal contents. Visualization is not a problem, because we image the samples 

with elemental mapping techniques (XFM and STEM-EDS) rather than light microscopy or TEM. 

Previous experiments using chemically-fixed mouse eggs showed that sulfide treatment was 

necessary to preserve zinc content in their CGs. (6) However, bulk elemental analysis of mouse 

eggs via inductively coupled plasma mass spectrometry (ICP-MS) is impractical because of their 

small volumes combined with difficulty of acquisition, so it was not known if the sulfide fixation 

completely preserved transition metal contents. Xenopus eggs are an ideal system for studying the 

effects of fixation on bulk elemental content because they are significantly larger than mammalian 

eggs and, unlike dissected tissue, are fairly regular in size. 

Research Questions 

Our hypothesis for this project is that the sulfide fixation of Xenopus eggs will preserve 

most of their transition metal content. This leads to the following questions: How does chemical 

fixation (with and without sulfide) affect bulk elemental content as well as intracellular metal 

localization in Xenopus eggs? Additionally, when analyzing a different tissue type (fixed mouse 

ovaries), how does bulk elemental preservation compare? 
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Scope of Thesis 

In this thesis I researched metal fluxes and localization in Xenopus laevis. Secondly, I 

determined whether our modified Timm’s fixation method preserves transition metal content in 

biological samples. Thirdly, I studied a possible regulatory role for meiotic zinc fluxes, namely 

whether they govern the inhibitory effects of the spindle checkpoint protein EMI2. 

In chapter 2 I tested the hypothesis that the zinc spark and intracellular zinc localization 

are conserved in a different class of animal, amphibia. I found that the zinc spark is conserved and 

measured a release of manganese as well. A drop in zinc is necessary for meiotic progress in 

Xenopus; chemical chelation is able to activate eggs. Analysis of the eggs and embryos via electron 

paramagnetic resonance confirms the loss the majority of the cell’s manganese following 

fertilization and demonstrated that the majority of intracellular manganese, both pre- and post-

fertilization, is bound to a carboxylate ligand. Zinc and manganese are stored in cortical vesicles 

alongside a variety of other metals. TEM images of the cortices of egg and embryo show that the 

majority of the electron-dense cortical vesicles disappear following fertilization. Finally, both 

extracellular zinc and manganese block fertilization.  

In chapter 3 I tested the hypothesis that EMI2’s APC/C inhibitory function is governed by 

differential zinc binding in its two zinc binding sites. I describe improvements I made to the 

inherited protein purification process in order to increase yield and prevent protein oxidation 

and/or degradation. I then discuss how I altered the design of the competitive chelation 

experiments in order to provide usable data. The results of the zinc-binding affinity experiments 

show that the strong-binding site has a ~420,000X stronger affinity than the weak binding site, 

suggesting that the weak binding site is regulatory. High-energy-resolution fluorescence detection 
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(HERFD) X-ray data comparing one and two zinc-bound forms of the protein suggest that the C4 

binding site is the strong binding site, while the C3H binding site is the weak site. 

In chapter 4 I studied the effects of chemical fixation on bulk metal content as well as metal 

localization in biological samples. Xenopus eggs were fixed using in a solution with and without 

sodium sulfide to determine the extent of sulfide preservation. Surprisingly, transition metal 

contents are preserved even without the addition of sulfide. Every step in the fixation to resin-

infusion process was analyzed by ICP-MS to determine elemental change; the majority of change 

occurs during fixation. STEM-EDS analysis showed that metals remain in the cortical vesicles 

even without sulfide fixation. ICP-MS analysis of the solutions used for fixation and resin infusion 

demonstrate that some microscopy-grade chemicals contain enough metal content to contaminate 

biological samples. Finally, the Xenopus egg results were compared with those of a multicellular 

tissue, mouse ovaries, with the ovaries showing greater amounts of elemental loss.   

Chapter 5 is a summary of my work and a discussion of the significance of my findings. 

Additionally, I discuss possible future research directions. 
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Chapter 2: Metal Ion Fluxes Controlling Amphibian 
Fertilization 

 
John F. Seeler, Ajay Sharma, Nestor J. Zaluzec, Reiner Bleher, Barry Lai, Emma G. Schultz, 
Brian M. Hoffman, Carole LaBonne, Teresa K. Woodruff, Thomas V. O’Halloran 
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Abstract  

Mammalian oocytes undergo major changes in zinc content and localization in order to be 

fertilized, the most striking being the rapid exocytosis of over ten billion zinc ions, known as zinc 

sparks. Here we report that fertilization of amphibian Xenopus laevis eggs also initiates a zinc 

spark that progresses across the cell surface in coordination with dynamic calcium waves. This 

zinc exocytosis is accompanied by a newly recognized loss of intracellular manganese: 

synchrotron-based X-ray fluorescence and analytical electron microscopy reveal that zinc and 

manganese are sequestered in a system of cortical granules that are abundant at the animal pole. 

Through Electron-Nuclear Double-Resonance (ENDOR) studies, a method of obtaining an NMR 

spectrum of the ligands to a paramagnetic metal ion, we rule out Mn2+ complexation with 

phosphate or nitrogenous ligands in intact eggs but the data are consistent with a carboxylate 

coordination environment. Our observations suggest that zinc and manganese fluxes are a 

conserved feature of fertilization in vertebrates and that they function as part of a physiological 

block to polyspermy. 
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Introduction 

 
Physiochemical approaches are opening the door to understanding how inorganic 

chemistry regulates key biological processes. A striking example of this is the discovery of zinc 

regulatory pathways controlling fertilization of mammalian oocytes which begins with the 

coordinated uptake of billions of zinc ions in the brief final stages of meiotic maturation. (4) Upon 

fertilization, murine eggs then rapidly release between 10-20% of their zinc from a pool of 8,000 

cortical vesicles in events described as zinc sparks. (6, 7) First observed using zinc responsive 

fluorescent probes in M. musculus (7), these events occur in macaques (7), B. taurus (16), and H. 

sapiens (15) and are essential for transition of the egg into an embryo. Studies of mouse eggs reveal 

several roles of these zinc sparks: they regulate transitions from the meiotic to mitotic cell cycle 

of the egg and resulting zygote, and play roles in the slow block to polyspermy in the cell envelope. 

(11, 12) The magnitude of the zinc spark, readly established in real time using fluorescent probes, 

correlates with the quality of the resulting embryo. (13, 14) Analogous zinc-dependent phenotypes 

are oberved in Caenorhabditis elegans (19) and Drosophila melanogaster (20), where zinc 

availability is required for embryo viability. While eggs from each of these provide specific 

advantages, each is limited by size and low material yields. This is not the case for the African 

Clawed Frog, Xenopus lavis. 

 While zinc is known to be transported into Xenopus oocytes over a period of months during 

oogenesis (40, 41), little is known about whether a zinc cycle occurs in this or other amphibians: 

neither influx nor exocytosis of zinc has been reported during meiosis. We decided to test whether 

meiotic zinc transients occur in Xenopus because of the large size and the abundance of eggs 

produced by the frog. The diameter of Xenopus eggs is fifteen times that of mouse eggs, allowing 

for a more in-depth study of the dynamics of the zinc efflux. While the abundance of auto-
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fluorescent yolk platelets in frog eggs presents significant challenges in confocal microscopy 

studies, the large size and the fact that a typical frog extrudes hundreds of eggs at a time, each with 

an average dry weight of 0.45 mg/egg (91), allows for the application of methods such as 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and Electron-Paramagnetic Resonance 

(EPR) that otherwise would require an impractically large number of mammalian eggs. These 

bulk-sample methods provide key benchmarks and allow for our application of an array of more 

sensitive quantitative methods for understanding the chemistry of metal ion fluctuations in the 

regulation of biological processes at both the single cell and subcellular level.  

Here, we present several complimentary physical methods that show that fertilization 

triggers release of zinc from vesicular storage compartments at the surface of the frog egg. These 

cortical vesicles, located predominantly at the animal pole, are the source. Our results suggest that 

the storage of labile zinc complexes and their triggered release as zinc sparks may be an 

evolutionarily conserved and functional feature of fertilization from amphibians to mammals.  

Intriguingly, Xenopus differs from mammals by also concentrating manganese in cortical vesicles 

and releasing a significant amount of the egg’s Mn2+ content at the time of fertilization. We find 

that extracellular Zn2+ or Mn2+ decreases the rate of Xenopus fertilization, suggesting that the 

triggered release of these metal ions contributes to blocking the entry of a second sperm which 

would be fatal to a developing embryo. The paramagnetism of Mn2+ allows us to glean insights 

into the local coordination environment of manganese within the cortical granules in ways that are 

not possible for its d10 congener Zn2+. These chemical and functional insights into the inorganic 

chemistry of an amphibian egg expand the evolutionary context of zinc, and possibly now 

manganese, fluctuations as signaling events in biology. 
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Results 

The zinc spark is conserved in amphibia  

Live cell fluorescent microscopy experiments using the fluorescent zinc-responsive probe 

FluoZin-3 were employed to test whether zinc is released from Xenopus eggs upon fertilization or 

activation by chemical treatment. Following the addition of sperm, a single zinc release event is 

observed. Moreover, beginning at a single point on the oocyte surface, zinc release proceeds 

bidirectionally around the circumference of the egg, taking around 3 minutes to reach the opposite 

point (Figure 2.1A, Video A.1). The zinc spark in mammalian oocytes has been shown to be a 

calcium-dependent exocytosis event, and the Ca2+ ionophore ionomycin is known to 

parthenogenetically activate amphibian eggs. (92) Using these conditions as a guide, the addition 

of 20 µM ionomycin to frog eggs leads to a single rapid and intense release of zinc (Figure 2.1B, 

Video A.2). The zinc efflux induced by addition of ionomycin starts at a broad section of the 

circumference and travels around the circumference of the egg within approximately 30 – 90 

seconds. 
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Figure 2.1: Zinc release from frog oocytes 

 
 
Figure 2.1: Zinc is released following both fertilization and chemical activation of a Xenopus egg. 
a. Zinc efflux following fertilization of a Xenopus egg. Images are representative of 14 eggs from 
4 separate frogs over 4 independent experiments. b. Zinc efflux following parthenogenic activation 
of a Xenopus egg by ionomycin. Images are representative of 12 eggs from 3 separate frogs over 
3 independent experiments. In both a. and b. scale bar = 500 μm, time is as m:ss, and brightness 
and contrast have been adjusted for clarity (see Supplemental Methods for values).  c. 
Representative plot of the circumferential distance from the origin of the zinc spark at which half-
maximal fluorescence is measured over the time since the start of the spark, traveling clockwise 
from origin. d. Representative plot of the circumferential distance from the origin of the zinc spark 
at which half-maximal fluorescence is measured over the time since the start of the spark, traveling 
counterclockwise from origin. c. and d. are representative of measurements from 3 separate eggs 
(see text for mean rate). 
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Upon fertilization, the zinc efflux travels approximately linearly around most of the 

circumference of the egg at 9.7 ± 0.3 μm/sec (n = 3, mean ± SD). Figure 2.1C and D show the rate 

of efflux around the circumference (see Figure 2.2 for procedure). Fertilization is known to initiate 

a well-established biochemical cascade leading to calcium release from intracellular stores. (93) 

This is apparent in the calcium wave, which travels at an average of 8.9 μm/s (66), similar to that 

of our observed zinc efflux. The calcium wave starts at the site of sperm entry, and travels around 

the egg in approximately 3.5 minutes (66), about as long as the zinc spark, suggesting that the 

calcium wave triggers zinc release. Zinc release in eggs activated by ionomycin is more rapid, 

likely because ionomycin is bringing calcium indiscriminately to all parts of the egg 

simultaneously, leading to a faster release of cortical granule (CG) content. Zinc is known to be a 

cofactor for the ZPA protease, which is released from Xenopus eggs and hardens the ZPA 

glycoprotein following fertilization, contributing to the block to polyspermy. (94) Given that the 

zinc-binding affinity of FluoZin-3 (KD 9.1 nM) (95) is lower than that of most known zinc proteins 

(6, 96), the observed extracellular fluorescence signal is likely arising from free zinc.  
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Figure 2.2: Zinc spark rate 

 

Figure 2.2: Procedure and data used for determining the rate of the zinc release.  a. Representative 
image of the procedure used to measure the half-maximal fluorescence around the circumference 
of the egg. Scale bar = 500 μm. b. Graph charting fluorescence changes in sections of the egg 
circumference following fertilization. The graph represents Fluozin-3 fluorescence traveling 
clockwise from the origin of the zinc spark. c. Graph charting fluorescence changes in sections of 
the egg circumference following fertilization. The graph represents Fluozin-3 fluorescence 
traveling counter-clockwise from the origin of the zinc spark. a., b., and c. are representative 
images/graphs of n = 3 biologically independent eggs examined in a single experiment. 
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 The change in intracellular distribution of this cofactor resulting from zinc efflux can be 

mimicked by treatment with intracellular metal chelating agents. In mouse eggs, treatment with 

these agents leads to parthenogenic egg activation supporting the conclusion that zinc efflux is 

necessary for activation. (7) To test whether this is true in frog as well as in mammals, Xenopus 

eggs were treated with cell-permeable chelators and scored for activation. Treatment with 

N,N,N’,N’-tetrakis-(2-pyridylmethyl)-ethylenediamine [TPEN] does not activate frog eggs, 

probably due to its low solubility; however, treatment with 1,10-phenathroline (OP) activates 97 

± 5% of the eggs (Mean ± SD, n = 3. See Figure 2.3, Videos A.3 – 5).  To test whether OP causes 

activation through lowering intracellular copper availability, eggs were treated with ammonium 

tetrathiomolybdate (TTM), which has a high selectivity and specificity for copper. (97) TTM did 

not activate the eggs (Video A.6) indicating that activation is driven by a decrease in zinc, instead 

of a decrease in copper availability. The absence of validated intracellular chelators that are 

specific for other transition metals limits our ability to address their roles in the activation of 

mammalian or amphibian eggs.  
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Figure 2.3: 1,10-Phenanthroline activates Xenopus eggs 

 
Figure 2.3: The metal chelator 1,10-Phenanthroline parthenogenetically activates Xenopus eggs 
whereas ammonium tetrathiomolybdate does not, indicating that activation is driven by a decrease 
in accessible zinc. a. Graph of the percentage of eggs to activate 20 minutes after chemical 
treatment (measured by darkening and contraction of the animal pole and contraction of the 
activation spot). Iono: Ionomycin, OP: 1,10-Phenanthroline, TTM: Ammonium 
tetrathiomolybdate. Data are presented as mean ± SD, n = 3 frogs examined over 3 independent 
experiments (15 – 35 eggs used per datapoint). b. Representative images of dejellied eggs 0, 10, 
and 20 minutes after the addition of chemical. Scale bar = 1 mm. n = eggs from 3 separate frogs 
examined over 3 independent experiments. 
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Fertilization-induced changes in metal content  

While the zinc content of mouse eggs drops circa 20% upon fertilization, a previous study 

using atomic absorption spectroscopy revealed no difference in the zinc content of single Xenopus 

eggs and embryos. (40) To determine whether zinc content changes immediately following 

fertilization, we analyzed eggs and embryos using Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS). We compared eggs to embryos collected one-hour post-fertilization and found no 

statistically significant change in zinc content (Figure 2.4A). 

Fluorescence optical microscopy nonetheless clearly indicates that zinc is released upon 

fertilization; we hypothesize that this release corresponds to only a small percentage of the total 

zinc contained in these large eggs. In contrast to mammalian eggs, at the time of fertilization 

approximately 90% of intracellular zinc in Xenopus eggs is found in the yolk. (41, 98) As discussed 

in detail below, it is not surprising that only a very small portion of intracellular zinc ions is 

released. 

  We also determined concentrations of other transition metals before and after fertilization. 

There was no change in the average iron or copper concentration following fertilization. However, 

intracellular manganese decreased by 53 ± 15% (n = 4, ± SEM) (Figure 2.4A). We did not detect 

changes in other elements (Figure 2.4B and Table 2.1 for values in atoms/cell). As this was an 

unexpected finding, we decided to probe it further. 

 

 

 

 

 



 

 

52 
Figure 2.4: Elemental analysis of eggs and embryos 

 

Figure 2.4: ICP-MS measures a significant decrease in intracellular manganese post-fertilization. 
a. Metal concentrations of Xenopus eggs and embryos (1 hour post-fertilization) determined by 
ICP-MS. Intracellular Co and Ni are both below 13 μM. Data are presented as mean ± SEM per 
egg/embryo, **: p = 0.0081. Each point corresponds to ICP-MS analysis of a batch of 20 eggs 
normalized to a per egg basis. Similar results were obtained in 6 separate experiments (not shown). 
b. Elemental contents (mM) of Xenopus eggs and embryos (1-hour post-fertilization). 
Experimental conditions as in a. In both a. and b. n = samples from 4 separate frogs analyzed in a 
single ICP experiment. p is the significance of the change in elemental content following 
fertilization. Two-tailed, heteroscedastic T-tests were run between eggs and embryos in order to 
determine if there was a significant difference in metal content. No adjustments were made for 
multiple comparisons. 
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Table 2.1: Elemental content of Xenopus eggs and embryos from ICP 

             Egg (Atoms)           Embryo (Atoms) 
Na 3.7 ± 0.12 x 1016 3.7 ± 0.13 x 1016 
Mg 1.3 ± 0.065 x 1016 1.3 ± 0.077 x 1016 
P 1.5 ± 0.033 x 1017 1.5 ± 0.036 x 1017 
S 7.1 ± 0.19 x 1016 7.0 ± 0.20 x 1016 
K 5.0 ± 0.065 x 1016 5.0 ± 0.094 x 1016 
Ca 7.8 ± 0.22 x 1014 7.4 ± 0.51 x 1014 
Mn 8.8 ± 0.94 x 1013 4.1 ± 0.60 x 1013 
Fe 6.8 ± 0.66 x 1014 7.3 ± 0.95 x 1014 
Cu 4.2 ± 0.39 x 1013 3.9 ± 0.21 x 1013 
Zn 1.4 ± 0.11 x 1015 1.3 ± 0.061 x 1015 

 
Table 2.1: Elemental contents of Xenopus eggs and embryos (1 hour post-fertilization) in 
atoms/cell. Data obtained from ICP-MS and ICP-OES. 20 egg/embryos per tube, values reported 
as mean ± SEM per egg/embryo. n = samples from 4 separate frogs analyzed in a single ICP 
experiment.  

 

The coordination environment of manganese  

Intracellular manganese is predominantly present in the +2 oxidation state. (99, 100) The 

majority of that is found in kinetically labile complexes with low molecular-weight metabolites, 

(101-104) but it is also bound as a cofactor in a number of enzymes. (105) Mn2+ is paramagnetic 

(S=5/2), and we employ a combination of Electron-Paramagnetic Resonance (EPR), Electron-

Nuclear Double-Resonance (ENDOR) and Electron Spin-Echo Envelope Modulation (ESEEM) 

spectroscopies, complementary means of obtaining an NMR spectrum of the ligands to a 

paramagnetic metal ion (see Supplemental Methods), to determine the relative populations of the 

different Mn-ligand complexes present in intact eggs before and after fertilization. (101-103)  

The absorption-display continuous-wave (CW) EPR spectrum of frozen intact eggs and 

embryos provides a well resolved six-line pattern created by the hyperfine interaction of the 

electron spin with 55Mn nuclear spin (I = 5/2). This pattern is centered at g-2 (~12 kG), and rides 
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on relatively narrow “wings” (Figure 2.5A and see Supplemental Methods); the latter are 

suppressed in derivative-mode CW EPR spectra (inset). This pattern is typical of Mn2+ coordinated 

in high-symmetry (roughly octahedral) geometry, as seen for small Mn-metabolite complexes like 

Mn-phosphate (Mn-Pi). Broad “wings” associated with asymmetric Mn2+ chelate and enzyme 

environments (i.e. MnSOD) (103, 104) are absent in the spectra of Xenopus eggs and embryos. 

The shape of the Mn2+ EPR spectrum of the embryos is unchanged from that of the eggs (Figure 

A.3) but the amplitude of the embryo signal is about one-third that of the eggs (~30	±	10% 

remaining; see Figure 2.5, legend, and Supplemental Methods). Given that the spectra have the 

same shape, their relative amplitudes are an appropriate measure of Mn2+ present. The decrease in 

EPR amplitude upon fertilization agrees with the loss of Mn measured by ICP-MS (Figure 2.4), 

within the mutual uncertainties of the measurements, together showing that the egg loses Mn2+ 

upon fertilization. 
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Figure 2.5: Paramagnetic resonance measurements of eggs and embryos 

 

 
 

Figure 2.5: EPR confirms a post-fertilization decrease in manganese, while EPR, ENDOR, and 
ESEEM demonstrate that the majority of intracellular manganese is bound to a low molecular 
weight carboxylate. 35-GHz, 2K EPR/ENDOR/ESEEM Spectra: a. Representative absorption-
display CW-EPR spectra of Mn2+ in: frog eggs (black); embryos (red; 1/3 amplitude of eggs, ~30	
±	10% remaining, see text); Mn-orthophosphates Mn-Pi (blue; scaled to eggs); EPR spectra of 
frog eggs/Mn-Pi offset by 500G/1000G. Inset: Digital derivatives of spectra accentuating g-2 (~12 
kG) six-line 55Mn hyperfine pattern. b. 31P/1H Davies pulsed-ENDOR spectra of: intact frog eggs 
and embryos; solution Mn2+ complexes (aquo [H2O], orthophosphate [Pi], polyphosphate [polyP]). 
Braces represent frequency ranges of 31P and 1H ENDOR signals. ENDOR spectra are normalized 
to Mn2+ concentration; thus 31P%, 1H% peaks (gray highlight) represent absolute ENDOR 
responses. Insets: (a) 31P% ENDOR responses of exemplars and eggs/embryos from frog 3; (b) 
corresponding 1H% ENDOR responses. (* is a 55Mn ENDOR signal) c. 14N 3-pulse ESEEM 
timewaves of: eggs (black); embryos (red), each multiplied by 5 for ease of comparison; solution 
Mn-imidazole complex (purple). Experimental conditions: see Supplemental Methods (b, c, Fields 
~ 12.5k G). In a., b., and c. n = 3 biologically independent replicates of intact frog eggs and 
embryos examined over 3 independent experiments. 
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 ENDOR and ESEEM were used to determine the intracellular speciation of the Mn2+. 

Figure 2.5B shows 35 GHz pulsed ENDOR spectra of eggs and embryos (triplicates) and selected 

exemplar Mn2+ complexes (hexa-aquo Mn2+ and the Pi, and polyphosphate [polyP]). The [Mn-

(H2O)6]2+ sample shows a strong 1H ENDOR response with multiple peaks centered at the 1H 

Larmor frequency (shown under the 1H ‘brace’) assigned to directly-coordinated water molecules. 

(106) When a metabolite moiety such as a phosphate binds to Mn2+ it replaces coordinated 

water(s), decreasing the 1H ENDOR amplitude. When a phosphate binds, this also introduces a 31P 

ENDOR doublet, split by the electron-nuclear interaction and centered at the 31P Larmor frequency 

(shown under the ‘brace’ 31P). In Mn-polyP complexes, multiple phosphates bind, most of the 

waters are displaced, as shown by the large reduction of 1H ENDOR signal, and there is an even 

greater increase in 31P ENDOR signal (Figure 2.5B). When the amplitudes of the 31P, 1H ENDOR 

peaks shown in Figure 2.5B as gray stripes are normalized to the corresponding Mn2+ 

concentrations they are denoted as absolute ENDOR responses and labelled as 31P%, 1H%. These 

responses can be used in a heuristic model of Mn2+ ligand binding described previously (102) to 

estimate fractions of aquo, Pi, polyP, and ENDOR-silent (e.g. carboxylate) complexes (see SI).  

In comparison to the exemplars, both eggs and embryos show weak 31P signals (inset a), 

indicating little Pi/polyP ligation, and a weak 1H% ENDOR response (inset b), yet indicating a 

high population of ligands that displace H2O. To test for Mn2+ ligation by nitrogenous ligands we 

used 35 GHz ESEEM spectroscopy, which is a very sensitive probe towards such ligation (101-

104); Figure 2.5C shows that the ESEEM time-wave for a frozen solution of Mn2+-imidazole 

exhibits strong modulation whose frequency corresponds to 14N resonance frequencies. Neither 

eggs nor embryos show any 14N modulation of the time-waves in the 35 GHz ESEEM traces, 

indicating the absence of any detectable Mn-N complexes. Together, these observations indicate 
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that the majority of the intracellular Mn2+ coordination sites (i.e. between 75-90%) in both eggs 

and embryos are occupied by ENDOR (NMR)-silent ligands, and when an organism is grown with 

natural abundance 12C nutrients, carboxylates are the major class of such ligands. We conclude 

that the majority Mn2+ population in the eggs and embryos can be assigned as low molecular-

weight Mn2+ complexes with carboxylate ligands (Mn-C 75-90%).  

Disruption of eggs exposes compartmentalized Mn2+ complexes to cytoplasmic 

concentrations of phosphate and phosphoryl ligands which are typically in the millimolar 

concentration range. (107) As a result, scrambling induces a 20% increase in the Mn-P population 

(Figure 2.6 and Supplemental Methods). Taken together, the ENDOR measurements are consistent 

with a model in which a majority of the EPR-detectable Mn2+ is sequestered as manganese-

carboxylate in non-cytosolic compartments in the egg, and that these complexes are released from 

the egg upon fertilization without change in speciation of the remaining Mn2+. To test for the 

presence of Mn- and Zn-enriched compartments in these eggs we turned to two subcellular 

methods for mapping the locations of elements in cells. 
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Figure 2.6: Coordination environment of manganese 

 
Figure 2.6: Manganese has similar coordination environments in both eggs and embryos; freezing 
Xenopus eggs does not alter manganese coordination. a. Overlay of the EPR spectra of eggs (black) 
and embryos (red); the shape of the embryo signal is unchanged from that of the egg. This is a 
representative experiment of n = 3 biologically independent samples examined over 3 independent 
experiments. b. Intentionally destroying Xenopus eggs significantly changes their ENDOR 
spectra, demonstrating that freezing the eggs does not affect the vesicular compartmentalization 
of manganese. 31P, 1H Davies pulsed ENDOR spectra of intact (black), crushed (red) frog eggs 
and frozen solution of Mn-spiked buffer (purple). Experimental conditions as in Figure 2.5B. n = 
1 biologically independent sample. 
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XFM reveals cortical metal compartmentalization 

X-ray Fluorescence Microscopy (XFM) (108) methods indicated that cortical vesicles in 

mouse eggs contain on average one million zinc ions each (6) and we employed this approach to 

test for the presence of analogous zinc- and manganese-enriched sites in small sections at the 

cortices of Xenopus eggs and embryos. To preserve transition metal contents in our samples we 

used a modified form of Timm’s silver staining. (6, 88, 90) ICP-MS reveals that this fixation 

method preserves native metal contents in Xenopus eggs, except for iron, which showed a 

significant gain in concentration, due to contamination in the fixative (Seeler et al., in preparation). 

We analyzed ultramicrotome slices of the animal pole (AP) and vegetal pole (VP) of eggs and 

embryos, ranging from 0.4 to 2 µm thick. The cortical ultrastructure of the AP and VP are 

significantly different. (109) We find that metal content and localization differ in the poles as well 

(Figures 2.7-2.9). We conclude that in Xenopus eggs, zinc is loaded to high concentrations in the 

smaller group of cortical vesicles that are analogous to those found in murine, bovine and primate 

eggs. (7, 15, 16)  
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Figure 2.7: Synchrotron-based X-ray fluorescence mapping of animal pole egg and embryo 
cortices 

 
Figure 2.7: X-ray fluorescence microscopy images of the animal pole of fixed Xenopus 
egg/embryo slices show zinc and manganese are localized in small cortical compartments. Scale 
bar = 20 µm. Images acquired at Beamline 2-ID-D at Argonne National Laboratory. Pixel size: 
300 x 300 nm, slice thickness: 2 μm, scan time: 500 ms/pixel. These are representative images of 
slices of eggs/embryos from 7 different frogs imaged over 3 experiments.  
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Figure 2.8: Synchrotron-based X-ray fluorescence mapping of animal pole egg and embryo 
cortices 

 
Figure 2.8: X-ray fluorescence microscopy images of the animal pole of fixed Xenopus 
egg/embryo slices showing metal localization in small compartments. Scale bar = 20 µm. Images 
acquired at Beamline 2-ID-D at Argonne National Laboratory. Pixel size: 300 x 300 nm, slice 
thickness: 2 μm, scan time: 500 ms/pixel. These are representative images of slices of 
eggs/embryos from 7 different frogs imaged over 3 experiments.  
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Figure 2.9: Synchrotron-based X-ray fluorescence mapping of vegetal pole egg and embryo 
cortices 

 
Figure 2.9: X-ray fluorescence microscopy images of the vegetal pole of fixed Xenopus 
egg/embryo slices. The yolk platelets show high phosphorous and sulfur content. Metals are 
localized to small compartments, however there are far fewer than in the animal pole. Scale bar = 
20 µm. Images acquired at Beamline 2-ID-D at Argonne National Laboratory. Pixel size: 300 x 
300 nm, slice thickness: 2 μm, scan time: 500 ms/pixel. These are representative images of slices 
of eggs/embryos from 7 different frogs imaged over 3 experiments.  

 

We find two classes of metal-containing compartments: the smaller ones are far more 

abundant in the AP than the VP. Fitting the XFM data reveals that metals are localized in 

compartments at millimolar-scale concentrations. Figure 2.10A presents the XFM values as 

μg/cm2 next to an estimate of the minimal molar concentration in each site. The conversion to mM 

was obtained through estimates of the number of atoms in each voxel, as the sample thickness is 

known (see SI for more detail). There is some variation in the metal content of these compartments, 
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though some of this is because slices of eggs were analyzed, so compartments may represent 

sections or combinations of what we assume to be vesicles (Figure 2.10B and C). There is 

significant metal concentration in these compartments: Mn concentration is approximately 30X 

higher in the compartments compared to the entire volume of the egg (see Figure 2.4B), Cu is 

150X, and Zn is 10X. 

Figure 2.10: Animal pole egg metal compartment contents 

 

Figure 2.10: Metals are stored at millimolar concentrations in the cortical compartments. a. 
Concentrations of metal compartments in the egg animal pole. Voxel size 300 x 300 x 400 nm. 
Data acquired at Beamline 2-ID-D, Argonne National Laboratory. Values reported as mean ± SD, 
n = 3 slices of eggs analyzed from separate frogs examined over 2 independent experiments. b. 
Representative image of zinc distribution and thresholding of areas of high zinc concentration. 
Scale bar = 10 µm. Images acquired at Beamline 2-ID-D at Argonne National Laboratory. Pixel 
size: 300 x 300 nm, slice thickness: 400 nm, scan time: 500 ms/pixel. c. Representative plot of the 
zinc concentration distribution of small metal compartments found in a slice. n = 156 
compartments.  
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The second class of metal-containing compartments is larger and contains a lower 

concentration of metal. These are likely yolk platelets. Yolk consists of two proteins: lipovitellin, 

which binds zinc, and phosvitin, which contains 25% phosphoserine. (42) These compartments are 

also larger in the VP cortex than the AP (110), further supporting this assignment. Besides zinc 

and to an extent copper, transition metals are at very low concentrations in the yolk platelets (Table 

2.2). 

Table 2.2: Yolk platelet elemental content 

 
Mean μg/cm2 Voxel Concentration (mM) 

P* 0.20 ± 0.025 2 ± 0.2 x 102 

Ca 1.2 ± 0.24 x 10-2 7 ± 1 

Mn 9.8 ± 3.5 x 10-4 0.4 ± 0.2 

Co 3.6 ± 3.5 x 10-4 0.2 ± 0.1 

Ni 2.0 ± 0.17 x 10-4 8 ± 0.7 x 10-2 

Cu 4.7 ± 2.8 x 10-3 2 ± 1 

Zn 1.6 ± 0.20 x 10-2 6 ± 1 

 
*: Note this is a minimum value, as there is phosphorous loss during fixation (Figure 3.2) 
 
Table 2.2: Elemental concentrations of larger elemental compartments in the egg animal pole. 
Voxel size 0.3 x 0.3 x 2 μm. Data acquired at Beamline 2-ID-D, Argonne National Laboratory. 
Values reported as mean ± SD, n = 3 biologically independent samples examined over 2 
independent experiments. 

 

Unlike mammalian eggs, we find other metals in addition to zinc localized to the Xenopus 

egg cortex. To determine the extent of metal co-localization, Pearson coefficients were calculated. 

The egg AP sections had the highest number of significant correlations with low variability (Figure 

2.11). Two main elemental groupings with high Pearson coefficients (0.64 – 0.92) are observed. 

The first is cobalt, copper, and nickel, and the second is calcium, manganese and zinc. A possible 
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source of metals with little or no known biological role in vertebrates (e.g. cobalt and nickel) is 

the water in which the animals are housed. Water from frog tanks was analyzed by ICP-MS and 

transition metals were found to be at approximately nanomolar concentrations (Table 2.3). 
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Figure 2.11: Metal overlay in cortical compartments 

 

 

Figure 2.11: Metals cluster in the small cortical compartments. Cobalt, copper, and nickel group 
together as well as calcium, manganese and zinc. a. Pearson coefficients of elemental overlap in 
the egg animal pole. Data are presented as mean ± SD. n = 4 (for Mn, Co, Cu, and Zn) and n = 3 
(for Ca and Ni because of contamination in a sample) biologically independent samples examined 
over 2 independent experiments. b. Representative X-ray fluorescence microscopy images of fixed 
Xenopus egg/embryo slices showing elemental overlap. Scale bar = 10 µm. Images acquired at 
Beamline 2-ID-D at Argonne National Laboratory. Pixel size: 300 x 300 nm, slice thickness: 400 
nm, scan time: 500 ms/pixel.   
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Table 2.3: Elemental content of frog tank water 
 

Element Concentration (M) n 
Na         0.20 ± 0.024 3 
Mg 2.9 ± 0.025 x 10-2 3 
P 2.4 ± 0.061 x 10-3 3 
K 6.4 ± 0.046 x 10-3 3 
Ca 7.6 ± 0.027 x 10-3 3 
V 1.8 ± 0.076 x 10-9 6 
Cr 4.6 ± 3.4 x 10-10 6 
Mn 1.3 ± 0.21 x 10-9 6 
Fe 3.8 ± 0.39 x 10-8 6 
Co 3.5 ± 0.12 x 10-10 6 
Ni              <1.1 x 10-9  6 
Cu 8.5 ± 0.16 x 10-9 6 
Zn 8.2 ± 0.092 x 10-8 6 
As 1.1 ± 0.11 x 10-9 6 
Se 7.8 ± 0.45 x 10-10 6 
Mo 2.4 ± 0.15 x 10-9 6 

 

Table 2.3: Elemental content of frog tank water measured by ICP-MS. Values are in M and 
presented as mean ± SD. n is the number of tubes of water analyzed by ICP (in order to take into 
account variation in sample preparation/detection). 

 

While XFM provides very high elemental sensitivity, the spatial resolution at 2-ID-D (300 

x 300 nm pixels) does not allow for high resolution imaging of the metal-enriched sites. Thus, 

additional high-resolution elemental mapping methods were employed to characterize these sites.   
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AEM demonstrates metal vesicular localization 

To assess whether these sites represented metal-enriched vesicle structures, nanometer 

resolution images were obtained using state-of-the-art Analytical Electron Microscopy (AEM) 

which combines Scanning Transmission Electron Microscopy (STEM) with X-ray Energy 

Dispersive Spectroscopy (XEDS). (111) Images were obtained using 150 nm-thick sections of eggs 

and embryos. Similar to the XFM data, AEM revealed two classes of vesicle, with the smaller ones 

containing multiple metals, and the larger ones containing primarily phosphorous and sulfur, with 

very low concentrations of the other elements examined (Figure 2.12A and B). Ca, Mn, Co, Ni, 

Cu, and Zn are found in the smaller class of electron-dense vesicle (Figure 2.12C). The average 

diameter of the small vesicle in the egg AP is 490 ± 56 nm (mean ± SD, n = 50) (Figure 2.12D). 

These images concur with our XFM findings. There are fewer small vesicles in the animal pole 

embryo than in the egg (Figure 2.13). Both the vegetal pole egg (Figure 2.14) and vegetal pole 

embryo (Figure 2.15) show large yolk platelets and few of the small vesicles.  
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Figure 2.12: Analytical electron microscopic analysis of egg animal pole cortical vesicles 
 

 
 

Figure 2.12: AEM demonstrates that multiple metals are stored in sub-micrometer vesicles in the 
animal pole. a. High Angle Annular Dark Field Scanning Transmission Electron Microscopy 
(HAADF-STEM) images of the cortex of the animal pole of a fixed Xenopus egg. b. Hyperspectral 
elemental intensity distribution maps: background corrected, with a 0.7-pixel gaussian blur, no 
normalization, no quantification. Same conditions as in a. Scale bar = 1 µm in both a. and b. These 
are representative images of 3 separate scans. c. Cumulative XEDS spectra confirming the 
presence of Ca, Mn, Co, Ni, Cu, and Zn in vesicles. These comparison spectra are obtained by 
summing individual spectra from an identical number of pixels in regions of interest which 
correspond to vesicle and neighboring non-vesicle areas. d. Histogram of vesicle diameter 
distribution from image in a. n = 50 vesicles measured. 
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Figure 2.13: Analytical electron microscopic analysis of embryo animal pole cortical 
vesicles 

 

 
Figure 2.13: The cortex of the animal pole embryo has small zinc-containing vesicles as well as 
yolk platelets. a. HAADF-STEM images of the cortex of the animal pole of a fixed Xenopus 
embryo. b. Hyperspectral elemental intensity distribution maps, background corrected, gaussian 
blur at 3 pixels, no normalization, no quantification. Same conditions as in a. Scale bar = 2 µm in 
both a. and b. These are representative images of 2 separate scans. 
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Figure 2.14: Analytical electron microscopic analysis of embryo animal pole cortical 
vesicles 

 

 
Figure 2.14: The egg vegetal pole mostly contains yolk platelets. a. HAADF-STEM images of 
the cortex of the vegetal pole of a fixed Xenopus egg. b. Hyperspectral elemental intensity 
distribution maps, background corrected, gaussian blur at 3 pixels, no normalization, no 
quantification. Same conditions as in a. Scale bar = 2 µm in both a. and b. These are results from 
a single AEM experiment. 
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Figure 2.15: Analytical electron microscopic analysis of embryo animal pole cortical 
vesicles 

 

 
Figure 2.15: The embryo vegetal pole mostly contains yolk platelets. a. HAADF-STEM images 
of the cortex of the vegetal pole of a fixed Xenopus embryo. b. Hyperspectral elemental intensity 
distribution maps, background corrected, gaussian blur at 3 pixels, no normalization, no 
quantification. Same conditions as in a. Scale bar = 2 µm in both a. and b. These are results from 
a single AEM experiment. 
 

Using TEM images of sections of the circumferences of an egg and embryo AP, we counted 

the numbers of small, electron-dense vesicles in the cortex. Within 10 µm of the plasma membrane, 

there was an average of 21 vesicles/100 µm2 in the egg, compared to an average of 3.4 vesicles/100 

µm2 in the embryo, corresponding to an 84% drop (Figure 2.16). We can therefore conclude that 

we see an almost complete release of cortical vesicle content. Additionally, this analysis suggests 
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that other vesicular metals beside zinc and manganese are released from the zygote following 

fertilization. Finally, we sought to determine the biological relevance of this metal release. 

Figure 2.16: TEM images of cortical vesicle loss 

 

Figure 2.16: TEM data of eggs and embryos demonstrate that the majority of electron-dense 
vesicles disappear following fertilization. a. Table showing the differences in small, electron-
dense vesicle content between the cortices of animal pole eggs and embryos. 8,263 µm2 and 
6,767 µm2 of the egg and embryo cortices, respectively, were analyzed. b. Representative image 
showing the methodology of counting. TEM image of a ~150 nm thick slice of the animal pole 
egg. 47 images of the egg cortex and 47 images of the embryo cortex were analyzed. 

Treatment with Zn or Mn decreases the fertilization rate  

 To determine if the zinc and/or manganese released from Xenopus eggs following 

fertilization prevents polyspermy, we fertilized eggs in buffer containing different concentrations 

of the two metals. Increasing concentrations of both zinc and manganese (Figure 2.17, Table 2.4; 

see Figures A.1 and A.2 for raw data) lead to decreasing rates of fertilization. This was determined 

by the percent of eggs that become properly-cleaving embryos (after normalization to a control 

fertilization), divided by the total count of eggs, embryos, and failed cleavage (Figure 2.17A). Zinc 
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inhibits fertilization at an order of magnitude lower concentration than that of manganese: a 50% 

block to fertilization occurs at 53 μM (95% CI = 47 - 61 μM) in ZnSO4 treatments (Figure 2.17B), 

while it occurs at 890 μM (95% CI = 770 μM – 1.0 mM) in the case of MnCl2 (Figure 2.17C). 

Figure 2.17: Extracellular zinc or manganese inhibits fertilization in a dose-dependent 
manner 
 

 
 
Figure 2.17: Both extracellular zinc and manganese block fertilization. a. Images of an 
unfertilized Xenopus egg (in jelly coat), a properly dividing embryo (first cleavage), and an 
instance of failed cleavage (meiotic catastrophe). b. An IC50 graph of the effects of extracellular 
ZnSO4 on the rate of fertilization. IC50 = 53 μM (95% CI = 47 - 61 μM, R2 = 0.94). Data are 
presented as mean percentage of eggs properly fertilized ± SEM, n = 4 frogs (39 – 102 eggs per 
datapoint). See Figure A.1 for raw data. c. An IC50 graph of the effects of extracellular MnCl2 on 
the rate of fertilization. IC50 = 890 μM (95% CI = 770 μM – 1.0 mM, R2 = 0.93).  Data are presented 
as mean percentage of eggs properly fertilized ± SEM, n = 4 frogs (36 – 100 eggs per datapoint). 
See Figure A.2 for raw data. 
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Table 2.4: Fertilization rates in different concentrations of extracellular Zn2+ and Mn2+ 

 
Table 2.4: a. The percent of Xenopus embryos that properly cleaved in buffer containing ZnSO4. 
The percentages were normalized to control fertilizations. n = 4 frogs (39 – 102 eggs per datapoint). 
b. The percent of Xenopus embryos that properly cleaved in buffer containing MnCl2. The 
percentages were normalized to control fertilizations. n = 4 frogs (36 – 100 eggs per datapoint). 
For both a. and b. data are presented as mean ± SEM. 

 

Discussion 

The goal of this study was to determine whether zinc is aggregated in a system of vesicles 

near the surface of Xenopus eggs and then released in a highly coordinated manner, similar to what 

has been shown for mammalian model organisms and human eggs. Indeed, we show that Xenopus 

eggs, like mammalian ones, undergo zinc-chelator induced activation, contain a similar system of 

zinc-loaded vesicles, albeit larger than those seen in mammalian eggs (6), as well as demonstrate 

a significant efflux of zinc following activation and fertilization. Thus, these reorganizations of 

zinc are essential to successful development in mouse and Xenopus. We demonstrate that one 
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function of the zinc released acts as part of a block to fertilization in Xenopus: the entry of a second 

sperm is typically catastrophic in early embryonic development.  Further experiments are 

necessary to determine if, as in mouse eggs, zinc alters the structure of the outer envelope in 

Xenopus eggs. It is possible that release into the jelly coat could have an effect as well. 

Surprisingly, we find that manganese is released alongside zinc in Xenopus eggs.  

Manganese, as well as a series of non-essential transition metal ions, is stored in vesicular 

compartments. Several lines of reasoning support the conclusion that the cohort of small metal-

containing vesicles describe here are CGs. First, the timing of the zinc spark in Xenopus eggs 

correlates directly to the well-established process of CG breakdown. CG breakdown begins around 

3 minutes post-fertilization (approximately the time needed for the sperm to penetrate the egg) and 

virtually all CGs have ruptured within 10 minutes. (109, 112) Second, the spatial distribution of 

CGs resembles that of the metal-containing compartments. CGs in the AP are mostly next to the 

plasma membrane, while those in the VP can be located farther into the cortex. (109) Third, the 

reported sizes of CGs – 1.5 – 2.5 μm (109, 113) – are similar to those of the metal-containing 

compartments. Although the vesicles described here appear smaller than the literature values, this 

is likely an effect of fixation and/or treatment with sodium sulfide. The zinc-containing CGs of 

mouse eggs are approximately 260 nm in diameter and have an intra-vesicular zinc content of 0.2 

M. (6) Xenopus CGs are therefore larger but have lower zinc concentrations.  

 The role of cobalt and nickel loading in Xenopus CGs is currently unknown. Because of 

their toxicity, these metals may be sequestered in the egg CGs to minimize teratogenicity. It is also 

possible that the metals are not intentionally localized to CGs, but rather are mistaken for Zn2+ and 

Mn2+ by promiscuous divalent metal transporters. Sequestration and release of these metals may 

be specific to amphibians; we will further explore this in mouse.    
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These results in Xenopus provide evidence of the Mn2+ coordination environment in an 

egg. While the EPR and ENDOR signals drop as expected upon fertilization, the speciation of Mn 

remaining after Mn release at fertilization remains largely unchanged. Most importantly, both eggs 

and embryos have only a minimal population of Mn-Pi and polyP complexes (~10%), with most 

Mn carboxylate-bound (75-90%), and with negligible amounts bound in high molecular weight 

proteins/enzymes such as MnSOD. The coordinating carboxylates are presumed to be associated 

with low molecular weight metabolites. This type of insight into the manganese coordination 

environment in small subcellular compartments provides a starting point for understanding the 

chemistry of other metal ions in these highly specialized compartments.   

Manganese content of eggs was not directly determined in our studies of mouse, worm, 

and cow as yields of eggs in these systems are too low to analyze with ICP-MS. Previously 

published single cell data on mouse eggs was acquired on XFM beamlines that did not provide 

sufficient incident flux for detection of manganese signals; however the single cell studies 

described here open the door to the evaluation of these questions. While the role of the manganese 

efflux is not known, one possible role may be as a block to polyspermy. In a mouse model, Mn2+ 

inhibited sperm-zona pellucida interactions, with 50% inhibition at 1.25 mM MnCl2. (46) This is 

similar to what we found in our Xenopus model, in which half of fertilization was inhibited at 890 

μM MnCl2. Estimating the concentration of Mn released in the area around the Xenopus zygotes 

gives a value in the hundreds of micromolar range (see SI for calculations). Thus our results are 

consistent with a model in which the Mn and Zn release functions in part to block the entry of a 

second sperm, though additional tests of this mechanism are required. 
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In conclusion, we have found that a zinc exocytosis event upon fertilization is 

evolutionarily conserved between mammals and amphibians. Additionally, we have found that 

manganese is also released from Xenopus eggs and that both metals can inhibit fertilization.  

 

Materials and Methods 

Additional details including descriptions of methods and calculations are included in Supplemental 

Information.  

Confocal Imaging. Xenopus eggs were obtained via established methods. Eggs were acquired 

from female Xenopus laevis (Nasco) between the ages of 3 to 10 years old. Confocal images were 

taken at 2.5X using a Leica SP5 microscope (Biological Imaging Facility, Northwestern 

University). Eggs were imaged in 0.1X Ca2+, Mg2+, and EDTA-free Marc’s Modified Ringer’s 

(MMR: 10 mM NaCl, 200 μM KCl, 500 μM HEPES pH 7.4) buffer containing 50 µM FluoZin-3 

tetrapotassium salt (ThermoFisher Scientific). In order to parthenogenically activate the eggs, 

ionomycin calcium salt from Streptomyces conglobatus (Sigma Aldrich) in DMSO was added to 

the buffer at a final concentration of 20 µM. To image fertilization, around half of a testis was 

ground in 200 µl 1X Ca2+, Mg2+, and EDTA-free MMR (100 mM NaCl, 2 mM KCl, 5 mM HEPES 

pH 7.4) and kept on ice. Before imaging, the sperm solution was mixed 1:1 with 0.1X Ca2+, Mg2+, 

and EDTA-free MMR and added at a 1:10 dilution to the buffer in the imaging dish. 

ICP-MS. The jelly coat of eggs and embryos was removed through soaking in a 3% w/v solution 

of cysteine-HCl, pH 8 for 10 minutes. They were rinsed and then 20 egg/embryos were placed in 

a metal-free conical tube. 3-5 tubes of eggs/embryos were analyzed for each of the 4 separate frogs. 

The eggs/embryos were dried in a heat block and dissolved in 450 μl 67-70% trace-metal free 



 

 

79 
nitric acid (Supelco) overnight at 70 C. The solution was diluted to 15 ml using MilliQ H2O. Metal 

concentrations were measured using a Thermo iCAP Q ICP-MS and a Thermo iCAP 7600 ICP-

OES (Quantitative Bio-element Imaging Center, Northwestern University). The elemental 

composition of frog tank water was measured using a Thermo iCAP Q ICP-MS and a Thermo 

Element2 High Resolution Magnetic Sector Field ICP-MS (Quantitative Bio-element Imaging 

Center, Northwestern University) 

EPR/ENDOR/ESEEM Spectroscopy. Frog eggs and embryos were loaded into a quartz EPR 

sample tube, flash-frozen in liquid nitrogen, and stored at 77 K until analysis. 35 GHz continuous-

wave (CW) EPR spectra were recorded using a lab-built 35 GHz EPR spectrometer. (114) 

Absorption-display EPR spectra were collected from eggs/embryos and Mn-metabolites by using 

CW “rapid passage” methods at 2 K as previously described. (101, 104) Pulsed ENDOR/ESEEM 

spectra were recorded using a lab-built 35 GHz pulsed EPR spectrometer. (115) All spectra were 

recorded at 2 K using an immersion helium cryostat. Experiments were performed on three sets of 

samples and the average 31P%, 1H% were used to calculate the fractional Mn2+ speciation. The 

fractional populations of Mn-L, L = H2O, Pi, polyP, and ENDOR-silent complexes reported as 

percentages were obtained using a heuristic binding model as previously described. (102)  

Sample Fixation and XFM. Eggs/embryos were fixed in a solution containing NaSH (2.5% 

glutaraldehyde, 2% paraformaldehyde, 20 mM NaSH, in 0.1 M PIPES buffer, pH 7.4) for 2 hours 

at RT. They were then dehydrated in EtOH. After dehydration, eggs/embryos were infiltrated with 

a Durcupan resin and polymerized at 65° C for 24 hours. Sections of 400 nm and 2 μm thickness 

were obtained with a Ultracut-S ultramicrotome (Leica) using a diamond knife (Diatome/EMS). 

Egg and embryo sections were mounted on 200 nm-thick silicon nitride windows (Norcada) and 
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were glued to aluminum sample holders using clear nail polish. The sections were imaged at 

Beamline 2-ID-D at the Advanced Photon Source at Argonne National Laboratory.  

Analytical Electron Microscopy. Eggs and embryos used in AEM studies were fixed as above.  

~ 150 nm thick ultramicrotome-cut sections were mounted on an aluminum grid coated with a 

Formvar and a carbon film and mounted in a custom-manufactured beryllium-tipped cryo-transfer 

tomography holder from Fischione Instruments. Experimental measurements were performed 

using ThermoFisher Talos F20 and the prototype ANL PicoProbe AEM’s, both equipped with the 

most recent generations of high solid angle (~ 1sR) X-ray energy dispersive spectroscopy systems. 

All observations were made at 200 kV in both TEM and STEM modes at room temperature. 

Temporally resolved hyper spectral imaging (HSI) was used to scan variable area regions of 

interest at spatial resolutions ranging from 2-100 nm. Probe currents employed were typically ~ 

100 pA, HSI regions of interest utilized pixel dwell times of ~ 25 μsec/pixel for hundreds of frames 

to develop statistics and mitigate drift, resulting in final data acquisition times of  ~ 500 msec/pixel. 

Programs used for data acquisition and analysis were ThermoFisher Scientific TIA/ESVision and 

ThermoFisher Scientific Velox. 

Fertilization Experiments. Eggs were placed in 0.1X EDTA-free MMR containing different 

concentrations of ZnSO4 or MnCl2 for 15 minutes. They were fertilized using a sperm solution 

containing the same metal concentration. 15 minutes after fertilization, the dishes were flooded 

with the corresponding metal solutions. After cleavage became apparent, eggs were scored 

between uncleaved, properly cleaved, and failed cleavage. The percent of eggs properly cleaved 

in the experimental groups was normalized to that of a control group fertilized in buffer that was 

not spiked with zinc or manganese.  



 

 

81 

Chapter 3: EMI2 Binds Zinc Over Five Orders of 
Magnitude 

 
John F. Seeler, Andrew Crawford, Muhammed Qureshi, Stephen J. Allen, Graham George, 
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Abstract 

Successful mitosis and meiosis require tight regulation. The anaphase promoting complex 

/cyclosome (APC/C) governs cell cycle progression and is regulated by the spindle checkpoint 

protein EMI2 during meiosis. In mammalian oocytes, zinc levels increase between prophase I and 

metaphase II and then decrease following fertilization. The spindle checkpoint protein EMI2 

establishes and maintains metaphase II arrest. EMI2 has two zinc binding sites, one C4 and one 

C3H. According to the results of competitive chelation experiments, the stronger site binds zinc 

420,000X more tightly than the weaker. High-energy-resolution fluorescence detection X-ray 

absorption spectroscopy analysis of EMI2 show that the C4 site has the tighter binding affinity. 

Because zinc fluxes correlate with APC/C inhibition, we believe that at least one zinc-binding site 

in EMI2 is regulatory and that zinc therefore acts as a signaling agent in meiosis. Although 

transition metals have traditionally been viewed as only protein cofactors, this work contributes to 

the growing understanding that they can possess signaling functions as well. 
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Introduction 

Mitosis and meiosis occur in every sexually-reproducing species and require the precisely 

timed activity of regulatory proteins at each stage. (116) The anaphase promoting 

complex/cyclosome (APC/C) is a ubiquitin ligase that governs cell cycle progression. The APC/C 

attaches polyubiquitin chains to substrate proteins, which are subsequently degraded by the 26S 

proteasome. (47) The evolutionarily-conserved vertebrate spindle checkpoint proteins EMI1 (early 

mitotic inhibitor 1, a.k.a. F-box protein 5 [FBXO5]) and EMI2 (a.k.a. Emi1-related protein 1 

[Erp1] and F-box protein 43 [FBXO43]) are involved in inhibiting the APC/C in mitosis and 

meiosis, respectively. (48-50) EMI2 begins to be expressed after metaphase I and is at its 

maximum expression at metaphase II when it fully inhibits the APC. (63) The APC remains 

inhibited until fertilization, when EMI2 is degraded and the zygote proceeds into anaphase II (AII). 

(29) EMI2 is required for proper meiotic progression in both oocytes and sperm. (70) 

Zinc fluxes regulate meiotic progression during oocyte maturation in mammals. As murine 

oocytes undergo meiotic maturation, their zinc content increases by 50% within 12 hours between 

the germinal vesicle (GV) stage and metaphase II arrest. (4, 5) Upon fertilization or chemical 

activation there is an efflux of zinc, dubbed “zinc sparks”. About 20% of the zinc leaves within 6 

hours post fertilization. (6) Zinc sparks occur in multiple mammalian species (6, 7, 15) as well as 

different classes of vertebrates. (17, 18) (Seeler et al., accepted) Proper embryonic development is 

then dependent on adequate levels of zinc. (13) 

Perturbing these natural changes in zinc concentration leads to meiotic catastrophe. 

Decreasing the amount of available zinc, either through treatment with the zinc chelator 

N,N,N’,N’-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) (5, 8, 29) or through disrupting the 
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zinc transporters ZIP6 and ZIP10 with morpholinos or antibodies (11), leads to meiotic 

catastrophe. Likewise, unnaturally high zinc levels can also disrupt meiosis. Zinc pyrithione, a 

zinc ionophore, inhibits the meiotic progression of activated eggs; oocytes retain a metaphase-like 

spindle (so-called “metaphase III”) rather than proceeding to interphase. (7)  

EMI2’s zinc-binding region (ZBR) is an in-between-ring (IBR) domain located near the C-

terminus. It possesses two tetrahedral metal binding sites, each containing two pairs of amino acid 

ligands (C4 and C3H). EMI2 requires a functional ZBR to be able to inhibit the APC/C. Mutating 

the ZBR leads to meiotic catastrophe: mutating the first cysteine in both Xenopus laevis and murine 

EMI2 (C583A/C573A) causes significant problems. (5, 29, 71) Additionally, mutating C591A (the 

third cysteine in the first site) or C601A (the first cysteine in the second site) affect murine EMI2’s 

ability to maintain metaphase II arrest. (29) Premature expression of EMI2 affects meiotic 

progression; injecting EMI2 into GV oocytes arrests them at metaphase I. The addition of TPEN 

to the medium prevents the precocious arrest, further demonstrating that EMI2 requires zinc to 

function. (5) 

Because there is a significant flux in intracellular zinc levels in mammalian meiosis and 

because EMI2 requires an intact ZBR in order to function, we hypothesize that zinc acts a signaling 

agent to establish as well as end meiotic arrest. The purpose of these experiments was twofold: 

First, what are the affinities of EMI2’s zinc-binding sites? Second, structurally which site (C4 or 

C3H) possesses the higher zinc-binding affinity? As demonstrated below, one of EMI2’s zinc-

binding sites possesses a zinc-binding affinity 420,000X stronger than that of the other. Therefore, 

we predict that as intracellular zinc content increases between GV and metaphase II, the regulatory 

site is filled. EMI2’s structure changes, allowing it to inhibit the APC. Following fertilization, zinc 
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leaves the regulatory site, EMI2’s structure returns to its half-filled form, it no longer binds the 

APC, and the zygote enters into AII.  

 

Methodological Improvements 

When I inherited this project, improvements were necessary for both the purification of EMI2ZRL 

and the competitive chelation experiments. The following is a description of the changes I made 

and their rationale. 

EMI2ZRL Purification Process Improvements 

When I took over the project and attempted to conduct titration experiments with frozen aliquots 

of protein, the titrations failed because the protein was oxidized or otherwise degraded. In addition, 

the yield of the month-long expression and purification protocol was low. I therefore proceeded to 

improve the process and made the following changes (see the Methods section for the complete, 

final protocol – note that not every step was modified): 

Increased Concentration of Reducing Agent: The original protocol used 1 mM 1,4-

dithiothreitol (DTT), a reducing agent. However, this is 1/5 of the recommended amount to use, 

which is probably why the EMI2 was oxidized after a month-long purification process. I switched 

to 5 mM DTT and then finally to 1 mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP). 

TCEP is superior to DTT because of its longer lifespan. (117) 

Increased Growth Volume: The original protocol called for 4 L of media to be grown. 

However, because of the low yield of the protocol and extra space in the shakers, I increased the 

volume to 10 L. 



 

 

86 
Larger Anion Exchange Column: The original protocol used a GE Healthcare 5 ml 

HiTrap Q column. I switched to a 20 ml HiPrep Q column, which contains the same resin. The 5 

ml column was being overloaded, especially when I increased the amount of protein by 2.5X. 

MBP Cleavage: Because the EMI2ZRL protein is expressed with an MBP tag which is 5X 

the size of the construct, the tag needs to be cleaved by the Factor Xa protease. The original 

protocol called for using Factor Xa at a 1:100 ml: ml ratio. This does not make sense, because 

although the Factor Xa comes from the manufacturer at a specific concentration, the protein is not 

eluted from the anion exchange column at the same concentration in every experiment. Therefore, 

the tag needs to be cleaved at a standard mg: mg ratio. I tried different ratios of protease to MBP-

EMI2ZRL, but only got good cleavage at 1:25 or 1:50, which uses a prohibitively expensive amount 

of protease. I therefore optimized the buffer conditions. After testing multiple buffers, 20 ml 

HEPES, 100 mM NaCl, pH 7.4, with 10 mM β-mercaptoethanol provided the most efficient 

cleavage. I proceeded with a 1:200 Factor Xa: MBP-EMI2ZRL ratio.  

Cation Exchange Column: After cleavage, the cleaved EMI2ZRL needs to be separated 

from the MBP tag and Factor Xa by a cation exchange column. The original protocol used a GE 

Healthcare 5 ml HiTrap SP FF column and called for the column to be loaded and run manually – 

i.e. through slowly pressing a syringe full of protein and elution buffer over a handheld column. 

This did not lead to good protein separation – although some of the cleaved MBP and/or Factor 

Xa were removed, the elute consisted of a mixture of cleaved EMI2ZRL, cleaved MBP, Factor Xa, 

and an off-target cleavage product. I changed the protocol so that the column was run over a salt 

gradient using the FPLC, which separated the enzyme and the different cleavage products. 

Additionally, I switched to a GE Healthcare 5 ml HiTrap SP HP column, which provides better 

resolution than the FF (Fast Flow) column. 
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Gel Filtration Column: Because the cation exchange column in the original protocol did 

not separate the cleaved EMI2ZRL from the other proteins, it called for a gel filtration column to 

separate them. Since I obtained a pure EMI2ZRL peak once I used a buffer gradient for the cation 

exchange column, I eliminated the need for the gel filtration, saving time and a significant amount 

of protein. 

Final Buffer Exchange: In the original protocol, EMI2ZRL was demetallated using a 

dialyzer cassette and three rounds of EDTA-containing buffer, followed by exchange into one 

round of the final titration buffer. After this, the protein was run over a GE Healthcare PD 10 

desalting column. This led to significant protein loss through dilution as well as some zinc 

contamination of the demetallated protein, as the column cannot be pre-cleaned with nitric acid to 

remove any endogenous metal. I altered this step in order to eliminate the PD 10, instead keeping 

the protein in the dialysis cassette and exchanging into a total of three rounds of titration buffer. 

 Titration Experiment Improvements 

Upon inheriting this project, the competitive chelation experiments provided zinc-binding KDs of 

EMI2ZRL over two orders of magnitude. Additionally, the titration experiment for determining the 

affinity of the weak-binding site was set up inversely, possibly leading to inaccurate results. 

Therefore, the following changes were made to the titration experiments: 

Automation of Titration Process: Originally, the titrations were performed using a 

Hamilton syringe fitted with a repeater. After titrating zinc, the solution in the cuvette was mixed 

with a pipet, allowed to sit to equilibrate, and then the fluorescence was measured. There were 

several problems with this procedure. First, titration by hand is not very accurate, leading to 

irregular fluorescence curves and therefore poor data fitting. Second, the total liquid volume in the 

cuvette is 1 ml. Inserting a syringe and then mixing with a pipettor after each step leads to sample 
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loss, which noticeably affects the final volume and therefore the calculations. Third, constant 

mixing is better for reaching chemical equilibrium than pipetting several times. Fourth, the 

titrations were performed at room temperature, while they should have been performed at a set, 

steady temperature. To solve these problems, I purchased a stirring/water bath accessory for the 

fluorimeter as well as a syringe pump. The accessory turns a tiny stir bar at the bottom of the quartz 

cuvette and is connected to a water bath by hoses in order to maintain a constant temperature. The 

syringe pump accurately titrates small volumes of liquid and can be automated, leading to more 

accurate and precise titrations. 

Changes to Fitting Process: The initial experiments contained about six titration points 

which, when analyzed, did not lead to reproducible KD values. After discussions with Professor 

Christoph Fahrni (Georgia Institute of Technology), the procedure was changed so that there were 

20 titration points in order to obtain a good fit. Additionally, I only analyzed titration data between 

10 – 90% zinc occupancy, which contains the greatest part of the slope of the binding isotherm. 

(118) 

Redesign of Weak-Binding Site Titration: The standard protocol for a competitive 

chelation experiment is to have the protein and chelator in a cuvette, and then titrate in metal and 

measure the increase in fluorescence. (119) Originally, the titration for the weak binding site was 

set up inversely: EMI2 (one zinc loaded – OZL) was titrated into a cuvette containing zinc and 

FluoZin-3 (FZ3), a zinc binding dye. As zinc entered the EMI2 weak binding site, the fluorescence 

of the FZ3 is quenched. The problem with this setup is that if EMI2’s zinc-binding affinity is much 

greater than that of FZ3, there is little competition and the fluorescence should be quenched 

virtually linearly, preventing a good fit of the titration data. I therefore set this experiment up 

according to the standard protocol in which zinc is titrated into the cuvette at a 1:1 EMI2 (OZL): 
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FZ3 ratio. The fluorescence was quenched until almost all of the EMI2 (OZL) was bound to zinc, 

meaning that the EMI2 has a significantly higher zinc-binding affinity than FZ3. I then tried a 1:10 

EMI2 (OZL): FZ3 ratio which provided good competition, proving that the original inverse 

protocol was not giving a good fit. 

 

Results 

EMI2’s binding sites have significantly different zinc-binding affinities. Full length EMI2 is 

insoluble at the concentrations necessary for biochemical experiments. Because of this, we 

designed a truncated construct, dubbed EMI2ZRL, of murine EMI2 containing amino acids 566-

641. This contains part of the linker, the IBR domain, and continues to the C-terminus (Figure 

3.1). Truncated peptides containing a zinc finger can be used to accurately determine binding 

affinity of the whole protein because their structure is mainly influenced by zinc binding. (120) 

 

 
Figure 3.1: Sequence of the EMI2ZRL construct. 
 
  

In order to determine the zinc-binding affinities of the two zinc-binding sites, we performed 

fluorescent competitive chelation experiments. Titrations were performed with a syringe pump, 

which titrated with 99% accuracy (Table 3.1). Additionally, this was confirmed through measuring 

the amount of zinc in the cuvette post-titration through inductively coupled plasma mass 
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spectrometry (ICP-MS). The theoretical amount of zinc in the cuvette was the same as measured 

by ICP-MS (Table 3.2). 
 

Volume of Water in Cuvette (μl) % Difference from Theoretical Volume 
Experiment 1 51.67 98.4 
Experiment 2 51.94 98.9 
Experiment 3 51.97 99.0 
Experiment 4 52.14 99.3 
Experiment 5 52.13 99.3 
Mean ± SD 52 99 ± 0.43 % 
 
Table 3.1: Accuracy determination of the syringe pump. 2.5 μl was titrated 21 times for a final 
theoretical volume of 52.5 μl. The cuvette was weighed before and after titration to obtain the mass 
of water in the cuvette. The syringe pump titrates with 99% accuracy. 
  

Post-Titration [Zinc] (in mM) 
Theoretical Amount of Zinc in Cuvette 1.0 ± 0.0078 

Experiment 1 ICP-MS Value 1.0 ± 0.0064 
Experiment 2 ICP-MS Value 1.0 ± 0.015 
Experiment 3 ICP-MS Value 1.0 ± 0.013 

 
Table 3.2: The final amount of zinc measured in the cuvette by ICP-MS for three representative 
TPEN titrations compared to theoretical amount of zinc. The experimental zinc concentrations 
agree with the theoretical. 

 

To determine the affinity of the tighter-binding site, we followed an established procedure 

which provides a very close approximation. (121) Demetallated EMI2ZRL competed for zinc 

against TPEN (KD = 2.6 × 10−16 M), which was at a 50-fold molar excess. Zinc was titrated into a 

fluorescence cuvette. Because TPEN possesses no intrinsic fluorescence, the fluorescence of the 

protein’s tyrosine residues was measured. As EMI2ZRL binds zinc, its average structure changes, 

leading to an increase in fluorescence emission. The zinc-binding affinity of the strong site was 

determined to be 1.3 ± 0.10 x 10-15 M (mean ± SD, n = 3) (Figure 3.2). 
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Figure 3.2: Representative strong-binding site titration (R2 = 0.99906). Data were fit to Equation 
1 (see Materials and Methods). The affinity of the strong-binding site is 1.3 ± 0.10 x 10-15 M (mean 
± SD, n = 3). [EMI2ZRL] = 20 μM, [TPEN] = 1 mM. ZnSO4 titrations: [ZnSO4] = 20 mM, 2.5 μL 
per titration. Excitation wavelength: 278 nm. Emission wavelength: 311 nm. a. Change in 
fluorescence from 0 – 105% zinc occupancy of the strong binding site (0 – 52.5% zinc occupancy 
of EMI2ZRL). b. Fitted data from 10 – 90% zinc occupancy. 
 

 

Competition with TPEN demonstrated that one binding site has a much higher affinity than 

the other. In order to determine the affinity of the weak binding site, we filled the strong binding 

site with one molar equivalent of zinc before performing competitive chelation experiments. 

Through testing zinc chelators with varying affinities, we found that a ratio of 1 mole EMI2ZRL 

(one zinc-loaded) to 10 moles of FZ3 achieved good competition. FluoZin-3 (KD = 9.1 × 10−9 M) 

(95) is a zinc-binding dye, so its fluorescence changes were measured following each titration. The 

zinc-binding affinity of the weak site was determined to be 5.4 ± 0.47 x 10-10 M (mean ± SD, n = 

3) (Figure 3.3). There is therefore a ~420,000-fold difference between the affinities of the two 

binding sites. 
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Figure 3.3: Representative weak-binding site titration (KD = 5.9 x 10-10 M, 95% CI: 4.1 – 8.0 x 
10-10 M. Data were analyzed with Dynafit (see Materials and Methods). The affinity of the weak-
binding site is  5.4 ± 0.47 x 10-10 M (mean ± SD, n = 3). [EMI2ZRL (one zinc-loaded)] = 2 μM, 
[FluoZin-3] = 20 μM. ZnSO4 titrations: [ZnSO4] = 440 μM, 2.5 μL per titration. Excitation 
wavelength: 425 nm. Fluorescence integrated over 490 - 650 nm. a. Change in fluorescence from 
0 – 115% zinc occupancy of the weak binding site (50 – 107.5% zinc occupancy of EMI2ZRL). b. 
Data fitted from 10 – 90% zinc occupancy. 
 
 

The C4 binding site has higher zinc-binding affinity than the C3H. Competitive chelation 

experiments provide information on the binding affinities of metal-binding sites, but if a protein 

contains multiple binding sites the experiments cannot tell which affinity corresponds to which 

site. Many studies of zinc coordination environments use the X-ray absorption fine structure 

(EXAFS) and X-ray absorption near-edge structure (XANES) regions of the X-ray absorption 

spectroscopy (XAS) spectrum. Unfortunately, spectral changes as a function of atomic number 

change almost indiscernibly and similar to X-ray diffraction, XAS methods, at least in the classical 

sense, cannot distinguish similar scatterers. For Zn, this tends to be the case, and both nitrogen and 

sulfur ligands can appear ambiguous in XAS spectra. 

However, recent advancements in XAS have made possible the differentiation of these two 

ligands through the use of high-energy-resolution fluorescence detection (HERFD) spectroscopy, 
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which we have applied to the study of EMI2 to identify whether the C4 or the C3H site constitutes 

the strong binding site. HERFD narrows the energy bandwidth of the X-ray fluorescence, 

providing higher resolution information and therefore permitting accurate identification of the 

metal coordination environment. (122, 123) 

 Two samples of EMI2ZRL were compared. One was loaded with 0.95 molar equivalents of 

zinc while the other was loaded with 2.05. Because of the great difference in binding affinities of 

the two sites, virtually all of the zinc in the former sample should be located in the strong-binding 

site. The samples were analyzed at the Stanford Synchrotron Radiation Lightsource (SSRL) at the 

SLAC national accelerator laboratory. The experimental spectra were compared to HERFD spectra 

of zinc in C4, C3H, and C2H2 coordination environments (24), strongly suggesting that EMI2’s 

strong-binding and weak-binding sites are C4 and C3H, respectively (Figure 3.4). 
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Figure 3.4: Determination of Zn and EMI2 stoichiometry via HERFD. a. Zn HERFD spectra 
collected at SSRL beam line 15-2 using a single Zn crystal analyzer for Zn1-Emi2 and Zn2-EMI2. 
The spectrum for Zn1EMI2 is overlaid by the spectra for Zn-Cys4, Zn-Cys3His1, and Zn-Cys2His2 
peptides from Thomas et al. (124) b. The overlaid points of Zn1- and Zn2-bound EMI2 suggest the 
Zn2+ in the tight binding (structural) site is bound by 4 cysteines and the Zn in the weak binding 
(regulatory) site is bound by 3 cysteines and 1 histidine. Linear regression of the Thomas peptide 
standards resulted in r2 of 0.9425 and 0.9993 for peaks 1 and 2, respectively. 
 
Discussion 

According to our competitive chelation results, there is an approximately 420,000-fold 

difference in the zinc-binding affinities of EMI2’s two binding sites. This is a very large difference 
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for RING proteins. Although RING proteins’ metal-binding affinities have not been studied in 

depth, the literature differences in affinity are within two orders of magnitude. (58, 125, 126) We 

therefore believe that EMI2’s zinc binding has a regulatory role, with the strong-binding site 

having a structural role and the weak-binding site having a regulatory role, filling as intracellular 

zinc levels rise and losing its bound zinc following fertilization. Because free zinc levels in a 

mammalian cell are usually on the pico-molar scale (11, 23), it is plausible that cytoplasmic zinc 

levels increase between G2/PI and decrease following the zinc efflux, as a 50% increase in 

intracellular zinc would significantly affect the oocyte’s zinc buffering capacity. In vitro 

experiments reconstructing the minimal functional unit of the APC/C as well as in vivo 

experiments will provide support for the hypothesis that EMI2’s function is regulated by zinc 

occupancy. 

According to the HERFD data, the C4 site possesses a stronger binding affinity than the 

C3H site. Because the affinity of a zinc-binding site is affected by pH and the surrounding amino 

acid environment (120, 127, 128), a C4 site is not expected to necessarily have a stronger affinity 

than a C3H. (128) The identification of the strong-binding site will allow further experiments to 

focus on how zinc binding to the C3H site changes EMI2 structure and therefore affects EMI2 and 

therefore APC/C regulation. 

 EMI2 is conserved in vertebrates and it is currently unknown how broadly zinc regulation 

of meiosis is conserved in classes other than Mammalia, though in Xenopus proper zinc levels are 

necessary for prophase I (26-28) and AII (Figure 2.3) entry. To determine if zinc regulation of 

EMI2 is evolutionarily conserved, recombinant EMI2 from different vertebrate species should be 

purified and analyzed.  
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Signaling and regulatory ions are generally considered to be alkali and alkaline metals, 

with transition metal ions serving as protein cofactors. However, emerging evidence demonstrates 

that Zn2+ has a signal transduction role in both the brain (129) and pancreas. (3) If our planned 

experiments demonstrate that Zn2+ regulates meiotic progress through differential binding to 

EMI2, this will contribute to the emerging picture that transition metal ions can act as signaling 

agents, rather than just as protein cofactors. 

 
Materials and Methods 

Protein expression. To produce EMI2ZRL, the following insert was cloned into a pMALc5x 

plasmid (New England Biolabs N8108S), which produces maltose-binding protein fusions:  

 
actgatgaagctttaaagccttgcccgaggtgccaatcccctgctaagtaccagccgcacaaga
aaagggggctatgcagccgcctggcctgcggctttgacttctgtgtgttatgtctgtgcgctta
tcacgggtctgaagactgtagaagagggtcagcaaaggcgagaggtagcaaagatgttctccca
gggagtgcccaaagcaagcggaacttaaaacgcctctga 
 
The plasmid was transformed into NEB Express E. coli (#C2523I). Bacteria were grown overnight 

at 37 C and transferred at a 1:100 dilution into Luria-Bertani broth containing 2 g/L glucose, 100 

μg/L ampicillin, and 100 μg/L ZnSO4. The bacteria were grown at 37 C until they reached 

logarithmic growth phase (OD 0.6-0.8). They were induced with IPTG (330 μM/L) and harvested 

after 4 hours. 

Protein purification. All purification was performed at 4 C. The bacteria were resuspended in 

column buffer (20 mM HEPES, 200 mM NaCl, pH 7.4, containing 1 mM TCEP) and then 

homogenized using an Avestin Emulsiflex C5 (Recombinant Protein Production Core, 

Northwestern University). The lysate was loaded onto an amylose column (NEB #E8021L) 
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equilibrated in column buffer. The column was washed with 3 column volumes of buffer and then 

the protein was eluted with 3 column volumes of buffer containing 10 mM maltose. 

 The protein was then concentrated and exchanged into 20 mM HEPES, pH 7.4 containing 

1 mM TCEP. The protein was loaded onto a HiPrep Q HP 16/10 column (GE #29018182) pre-

equilibrated in the same buffer. The run was over a 0-300 mM NaCl gradient with a total elution 

volume of 600 ml. 

 Fractions containing pure protein were concentrated and exchanged into 20 mM HEPES, 

100 mM NaCl, pH 7.4, containing 10 mM β-mercaptoethanol. Factor Xa (NEB #P8010L) was 

added at a ratio of 1 mg Factor Xa: 200 mg MBP-EMI2ZRL. The cleavage proceeded for 24 hours 

at 4 C. 

 To separate EMI2ZRL from cleaved MBP, Factor Xa, and off-target cleavage products, the 

sample was loaded onto a HiTrap SP HP column (GE #17115201) pre-equilibrated in 20 mM 

HEPES, 100 mM NaCl, pH 7.4, containing 1 mM TCEP. The run was over a 100-500 mM NaCl 

gradient with a total elution volume of 100 ml. Fractions containing pure EMI2ZRL were 

concentrated using a centrifugal concentrator with a 3 kDa MWCO.  

 To demetallate the protein, it was loaded into a dialyzer cassette with a 3,500 kDa MWCO 

(ThermoFisher #66110). The cassette was placed in 500 ml of demetallation buffer (20 mM 

HEPES, 50 mM EDTA, 100 mM NaCl, pH 7.4 containing 1 mM TCEP) and stirred for at least 3 

hours. The buffer was replaced twice for a total of 3 rounds of exchange. Titration buffer (50 mM 

HEPES, 100 mM NaCl, pH 7.4 containing 1 mM TCEP) was treated with 10 g Chelex 100 

Molecular Biology Grade Resin (Biorad #1421253) per liter of buffer for at least 2 hours prior to 

use. To prepare the protein for titration, the cassette was placed in 500 ml of titration buffer and 

stirred for at least 3 hours. The buffer was replaced twice for a total of 3 rounds of exchange. 
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 The protein was removed from the cassette and placed in a metal-free conical tube (VWR 

#89049-170). Protein concentration was determined by BCA assay (ThermoFisher #23252). To 

determine the amount of residual metal contamination, the protein was analyzed using a Thermo 

iCAP Q Inductively Coupled Plasma Mass Spectrometer (Quantitative Bio-element Imaging 

Center, Northwestern University).  

Strong binding site competitive chelation experiments. A 20 mM stock solution of N,N,N’,N’-

Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN - Sigma #P4413) in DMSO was created. 

Demetallated EMI2ZRL and TPEN were added to Chelex-treated titration buffer in a quartz cuvette 

(Hellma #119004F-10-40) at final concentrations of 20 μM and 1 mM, respectively, in a total 

volume of 1 ml. The cuvette was stirred for 10 minutes in a PerkinElmer LS-55 Fluorescence 

Spectrometer at RT. The cuvette was excited at 278 nm and emission was measured at 311 nm. 

Using a syringe pump (JKEM Scientific #SYR-1200-PC), 21 titrations of 2.5 μl 20 mM ZnSO4 

were performed to achieve a final zinc occupancy of 52.5% (i.e. 105% of the strong-binding site). 

The solution was found to equilibrate after 10 minutes (Figure 3.5), so the solution in the cuvette 

was stirred for 10 minutes in the fluorimeter before each titration. 



 

 

99 

 
 
Figure 3.5: Kinetics of TPEN competition demonstrating that equilibrium is reached within 10 
minutes post-titration. a. Graph of fluorescence at 50% zinc occupancy. Each line represents one 
minute after zinc addition. b. Graph of fluorescence at 90% zinc occupancy. Each line represents 
one minute after zinc addition. 
 

Data between 10-90% zinc occupancy were analyzed, which contains the greatest part of 

the slope of the binding isotherm. (118) Data were normalized so that the fluorescence at 10% zinc 

occupancy = 0 and fluorescence at 90% zinc occupancy = 1. The zinc binding affinity of the strong 

site was estimated using the following equation (121): 

 

# = 	 #%&' ∗ )*+,-2
/01 + #%34 ∗ [6789::]

)*+,-2/01 + [6789::]
 

 
Equation 1 
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F is the fluorescence of EMI2ZRL after each titration.  

Fmax = 1. 

Fmin = 0. 

[ZnFree] was estimated using the program SPE using pKa and logKZn-TPEN values of TPEN. (121, 

130) 

 

Weak binding site competitive chelation. In order to determine the zinc-binding affinity of the 

weak binding site, the strong-binding site of EMI2ZRL was filled with 1 molar equivalent of ZnSO4. 

Because the difference in zinc-binding affinities is so great, virtually all of the added zinc should 

fill the strong-binding site. A 500 μM stock solution of FluoZin-3, Tetrapotassium Salt, Cell 

Impermeant (FZ3 - ThermoFisher #F24194) in MilliQ H2O was created. EMI2ZRL (loaded with 

one molar equivalent of zinc) and FZ3 were added to Chelex-treated titration buffer in a quartz 

cuvette (Hellma #119F-10-40) at final concentrations of 2 μM and 20 μM, respectively, in a total 

volume of 2 ml. The solution was found to equilibrate after 5 minutes (Figure 3.6), so the solution 

in the cuvette was stirred for 5 minutes at 25C in the fluorimeter before each titration. 23 titrations 

of 2.5 μl 440 μM ZnSO4 were performed to achieve a final zinc occupancy of 115% of the weak-

binding site (107.5% zinc occupancy of EMI2ZRL). FZ3 was excited at 425 nm. Emission was 

measured and integrated between 490 – 650 nm.  

In order to determine the zinc-binding affinity of the weak-binding site, data between 10-

90% zinc occupancy were analyzed using the program DynaFit. (131-133) The data were fit to the 

following equation: 
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Equation 2 

S is the fluorescence after each titration. 

S0 is offset on the signal axis from the instrument. 

n is the number of molecular species in the reaction. n = 5 and the species are EMI2, Zinc, EMI2 

bound to zinc, FluoZin-3, and FluoZin-3 bound to zinc. 

ci is the concentration of the ith species after each titration. 

ri is the molar response coefficient of the ith species. 

The program solves a system of simultaneous first-order ordinary differential equations in order 

to determine concentrations at each timepoint and from those it estimates the KD of EMI2’s 

weak-binding site. (134) 
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Figure 3.6: Kinetics of FluoZin-3 competition demonstrating that equilibrium is reached within 
5 minutes post-titration. a. Graph of fluorescence at 50% zinc occupancy. Each line represents 
one minute after zinc addition. b. Graph of fluorescence at 90% zinc occupancy. Each line 
represents one minute after zinc addition. 
 

High-energy-resolution fluorescence detection spectroscopy. High energy resolution 

fluorescence detection (HERFD) spectroscopy data were collected at the SSRL using SPEC data 

acquisition software (Certified Scientific Software, Cambridge, Massachusetts, USA). Zn K near-

edge spectra were measured on the 22 mm period 174-pole in vacuum undulator beam line 15-2 

with Kirkpatrick-Baez focussing optics and employing a Si(311) double-crystal monochromator. 

All samples were measured at 10 K in HERFD mode using a single spherically bent Si(642) crystal 

analyzer in the Johan geometry with a 1 m Rowland’s circle. (135) The Zn Kα1 fluorescence line 

with a peak emission energy of 8639.25 eV was used with the diffracted fluorescence measured 

using a silicon drift detector (Vortex EX-90, Hitachi High-Tech Science America, Inc., 
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Schaumburg, Illinois, USA). The beam (size = 820 μm × 80 μm) was moved to a new position on 

the sample after every other scan; no photochemical changes to the sample (136) were observed 

between the first and second sweeps. Incident and downstream beam intensities were measured 

using photodiodes. Energy calibration was performed using the transmission spectra from a Zn 

foil positioned immediately downstream the sample between I1 and I2, with the first energy 

inflection assumed to be 9660.7 eV. All XAS data normalizing and processing was performed 

using EXAFSPAK (137) and MATLAB. 
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Chapter 4: The Effects of Chemical Fixation on the 
Metal Content of Eggs and Tissue 

 

John F. Seeler, Yu-Ying Chen, Carole LaBonne, Teresa K. Woodruff, Reiner Bleher, Thomas V. 
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Abstract  

The increasing sensitivity of electron- and X-ray-based analytical microscopes can provide images 

of biological samples at high spatial resolution with atomic-level sensitivities on the order of 105 

atoms/μm3, depending upon the element. Several of these imaging methods require sample 

preparation steps involving ultrathin sectioning of fixed and/or polymer-embedded samples. 

Chemical fixation of cells and tissues can lead to loss and redistribution of unbound and weakly-

bound non-crystalline, diffusible elemental content or leaching of elements that are not tightly 

bound in the biological matrix. Timm’s method was developed to retain the initial distribution of 

weakly-bound pools of transition metal ions in brain tissue by the formation of sulfide 

nanocrystals. In order to determine if a modified form of this fixation method, which bypasses the 

addition of silver, accurately preserves metal contents, we compared the elemental content of cell 

(Xenopus laevis eggs) and tissue (Mus musculus ovary) samples as determined by solution-based 

analytical methods. In Xenopus eggs the elemental content of the majority of transition metals was 

unchanged after sulfide treatment and we surprisingly obtained similar results for the non-sulfide 

treated group. There was a significant loss of sodium, phosphorus, and potassium in both treatment 

groups. Analysis of elemental localization within the eggs via scanning transmission electron 

microscopy energy dispersive X-ray spectroscopy showed similar results for both treatment 

groups. In the case of mouse ovaries, we find that sulfide fixation preserves zinc content but other 

transition metal content can become skewed during fixation. A common fixation protocol that 

employs acidic conditions (modified Davidson’s) severely disrupts metal content. The data 

therefore suggest that transition metal retention is dependent on tissue type and fixation method. 
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Introduction  

Elemental analysis has shown that chemical fixation leads to a significant loss of tissue 

metal content as the fixatives permeabilize membranes. (81-83, 138) Additionally, most diffusible 

ions (such as Na+ and K+) leave the cell during fixation. (80, 85) Previous research in our group 

has used an aldehyde fixative containing sulfide to preserve the zinc content of mouse eggs. (6) 

The method starts with the first step in Timm silver staining (88), i.e. addition of a solution of 

NaSH directly to biological samples. (90) At physiological pH, NaSH contains neutral H2S, which 

can diffuse across biological membranes and into compartments that contain soluble and 

chemically available metal ions to ultimately form insoluble metal sulfides. In Timm’s original 

method, aqueous solutions of silver salts and reducing agents are then added to the sample: under 

these conditions, Timm suggested that the metal sulfide deposits catalyze the formation of metallic 

silver particles, which are readily observed by light microscopy and electron microscopy. (88, 89, 

139) In the decades following Timm’s original publication his method has been adapted and 

modified: one common variation replaces alcohol with a glutaraldehyde solution; others replace 

the sulfide sources with selenide. (90) When one moves beyond tissue-based histochemistry into 

the realm of cellular and subcellular microcopy applications, a significant problem arises: the silver 

reaction in fact displaces the native metal (Emily Que and Reiner Bleher., unpublished data). 

Another drawback of the silver treatment is that the deposition of silver on the sulfide particles 

continues as long as there are silver ions and reducing agents available near the particle (86), so 

the size of the particle can grow well beyond the boundaries of the subcellular compartment. Thus 

the size of the particle often does not correspond to the size of the original subcellular compartment 

that contained the native metal ion. (88)   
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Our group’s prior research in the inorganic physiology of the egg has demonstrated that 

the accumulation and release of zinc in cortical granules (CGs) play critical roles in development 

and fertilization. (4, 6, 7) These processes occur in monkeys (7), H. sapiens (15), B. taurus (16), 

D. melanogaster (20), A. mexicanum (17), and D. rerio (17, 18). The same zinc spark event is 

conserved in Xenopus laevis (the African Clawed Frog), an amphibian. Notably, we found the 

Xenopus egg CGs also contain manganese that is released following fertilization. (140)  

Given the critical physiological roles of metal-containing vesicles, it is imperative to 

develop protocols that accurately quantify their elemental contents and spatially resolve their 

locations. The cortical vesicles in the fixed mouse egg were imaged with scanning transmission 

electron microscopy energy dispersive X-ray spectroscopy (STEM-EDS) and X-ray fluorescence 

microscopy (XFM). Importantly, Que et al. could not detect zinc within the CGs with these 

techniques unless the fixed mouse egg was also treated with sulfide. The native locations of the 

zinc granules in the mouse egg were preserved with a modified Timm’s sulfide treatment protocol 

that also eliminated the silver enhancement step. (6) However, it is possible that the sulfide fixation 

step could still lead to some loss of zinc from the CGs. Because of the small size of mouse eggs 

(around 72 μm in diameter) (141) we were unable to quantify this possible change either via bulk 

elemental analysis or through the creation of frozen samples. 

 Xenopus eggs are ideal models to probe whether sulfide fixation can perturb cellular 

elemental content. Not only is the volume of a frog egg approximately 5000-fold greater than that 

of a mouse egg, a frog will provide hundreds of eggs in a single day. Herein, we employ inductively 

coupled plasma optical emission spectroscopy (ICP-OES) and inductively coupled plasma mass 

spectrometry (ICP-MS) to quantify the elemental contents of fixed Xenopus eggs with and without 
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sulfide treatment. To determine if metal localization changes following fixation, we used STEM-

EDS to image the cortices of the frog eggs. Although we are most interested in transition metals, 

we analyzed other elements as well because of the broad range of ICP and STEM-EDS. Finally, 

to compare the Xenopus results with those of a different tissue type, we measured the elemental 

content of mouse ovaries treated with a range of different fixatives. 

 

Results  

Cryogenic fixation with high-pressure freezing or plunge freezing is the best sample 

preparation method for preserving both the content and ultrastructural location of mobile ions as 

well as soluble, unbound proteins and small molecules. (85, 142-146) However, with a diameter 

of 1.2–1.3 mm, Xenopus eggs are too large for high-pressure freezing and we therefore needed to 

chemically fix the samples. We fixed with a glutaraldehyde-formaldehyde mixture because it has 

been shown to better preserve metal content than formalin does. (82) Previous work has shown 

that fixation of Xenopus oocytes and embryos in 5% glutaraldehyde did not significantly alter 

measured zinc content. (41)  

While glutaraldehyde or formaldehyde treatments “fix” large biopolymers and proteins in 

place in the cell by forming intermolecular crosslinks, these treatments do not “fix” most low 

molecular weight ionic species and complex ions. Zinc-specific fluorescent probe staining of CGs 

in mouse eggs was lost after treatment with sulfide, meaning that the two methods are not mutually 

compatible. (6) To directly address whether any of these fixation steps alone or in combination 

can lead to artifacts that alter metal content, we compared bulk metal content of Xenopus eggs 

after each step in the sample preparation process.  
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Metal Content of Solutions Used in Fixation 
 

 

 

 Na (M) Mg (M) K (M) Ca (M) Mn (M) Fe (M) Cu (M) Zn (M) n 

diH2O 4 x 10-7> 8 x 10-7> 3 x 10-7> 3 x 10-8 > 9 x 10-9 > 2 x 10-8 > 4.1 ± 2.3 x 10-7 2.0 ± 1.2 x 10-7 12 

Ethanol 7 x 10-7> 1 x 10-6 > 4 x 10-7> 2.0 ± 0.14 x 10-7 1 x 10-8 > 6.1 ± 8.2 x 10-8 * 1 x 10-8 > 1 x 10-8 > 4 

Formaldehyde > 4 x 10-3 7 x 10-6> 1.5 ± 0.040 x 10-5 1.5 ± 0.050 x 10-6 6 x 10-8 > 2.3 ± 0.41 x 10-7 8.0 ± 1.3 x 10-8 2.9 ± 0.21 x 10-5 4 

Glutaraldehyde 8.9 ± 0.039 x 10-5 3.5 ± 0.077 x 10-8 9.8 ± 0.18 x 10-6 3.8 ± 0.081 x 10-6 3.9 ± 4.5 x 10-7 * 5.7 ± 2.4 x 10-6 5 x 10-7 > 8.8 ± 0.056 x 10-7 3 

Fixative > 3 x 10-3 5 x 10-6> 4.2 ± 0.071 x 10-4 1.2 ± 0.14 x 10-7 6 x 10-8 > 5.3 ± 3.1 x 10-7 1.9 ± 0.10 x 10-7 3.0 ± 0.14 x 10-6 4 

Fixative 
(NaSH) 2.7 ± 0.10 x 10-2 5 x 10-6> 1.0 ± 0.0056 x 10-3 5.0 ± 0.061 x 10-6 5 x 10-8 > 4.2 ± 0.19 x 10-7 1.5 ± 0.029 x 10-7 2.8 ± 0.097 x 10-6 4 

Embed 812 5.9 ± 0.28 x 10-5 7.8 ± 0.70 x 10-6 2.8 ± 0.15 x 10-5 1.1 ± 0.036 x 10-5 9 x 10-7 > 2.3 ± 0.10 x 10-6 8 x 10-7 > 4.9 ± 0.14 x 10-6 3 

Modified 
Davidson’s 1.9 ± 0.042 x 10-5 3.1 ± 0.49 x 10-7 1.5 ± 0.18 x 10-6 2.4 ± 0.95 x 10-6 1.5 ± 0.038 x 10-8 5.3 ± 0.26 x 10-7 1.9 ± 0.14 x 10-8 9.3 ± 0.19 x 10-7 3-4 

 

 

Table 4.1: Metal content of solutions used during fixation. There is significant iron contamination in the glutaraldehyde and Embed 
812 and significant zinc contamination in the formaldehyde. Fixative: 2.5% glutaraldehyde, 2% formaldehyde in 0.1 M PIPES buffer.   
Fixative (NaSH): 2.5% glutaraldehyde, 2% formaldehyde in 0.1 M PIPES buffer with 20 mM NaSH. Values in M. Mean ± SD. *: 
Some values are below the standard curve.
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Transition Metal Content is Preserved in Xenopus Eggs Following Fixation  

We began by determining the metal contents of the solutions used in the fixation process 

in order to measure their levels of metal contamination (Table 4.1). Fixatives have previously been 

suspected of containing significant amounts of transition metals. (81) The DI water coming from 

the university’s taps contained copper and zinc on the order of 10−7 M. This should be considered 

high when analyzing trace metals in biological samples. The fixative solutions used in this study 

contained iron and copper on the order of 0.1 μM, with zinc present at approximately an order of 

magnitude higher concentration (Table 4.1). An exception was the glutaraldehyde solution where 

the iron concentration was 6 μM. Finally, iron and zinc concentrations are also high in the Embed 

812 resin relative to the other solutions. In an initial experiment in which the unfixed eggs were 

washed with MilliQ H2O and the fixed eggs with diH2O, there was a statistically significant 

increase in copper between the two groups (Figure 4.1, see Table B.1 for numerical values). 

Although the diH2O has a lower copper concentration than the eggs (4.1 ± 2.3 x 10-7 M vs. 5.0 ± 

0.28 x 10-6 M), the 50% spike in copper content at the fixed but not dehydrated stage can be 

attributed to 10 eggs being in approximately 0.5 ml diH2O before drying. Subsequent studies 

employed MilliQ H2O, which eliminated the artifact. 
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Copper Contamination from DI Water 

 
Figure 4.1: Copper content of unfixed eggs washed with MilliQ H2O and fixed eggs washed 
with diH2O. diH2O contains enough residual copper to contaminate samples. Solid bars: 
Elemental content of Xenopus eggs fixed with paraformaldehyde and glutaraldehyde. Striped 
bars: Elemental content of Xenopus eggs fixed with paraformaldehyde, glutaraldehyde, and 
NaSH. Values in mM.  Mean ± SEM, N = 4 frogs. *: 0.05 > p, **: 0.01 > p, ***: 0.001 > p. 

 

Treatment with a formaldehyde-glutaraldehyde mixture led to a statistically significant loss 

of potassium content during the fixation step but no significant effect on other Group 1 and 2 metal 

(Figure 4.2, Tables B.2 and B.3) or on transition metal content (Figure 4.3, Tables B.2 and B.3). 

We note that aldehyde treatment alters the interior architecture of the eggs and permeabilizes their 

membranes (142) and the loss of potassium is expected according to previous studies. (80, 87) 

Given that potassium is found at higher concentrations than any other metal ion in most cell types, 

and given that a majority of the K+ ions are not tightly bound in intracellular sites, we infer from 
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these results that formaldehyde-glutaraldehyde fixation disrupts the plasma membrane to the 

extent that potassium ions can leak from the cell.   

No significant change in calcium or magnesium was observed upon fixation, which is 

surprising given their propensity to become redistributed and partially or completely lost. Eggs 

were fixed directly in 0.1X MMR buffer. Given that the buffer contains sodium, magnesium, and 

calcium, albeit the latter two at micromolar levels, those values in Figure 4.2 may not represent 

actual intracellular calcium or magnesium content. More likely, however, would be that the 

majority of calcium and magnesium is tightly bound in frog eggs. In the egg, much of the calcium 

is stored in the endoplasmic reticulum and used as a signaling agent following fertilization (93), 

so it is possible that the ER protects the calcium from the effects of the fixatives. Much of the 

magnesium is bound to nucleic acids, so as the mobile NTPs are removed from the egg during the 

fixation and dehydration process the magnesium travels with them. 

There is a small increase in sodium content in the fixed eggs. The fixative solutions contain 

sodium at millimolar levels (Table 4.1), which combined with the 10 mM NaCl in the 0.1X MMR 

may account for this. As a mobile ion, sodium levels should drop during the fixation process (80), 

and they are significantly lower in the resin-infused eggs compared to the control.  

Phosphorus content showed the same significant drop in both treatment groups between 

unfixed and resin-infused cells (31 ± 6.1% in control, 31 ± 4.9% in sulfide-fixed eggs). Like the 

loss of potassium upon fixation, the drop in phosphorus is most likely due to permeabilization of 

the membrane. Nucleoside triphosphates (NTPs) (147, 148) and inorganic phosphate (Pi) (148) are 

at low millimolar concentrations in the Xenopus egg, and are not likely to crosslinked by the 

aldehydes, but can leak after membranes are compromised. However, only around 4% of total 



 

 

113 
intracellular phosphorus is inorganic or contained in NTPs, with the majority of phosphate in the 

egg contained in yolk proteins (phosvitin and lipovitellin) and a significant amount in lipids as 

well. (148) Both glutaraldehyde and formaldehyde can cause lipid loss, with the majority occurring 

during dehydration. It is possible that the aldehydes create microscopic cracks in the fixed tissue, 

increasing the surface area with which the solvents can interact. (149) Lipids are not crosslinked 

by aldehydes and to avoid interference with STEM-EDS analysis we did not use any typical post-

fixation treatments that increase contrast, such as uranyl acetate, which reacts with phosphate and 

amino groups (150), or osmium tetroxide, which reacts with unsaturated dicarbon bonds in cellular 

membranes. (151, 152) Phosphorus content probably continues to drop between the dehydration 

and resin-infusion steps because the resin is first introduced to the samples in a 1:1 mixture with 

ethanol. 

Besides an anticipated increase in sulfur content (ca. 50%) following sulfide treatment, few 

differences in elemental content between the control and NaSH-treated eggs were observed. Total 

transition metal content in the egg was 3.0 mM, whereas total sulfur content increased by 70 mM 

following the fixation step (Table B.3). Assuming that virtually all of the metal reacts with sulfide, 

the sulfide therefore creates other moieties, i.e. through binding to biopolymers. 
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Figure 4.2: Transition metal content of Xenopus eggs during sample preparation. There is no 
change in manganese, copper, and zinc content of eggs fixed without NaSH, while there is iron 
contamination in both treatment groups. Solid bars: Elemental content of Xenopus eggs fixed 
with formaldehyde and glutaraldehyde. Striped bars: Elemental content of Xenopus eggs fixed 
with formaldehyde, glutaraldehyde, and NaSH. Mean ± SEM, n = 4 frogs. *: 0.05 > p. 
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The concentrations of manganese, copper, and zinc were preserved following fixation with 

sulfide. Surprisingly, unlike in mouse eggs, there was no significant change in the content of these 

metals in the non-sulfide-treated group. It is probable that the majority of the metal pool is tightly 

bound inside the egg. Over 90% of total intracellular zinc in Xenopus laevis eggs is bound to 

proteins in a type of organelle called the yolk platelet. (41) Additionally, we have found 

manganese, copper, and zinc are stored and tightly bound in cortical vesicles. Following 

fertilization, manganese and zinc are released from the egg in what is probably a highly regulated 

process.  

The significant increase in total iron content between unfixed and resin-infused eggs (84 ± 

32% for the control and 90 ± 47% for the sulfide-fixed eggs) was surprising. It is likely that the 

glutaraldehyde and Embed 812 contribute to the fixation-induced iron contamination in these 

samples. 
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Figure 4.3: Transition metal content of Xenopus eggs during sample preparation. There is no 
change in manganese, copper, and zinc content of eggs fixed without NaSH, while there is iron 
contamination in both treatment groups. Solid bars: Elemental content of Xenopus eggs fixed 
with formaldehyde and glutaraldehyde. Striped bars: Elemental content of Xenopus eggs fixed 
with formaldehyde, glutaraldehyde, and NaSH. Mean ± SEM, n = 4 frogs. *: 0.05 > p.  
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Elemental Localization Does Not Change in Xenopus Egg Cortices 

 Aside from fixation-induced artifacts of iron contamination, we did not see a significant 

change in the transition metal content in eggs fixed without NaSH compared to those fixed with 

it. Although overall metal content did not change, it is possible that metal localization changed due 

to the presence of the sulfide. In order to explore this possibility, we analyzed the cortices of the 

eggs using STEM-EDS. The cortices have vesicles of around 500 nm in diameter that each contains 

multiple metals (Ca, Mn, Co, Ni, Cu, and Zn) (140), as well as larger yolk platelets that contain 

phosphoproteins. (42) Surprisingly, there is little difference in metal localization between the 

control and sulfide-containing eggs (Figure 4.4). Ca, Cu, and Zn were localized to the small sulfur-

containing vesicles (concentrations of Mn, Co, and Ni were too low to be detected with our EDS 

system). Phosphorus is found throughout the cytoplasm, with higher concentrations in the yolk 

platelets. Mg, K, and Fe are randomly distributed throughout the slices (Figure 4.5). It is probable 

that at least in Xenopus eggs the metal contents are held tightly enough within intracellular vesicles 

that fixatives do not rinse them out. 
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Figure 4.4: STEM-EDS images of slices of eggs fixed with and without NaSH. Metal 
localization is similar in both treatment conditions. The larger vesicles containing phosphorus are 
yolk platelets, while the smaller metal-rich vesicles are cortical granules.  Images of the egg 
cortex. Slice thickness = 200 nm. 
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Figure 4.5: STEM-EDS images of slices of eggs fixed with and without NaSH. Magnesium, 
potassium, and iron show no pattern of localization in either treatment condition. Images of the 
egg cortex. Slice thickness = 200 nm. 

 

Elemental Changes in Mouse Ovaries Following Fixation 

In order to evaluate the effects of several aldehyde and sulfide fixation methods on the 

elemental content of multicellular tissue, we fixed and then analyzed mouse ovaries via ICP. In 

contrast to the frog egg, the ovary contains many fluid compartments and cell types, with the major 
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ones being germ, granulosa, stromal, endothelial, immune, and smooth muscle cells. (153) We 

expect the cells in a heterogenous sample to have different elemental profiles and different 

responses to treatment with fixatives. 

Whole ovaries from 12-week-old non-perfused mice were collected, so there was some 

blood content in the samples. Ovaries were fixed in one of the following solutions: modified 

Davidson’s fixative (MD), formaldehyde (FA), glutaraldehyde with formaldehyde and NaSH 

(GA/FA/NaSH), or with glutaraldehyde and formaldehyde (GA/FA). The MD solution contains 

6.25% acetic acid and acts both as a cross-linking and a denaturing fixative and is commonly used 

for the histological preparation of gynecological tissues. (154, 155) According to ICP analysis, the 

manganese, iron, copper, and zinc contents of the MD solution are on the order of 10-7 – 10-8 M 

(Table 4.1), which should introduce minimal contamination to the samples.  

When compared to the unfixed control ovaries, the calcium and magnesium contents were 

reduced by more than 65% in all fixation conditions, and there was a virtual elimination of 

potassium (Figure 4.6, see Table B.4 for numerical values). There were significant drops in 

phosphorus (30–42%) in all fixation conditions. These drops were expected because the 

permeabilization of the membranes should lead to a loss of mobile metal ions. However, there was 

a significant (49–66%) increase in sodium in the FA, GA/FA/NaSH, and GA/FA-fixed ovaries, 

while the ovaries fixed in MD showed a 100 ± 4.4% drop (n = 7, mean ± SEM). As stated above, 

the FA, the GA/FA, and the GA/FA/NaSH contained sodium on the millimolar range (Table 4.1), 

while the pre-mixed MD contained sodium at a concentration at least 100-fold lower. Since sodium 

loss is expected following fixation and it only occurred in the MD-fixed ovaries, it is possible that 

the other fixatives introduced it. There was a significant drop in sulfur content in all conditions 
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(24–43%) except for those ovaries treated with GA/FA/NaSH, in which there was a 39 ± 4.8% 

gain (n = 8, mean ± SEM). 

Among the transition metals, manganese levels decreased by 29–63% in all treatment 

conditions. There was no significant change in iron levels, except for a 11 ± 4.1% (n = 7, mean ± 

SEM) drop in the GA/FA-treated ovaries. Copper decreased by 23–28% in both the GA/FA/NaSH 

and GA/FA conditions. Zinc showed a 9–73% decrease in MD, GA/FA/NaSH, and GA/FA fixed 

eggs, while there was a 27 ± 8.2% (n = 8, mean ± SEM) gain in FA-fixed eggs. Overall, MD 

treatment led to greater changes in transition metal levels (except for iron) than fixation with pure 

formaldehyde. The MD solution contains 6.25% acetic acid and thus the pH is much lower (pH 

3.5) than the other fixatives prepared in buffer or in MilliQ H2O. Because of this, it is possible that 

MD treatment of the tissue sections only mobilizes metals that are not tightly bound. For example,  

the majority of iron ions in the mouse ovaries may be held in heme prosthetic groups or in iron 

sulfur clusters that are insensitive towards acetic acid (156), while manganese and zinc are more 

readily mobilized. In support of this idea we note that heme prosthetic groups can be covalently 

bound to proteins: those that are not covalently bound exhibit very low dissociation constants (i.e.  

picomolar range). (157, 158) Copper is found in a wide range of metalloprotein binding sites, and 

many of these sites have tighter binding affinities than those of most other metals, including zinc. 

(159, 160) Zinc fingers, on the other hand, have a wide range of binding affinities, with many of 

them lower. (128) Interestingly, treatment with FA alone led to a 25% increase in tissue zinc levels; 

however, the source of that increase is unclear and probably due to sample contamination.    
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Figure 4.6: Fixed mouse ovaries show a greater decrease in s block metal ions than in transition 
metals. Elemental content of mouse ovaries (by wet weight) fixed with the following: MD: 
modified Davidson’s Fixative (14% denatured ethanol, 37.5% formalin, 6.25% acetic acid in 
diH2O), FA: 4% formaldehyde in diH2O, GA/FA/NaSH: 2.5% glutaraldehyde, 2% formaldehyde 
in 0.1 M PIPES buffer with 20 mM NaSH, GA/FA: 2.5% glutaraldehyde, 2% formaldehyde in 0.1 
M PIPES buffer. Values as mean ± SEM, n = 7-8 ovaries per condition. p values compare the 
change in elemental content between unfixed ovaries and the different fixation conditions.               
*: 0.05 > p, **: 0.01 > p, ***: 0.001 > p. 
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Conclusion 

Here we show how specific chemical fixation protocols can induce changes in the metal 

content of cell and tissue samples. While several protocols introduce minor changes in metal 

content that can be controlled for, other methods introduce artifacts that completely remove some 

elements. Other researchers have shown that the retention of labile metal ions is based on tissue or 

cell type: the biochemical composition of different samples has a significant impact on the 

mobilization of metal ions during fixation. (146) Here we show how specific fixation protocols 

perturb two types of samples in reproductive biology. Xenopus eggs are single cells, while the 

mouse ovary is a heterogenous collection of cell types, including follicle structures that contain 

oocytes in a variety of developmental stages. The two sample types have different extracellular 

environments: eggs from this amphibian species are laid in hypotonic bodies of water and have 

evolved to be impermeable to ion loss. (161) In contrast, the ovary contains both cells and 

extracellular space and as an internal organ is not a self-contained system. Because of this, we 

anticipated different responses to chemical perturbations involved in each type of fixation protocol.   

In the case of unfixed Xenopus eggs, we found the majority of the elemental contents to be 

consistent with literature values determined with atomic absorption spectroscopy and flame 

spectroscopy methods, (Table 4.2). In Xenopus eggs, fixation using aldehydes with or without 

sulfide does not alter the cellular Ca, Mn, Cu, and Zn contents and allows for ultrastructural study 

of subcellular distribution. Overall elemental localization within the frog eggs remains similar 

despite treatment with sulfide. In mouse ovaries, none of the fixation protocols preserved transition 

metal content. Fixation with MD is actually slightly less effective than fixation in pure 

formaldehyde. Fixation with NaSH does not appear to alter metal content of tissue that has 
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undergone aldehyde crosslinking, only preserving the content of one of the four measured 

transition metals. We attribute the greater metal loss from the ovaries compared to the frog eggs 

to the more robust nature of latter: Xenopus eggs are externally fertilized and they have evolved to 

function in an unregulated extracellular environment where they have numerous barriers to 

exchange with extracellular fluids and components.  
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Literature Xenopus Egg Elemental Content  
 

Na  
(mM) 

Mg 
(mM) 

P 
(mM) 

S 
(mM) 

K  
(mM) 

Ca 
(mM) 

Mn 
(mM) 

Fe 
(mM) 

Ni 
(mM) 

Cu 
(mM) 

Zn 
(mM) 

Source 

52 ± 3.1 
(ICP) 

21 ± 
1.1 

(ICP) 

290 ± 
12 

(ICP) 

130 ± 
5.0 

(ICP) 

81 ± 2.9 
(ICP) 

1.1 ± 0.10 
(ICP) 

0.12 ± 
0.015 
(ICP) 

0.89 ± 
0.19 
(ICP) 

Below 
LOD 
(ICP) 

0.058 ± 
0.0058 
(ICP) 

1.9 ± 
0.16 
(ICP) 

This 
Paper 

 
13.5 ± 

1.3 
(AAS) 

   
4.02 ± 
0.37 

(AAS) 

0.18  ± 
0.018 
(AAS) 

0.59 ± 
0.07 

(AAS) 

0.003 ± 
0.0005 
(AAS) 

0.031 ± 
0.002 
(AAS) 

1.1 ± 
0.05 

(AAS) 
(43) 

~20 
(ACT)           (162) 

24.3 ± 2.3 
(ACT) 

   
91.0 ± 
15.2 

(ACT) 
      (163) 

 20 ± 1 
(AAS) 

210 ± 
21 

(NMR) 
  

2.0 ± 
0.4 

(AAS) 
     (148) 

58.6 
(ACT) 

   87.3 
(FS/ACT) 

      (91) 

60.7 ± 2.6 
(FS), 

14.3 ± 1.2 
(ACT) 

15.90 ± 
0.69 
(FS) 

  58.5 ± 2.0 
(FS) 

7.4 ± 
1.23 
(FS) 

     (164) 
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This Paper: Mean ± SEM, n = 4 frogs 
1. Mean ± SD, n = 10. Values provided as ng/oocyte, converted to mM 
2. No statistics provided in paper 
3. Average of egg to 4-cell stage. Mean ± SD, n = 14 (Na), n = 40 (K)  
4. Error type and n not given. Values given as nmol/egg, converted to mM 
5. Mean, n = 89 (Na), n = 112 (K). Combined values of embryo measured at first and second cleavage. Combined FS and ACT 
measurements for K 
6. Mean ± SEM, n = 22 (Na and K), n = 6 (Mg and Ca)  
 
Table 4.2: Literature values of Xenopus egg/early embryo elemental content. Data in mM. Data acquired using the following 
techniques: AAS: Atomic absorption spectroscopy, ACT: Activity, FS: Flame spectroscopy, ICP: Inductively coupled plasma mass 
spectrometry/optical emission spectroscopy, NMR: Nuclear magnetic resonance. 
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Cells have an overcapacity for chelating transition metals (165-167): they actively transport 

several metals and ultimately accrue them to concentrations that are several orders of magnitude 

higher than what is observed in most physiological fluids of multicellular organisms. This may 

explain why the treatment of cells with reagents that have transition metal contaminants at low 

concentrations can ultimately lead to doping of the samples: if the contaminating metals are bound 

much less tightly in the components of the fixatives, they may be taken up and bound by 

intracellular factors and thus skew the apparent metal content to higher levels. 

Another concern is that some transition metal ions can be sequestered or stored in 

intracellular compartments in labile or rapidly exchanging states; however, it appears that a 

majority of transition metal ions are bound tightly in metalloenzyme sites that exchange slowly. 

In the latter case, we anticipate that the loss of membrane integrity itself would lead to minor losses 

of some transition metals; however, cells that compartmentalize significant pools of labile metals, 

such as the mouse egg (6) or mossy fiber terminals in the hippocampal formation of mammalian 

brains (2) may be susceptible to more significant losses upon treatment with membrane-permeable 

reagents and conditions. For instance, a previous study in which formaldehyde fixation of mouse 

brains showed transition metal losses of at most 20%. (87)  

Comparison of element profiles in unfixed samples 

By converting the data in Figures 4.2 and 4.3 into g element/g tissue (Figures 4.7 and 4.8) 

we can perform a rough comparison of elemental concentration in unfixed Xenopus eggs and 

mouse ovaries. The higher phosphorus content in the Xenopus eggs is likely due to the yolk 

phosphoproteins: these act as nutrient stores that are consumed until the tadpole starts feeding 

itself. (148) Both potassium and calcium are higher in the unfixed ovary than in the frog egg. All 

cells contain less sodium than potassium, with human cells having a sodium to potassium ratio of 
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1:10. (168) The whole ovary samples have a 1:2.9 ratio, probably because as complete organs they 

contain matrix tissue components between the various follicle structures as well as extracellular 

fluid, which has a higher sodium: potassium ratio than intact cells. Surprisingly, unfixed single 

Xenopus eggs have a lower ratio (1:1.6), though it increases during development and is higher in 

adult cells, with much of the sodium contained (and bound) in the egg is transported to the 

intracellular fluid during embryonic development. (91, 164) There are significant differences in 

transition metal content between the two sample sets. The mouse ovaries have 3-fold more iron, 

probably due to residual blood, as the animals were not perfused, while the Xenopus eggs have 2-

fold more copper, 4-fold more zinc, and 10-fold more manganese than the ovarian tissue. The 

manganese plays a role in fertilization; over 50% is released following sperm entry and acts as a 

block to fertilization (140), possibly by preventing polyspermy. (46) Xenopus eggs contain 3-fold 

more copper and 5-fold more zinc than mammalian eggs. (13) Because Xenopus embryos are 

closed systems until hatching, they need to contain all the necessary nutrients for development, 

unlike mammalian embryos, which develop in the womb. (43) Limiting zinc (169) and copper 

(170) leads to teratogenic effects in developing Xenopus embryos. 
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Figure 4.7: Elemental content of Xenopus eggs during different stages of fixation graphed as g 
element/g tissue (wet weight). Solid bars: Elemental content of Xenopus eggs fixed with 
formaldehyde and glutaraldehyde. Striped bars: Elemental content of Xenopus eggs fixed with 
formaldehyde, glutaraldehyde, and NaSH. Mean ± SEM, n = 4 frogs. *: 0.05 > p, **: 0.01 > p, 
***: 0.001 > p 
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Figure 4.8: Transition metal content of Xenopus eggs during sample preparation graphed as g 
element/g tissue (wet weight). Solid bars: Elemental content of Xenopus eggs fixed with 
formaldehyde and glutaraldehyde. Striped bars: Elemental content of Xenopus eggs fixed with 
formaldehyde, glutaraldehyde, and NaSH. Mean ± SEM, n = 4 frogs. *: 0.05 > p, **: 0.01 > p, 
***: 0.001 > p. 
 

In conclusion, our results provide some guidance on which components of fixation reagents 

can alter metal content in robust samples such as amphibian eggs and more sensitive sections of 

internal organs. These results should be taken into consideration in the interpretation of 
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microanalytical studies claiming accurate elemental quantification. These factors should be 

weighed when quantitative elemental mapping studies are undertaken with a number of emerging 

methods including X-ray fluorescence microscopy (145), laser ablation ICP-MS (171), secondary 

ion mass spectrometry (172, 173), and analytical electron microscopy (78) when chemical fixation 

is required.  

 

Materials and Methods 

 

All animal procedures were approved by the Institutional Animal Care and Use Committee, 

Northwestern University, and are in accordance with the National Institutes of Health's Guide for 

the Care and Use of Laboratory Animals. 

Xenopus laevis Sample Preparation: 

Egg Acquisition. Xenopus eggs were obtained via established methods. The jelly coat of 

the eggs was removed through soaking in a 3% w/v solution of cysteine-HCl, pH 8 for 10 minutes. 

The eggs were then rinsed in 0.1X Marc’s Modified Ringer’s buffer (MMR: 10 mM NaCl, 200 μM 

KCl, 100 μM MgSO4, 200 μM CaCl2, 10 μM EDTA, 500 μM HEPES, pH 7.4). To prepare samples 

for ICP, 10 eggs were placed in a metal-free conical tube (#89049-170, VWR, Radnor, PA) with 

a transfer pipet and rinsed 3X with 15 mL H2O provided by a MilliQ Ultrapure Water System 

(Millipore, Bedford MA). See Appendix B for calculations on the amount of salts remaining in 

tubes after washing. 

Chemical Fixation Step. For chemical fixation, the majority of the supernatant was 

removed and 10 mL of fixation solution (2.5% glutaraldehyde, 2% formaldehyde in 0.1 M PIPES 

buffer, pH 7.4) was added. Eggs were fixed for 36 hours at 4 C. We used 16% paraformaldehyde 
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(#15710), 25% glutaraldehyde (#16220) and 0.3 M PIPES stock solutions (#11610) from EMS, 

Hatfield, PA. For the sulfide-containing fixative, 20 mM NaSH (#161527-5G, Sigma-Aldrich, St 

Louis, MO) from a 1 M stock solution was added before the pH was adjusted. The eggs were 

washed in 0.1 M PIPES for 10 minutes. 10 eggs were placed in a metal-free conical tube and rinsed 

3X with MilliQ H2O.  

 Dehydration Procedure. After fixation, the eggs were rinsed for 10 minutes in 0.1 M 

PIPES and 3 x 5 minutes in diH2O, followed by dehydration in 30%, 50%, 70%, and 90% ethanol 

(#15055, EMS, Hatfield, PA) for 15 minutes each, and finally in pure ethanol for 2 x 10 minutes. 

10 dehydrated eggs were placed in metal-free conical tubes. 

 Resin Infusion. After dehydration, eggs were placed in a 1:1 ethanol: Embed 812 resin 

(#14120, EMS, Hatfield, PA) solution overnight. The next morning, the mixture was removed and 

replaced with pure resin for 2 hours. The eggs were placed on filter paper to wick off excess resin 

and then 10 eggs were placed in metal-free conical tubes. 

 ICP Sample Preparation. Following sample collection, eggs were dried overnight at 70 

C. Eggs were then dissolved overnight at 70 C in 450 μL 67-70% trace-metal free nitric acid 

(#NX0407, Supelco, Burlington, MA). The solution was diluted to 15 mL with MilliQ H2O for a 

final concentration of 3% HNO3. 

Murine Ovary Sample Preparation: 

 Ovary Acquisition. CD-1 mice purchased from Envigo, Indianapolis, IN, were housed 

and bred in a barrier facility within Northwestern University’s Center for Comparative Medicine. 

Mice were provided with food and water ad libitum and kept in a 14 hour light, 10 hour dark cycle 
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with constant temperature and humidity. 40 ovaries were dissected from 12-week-old female mice. 

The mice were not perfused before sacrifice. 

 Sample Preparation. The ovaries were fixed in the following solutions at 4 C for 12 hours: 

4% formaldehyde, modified Davidson’s Fixative (14% denatured ethanol, 37.5% formalin, 6.25% 

glacial acetic acid in dH2O – #64133-50 EMS), as well as the glutaraldehyde/formaldehyde 

fixative described above in the Xenopus section, both with and without NaSH. After fixation, the 

ovaries were rinsed three times in 70% ethanol (#2701, Decon Labs, King of Prussia, PA) for 5 

minutes each. Each ovary was then transferred to one 15 mL metal-free centrifuge tube for 

digestion. Samples were digested in 150 μL 69% nitric acid (#84385, Honeywell Fluka, Charlotte, 

NC) with 40 μL 30% hydrogen peroxide (#16911, MilliporeSigma, Burlington, MA) at 60 C for 

at least 16 hours. 4,810 μL MilliQ H2O was then added to produce a final solution in a total sample 

volume of 5 mL. 

Solution Sample Preparation: 

The elemental content of the starting materials, fixative solutions and reagents were 

determined by ICP-MS after digestion in nitric acid. 67-70% trace-metal free nitric acid 

(#NX0407, Supelco, Burlington, MA) was added to deionized water from the Northwestern 

University taps (used to make the fixative solutions), in metal-free tubes at a final concentration 

of 3%. Samples of >99.9% Ethanol (#15055, EMS), formaldehyde (#15710 EMS), modified 

Davidson’s Fixative (#64133-50 EMS), and the aldehyde-containing fixation solutions, with and 

without NaSH, were heated to dryness in metal-free tubes at 70 C. HNO3 was added and the residue 

was dissolved for at least 5 hours. MilliQ H2O was added to dilute the acid to a final concentration 

of 3%.  
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Samples of glutaraldehyde and Embed 812 were digested by microwave because they 

polymerized after drying or after acid digestion at 70 C. 500 mg of Embed 812 was placed in 4 

mL of a 1:1 low trace metal HNO3:H2O2 solution (HNO3, #A509-P212, Thermo Fisher, Waltham, 

MA; H2O2, #11782, GFS, Columbus, Ohio) and 1 g of glutaraldehyde was treated similarly. The 

samples were then microwaved for 40 minutes at 220 C with a 20 minute ramp and 30 minute 

exhaust in a Milestone EthosEZ Microwave Digestion System (Quantitative Bio-element Imaging 

Center, Northwestern University). The digested samples were then diluted with MilliQ H2O to 

give approximate final dilutions of 1:50 for Embed 812 and 1:35 for the glutaraldehyde. The 

densities of the fixative solutions were assumed to be 1 g/mL. 

ICP-MS and ICP-OES:   

Analysis. ICP elemental standards were obtained from Inorganic Ventures 

(Christiansburg, Virginia). Samples were analyzed using a Thermo Scientific iCAP 7600 ICP-

OES and a Thermo iCAP Q ICP-MS (both Quantitative Bio-element Imaging Center, 

Northwestern University). In order to calculate the molarity of the Xenopus eggs, their average 

volume was assumed to be 1 μL. (174) Figures 4.7 and 4.8 were graphed using an average wet 

weight of 1.71 mg/egg. (164) 

 Mouse ovary samples were first analyzed by ICP-MS. Because of the small sample 

volumes, they were then further diluted 3-fold and analyzed by ICP-OES. 

Xenopus Statistics. Two sample groups were compared: eggs fixed with aldehydes and 

eggs fixed with aldehydes and sodium sulfide. For each sample group, eggs were taken from 4 

separate frogs. For each frog we compared unfixed eggs to 3 different treatment conditions: 1. 

fixed eggs, 2. fixed and dehydrated in an ascending ethanol series as described above, and 3. resin-
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infused eggs. There were 3-5 sample tubes per frog per treatment group. Q-tests on technical 

replicates removed outliers (α = 0.05; 4 out of 1150 measurements were removed). Technical 

replicates were averaged in order to obtain biological replicates. Two-tailed, heteroscedastic T-

tests were run between treatment groups in order to determine significant differences between 

fixation steps. 

Murine Statistics. Each datapoint in each condition represents the average elemental 

content of 8 different ovaries. Outliers were removed by Dixson’s Q-test (α = 0.05; 10 out of 400 

measurements were removed). Statistical analysis was carried out by Student’s T-test (as described 

above) comparing the unfixed control to each experimental group. 

Scanning Transmission Electron Microscopy Energy Dispersive X-Ray Spectroscopy: 

 For STEM-EDS analysis, samples were chemically fixed, dehydrated with ethanol, and 

infiltrated with resin as described above. Infiltrated Xenopus eggs were transferred into fresh resin 

in silicon molds and polymerized at 65 C for 24 hours. Sections with a nominal thickness of 200 

nm were generated with an ultramicrotome (Ultracut-S, Leica Microsystems, Wetzlar, Germany) 

and placed on Formvar/carbon coated slot grids (#FCF2010, EMS, Hatfield, PA). STEM-EDS 

analysis was performed with a HD2300 STEM (Hitachi High-Technologies Corporation, Ibaraki, 

Japan) equipped with a Dual-EDS system and NSS software (Thermo Electron North America 

LLC, Madison, WI). The STEM was operated at 200 kV acceleration voltage. 
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Chapter 5: General Discussion 
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Summary and Significance of Findings 

Xenopus 

 In my second chapter, I demonstrate that the zinc spark occurs in Xenopus and that a 

decrease in accessible intracellular zinc content leads to anaphase II entry. The majority of 

intracellular manganese leaves the embryo following fertilization. The manganese is mostly bound 

to a low molecular weight carboxylate in both the egg and embryo. The zinc and manganese, along 

with calcium and additional transition metals, are stored in cortical vesicles, most of which 

disappear following fertilization. Finally, both extracellular zinc and manganese act as blocks to 

fertilization.  

 When I started my research, meiotic zinc dynamics had been studied in different 

mammalian species (4, 7, 15, 16), but it was unknown if they were conserved in different classes 

of animals. Fertilization has been studied in Xenopus since the frogs’ original use as a pregnancy 

test in the first half of the twentieth century (175). We decided to use Xenopus eggs because their 

development is well characterized and because of their large size, which allowed for a new suite 

of experimental techniques that were impractical for mammalian eggs. Although the metal content 

of Xenopus oocytes (40) and eggs (Table 4.2) had previously been measured,  no one had detected 

differences in zinc and manganese content post-fertilization.  

This is the first time that a zinc release and the necessity of a drop in accessible zinc has 

been shown to occur in a different class of animal (note that since starting my thesis project 

multiple groups have published on the conservation of zinc fluxes in different organisms). (17-20) 

Amphibians were the first tetrapod lineage to evolutionarily diverge, approximately 340 million 

years ago (176), so the zinc regulation of meiosis is a truly ancient phenomenon. It is interesting 
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that the zinc efflux is conserved in both internal and external fertilizers as well as terrestrial and 

aquatic species. The efflux would seem more likely to occur in internal fertilizers, as the 

environment surrounding the egg would be more controlled. Since Xenopus eggs are laid in water, 

it is likely that the zinc affects the vitelline envelope (similar to mice), as zinc diffuses in an 

aqueous environment, suggesting that the concentration would be too low to directly interact with 

sperm. 

Interspecies Comparisons 

There are some significant differences in meiotic metal fluxes between amphibians and 

mammals. In mouse eggs, there are more zinc-containing vesicles in the vegetal pole (VP) than in 

the animal pole (AP). (6) In contrast, I have found significantly more metal-containing vesicles in 

the AP than the VP in Xenopus. The AP is the site of sperm entry in Xenopus, as it contains the 

maternal DNA. Therefore, the greater concentration of vesicles in the AP could act as a block to 

polyspermy. Sperm entry is more likely to occur in the VP of the mouse egg than the AP, though 

fertilization occurs successfully after entry into either pole. (177) It is possible that the 

preponderance of cortical granules (CGs) in the mouse VP correlates with the propensity of sperm 

entry point, but since the diameter of a mouse egg is only 6% that of a Xenopus egg, zinc is able 

to diffuse quickly even if sperm enters the AP. 

 Proportionally less zinc is released from Xenopus eggs than mouse eggs. Mouse eggs lose 

20% of their intracellular zinc following fertilization (4, 6), while I was unable to measure the drop 

in zinc from Xenopus eggs via ICP-MS. Since 90% of total intracellular zinc is stored in yolk 

platelets (43), less than 10% would be available for release. There are a few possible reasons for 

why frog embryos would release less zinc than murine embryos do. First, the difference may be a 

result of simple geometry. The diameter of a Xenopus egg is about 15x that of a murine egg. As a 
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result, the volume of the frog egg is 4000x greater, while the surface area is only 250x greater. If 

the Xenopus egg releases the same density of zinc per unit of surface area as a mouse egg, 

proportionally only 1/16 as much zinc would need be released. Second, frog eggs can be 

considered “closed systems”, as they contain all the nutrients required for a developing embryo, 

while mammalian eggs take in nutrients from the mother’s womb (40). Late stage (Dumont stage 

V and VI) oocytes and eggs do not acquire or lose ions to the solution that they are in, including 

when their jelly coats are removed. This because Xenopus eggs are laid in ponds, which are 

hypotonic environments. (91, 161, 163) The frog may have evolved to release less zinc than 

mammals, as it is impractical to take in zinc from pond water.  

Zinc acts as a block to polyspermy in both Xenopus and mammals. According to my 1,10-

phenanthroline (OP) chelation experiment, changes in accessible zinc levels are necessary for 

anaphase II entry in Xenopus, which is similar to mammalian eggs. (5, 7) Unlike mouse eggs, there 

is no zinc influx post-fertilization in Xenopus, so it is probable that the concentration of zinc in the 

cytosol is altered through a rearrangement of intracellular zinc binding and storage. 

The concentration of zinc stored within Xenopus cortical vesicles (20 mM) is an order of 

magnitude lower than that of mouse (200 mM). (6) Even after summing the concentrations of the 

different transition metals in the Xenopus vesicles and assuming that my concentration calculations 

are underestimates, the concentrations in the mouse CGs are still around 5-fold higher. However, 

the volume of a Xenopus vesicle is around 7X that of mouse, so the absolute amount of metal 

contained in the two species’ CGs are similar, and because there are probably interspecies 

differences in the amount of metal needed to be released in order to block polyspermy, differences 

in CG metal concentration are to be expected. 
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Manganese and Intravesicular Metals 

 I discovered a drop in intracellular manganese content following fertilization when 

performing ICP-MS experiments. This was serendipitous – I analyzed the changes in the contents 

of other transition metals besides zinc, expecting them to remain similar in both eggs and embryos. 

Neither the biological roles of manganese nor its subcellular localization are well known. (178) 

Manganese is primarily considered to be a protein cofactor. Studies in humans have focused on 

the metal’s role in neurological disease. Elevated levels – either from workplace exposure or 

mutated transport proteins – lead to Parkinson’s-like systems. (105, 178) Although there is 

currently no evidence that meiotic manganese fluxes play a regulatory role like zinc fluxes do, 

extracellular manganese blocks polyspermy. Further experiments will be needed to determine the 

mechanics of this block and if the manganese efflux is conserved in different classes of animal. 

 Besides zinc and manganese, I found that calcium and multiple transition metals are stored 

in cortical vesicles in Xenopus at low millimolar concentrations. Through analysis of transmission 

electron microscopy images, the majority of electron-dense vesicles disappear following 

fertilization, suggesting that in addition to zinc and manganese calcium, copper, cobalt, and nickel 

leave the egg as well. There are three possibilities for why the vesicles contain multiple metals: 

First, the metals could act in addition to zinc and manganese as blocks to fertilization. Extracellular 

cobalt, nickel, and copper block polyspermy (see below). (17) Second, the egg could put metals in 

the vesicles as a detoxification method if concentrations are too high. Elevated levels of cytosolic 

transition metals would affect cellular homeostasis and can be genotoxic. Third, the vesicles could 

contain advantageous metal transporters that load the other metals in addition to zinc and 

manganese. Because nickel is contained in the vesicles but has no biological function in the frog 

or any other vertebrate species, the first option is not likely. A combination of the second and third 
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possibilities is probably true – the egg maintains metal homeostasis through a combination of 

binding to proteins, peptides, and cofactors as well as through transport. Assuming that the vesicles 

are loaded with metal through transporters, it is possible that if cytosolic concentrations of metals 

besides zinc and manganese are above homeostatic levels the metals will be available to be loaded 

into the vesicles through promiscuous transporters. 

 Since the first discovery of zinc sparks in mouse, Zn(II)’s anion has been unknown. 

Intracellular zinc is usually bound to proteins; however zinc involved in neurotransmission 

colocalizes with glutamate in certain synaptic vesicles. (2) Although we did not discover the exact 

anion of the metals in Xenopus cortical vesicles, we have narrowed down the possibilities of what 

it can be. Using multiple electronic paramagnetic resonance (EPR) methods, we found that the 

majority of manganese is bound to a low molecular weight carboxylate. This suggests that the 

manganese ion itself somehow functions as a block to polyspermy, rather than serving in its 

expected role as a cofactor to a protein that would alter the vitelline envelope, jelly coat, or the 

sperm itself. We can assume that the other metal ions in the small cortical vesicles will be 

coordinated to the same chemical as manganese, so this provides further directions of study. 

Corroborating Reports of Zinc Sparks 

Two intriguing papers reported corroborating results on zinc sparks in amphibian and fish 

eggs as my Nature Chemistry paper was finishing review. Zinc sparks occur following fertilization 

in zebrafish (D. rerio) eggs following fertilization. (17, 18) Zinc is stored in cortical vesicles in 

metaphase II eggs and a calcium wave proceeds zinc release from the vesicles. The zinc transporter 

ZIP9 is necessary for proper zinc modulation; cortical vesicles do not develop properly in zip9-/- 

eggs and they release less zinc than wild type eggs. (18) ZIP6 and ZIP10 are necessary for proper 

mammalian oocyte meiosis and their localization is enhanced in the oocyte cortex (11), so this 
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report demonstrates that the necessity of the ZIP family for meiotic progress is evolutionarily 

conserved in vertebrates. 

 While my paper was in review, another group published their results on the zinc spark in 

Xenopus. (17) There are some similarities between the two papers, though we diverged in our 

research directions. Wozniak et al. determined the amount of zinc released from the egg via both 

fluorimetry and ICP-MS of the buffer post-activation and -fertilization. Around 1012 – 1013 zinc 

atoms per egg are released, corresponding to 1 – 10% of total intracellular zinc. This is expected, 

as 90% of the zinc is tightly stored in yolk platelets. Using the standard deviations for my ICP 

measurements of eggs and embryos, at p = 0.05 I would have been able to detect around a 20% 

difference between the two groups, so Woznaik et al.’s data do not contradict mine. In another 

experiment, Wozniak et al. determined that extracellular zinc does not alter the jelly coat of the 

egg, although the jelly does slow the diffusion of zinc away from the egg. This study claims that 

the zinc alters a protein or receptor to prevent polyspermy, which is possible, but does not provide 

further evidence to back this claim. 

 We both tested whether extracellular ZnSO4 blocks fertilization. Coincidentally, we both 

pre-incubated eggs for 15 minutes in zinc-containing buffer, though Wozniak et al. then washed 

the eggs and fertilized them whereas I fertilized and incubated them in zinc-containing buffer. We 

calculated similar IC50 values: I obtained 53 μM (95% CI = 47 - 61 μM) ZnSO4, whereas they 

obtained 31 ± 10 μM (± SEM). Additionally, we both tested the effects on fertilization of different 

extracellular metals. Wozniak et al. found that CuCl2 (IC50 = 9.1 ± 3.0 μM), NiCl2 (IC50 = 224 ± 

23 μM), and CoCl2 (IC50 = 971 ± 92 μM) can all block fertilization, though unlike me they did not 

test manganese. Their data suggest that the copper, cobalt, and nickel I see stored in the cortical 

vesicles could be playing a role in the block to fertilization. Wozniak et al. did not evaluate the 
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presence of or changes in manganese, nor did they address any questions of intracellular metal 

localization, focusing in the rest of the paper on the role of zinc in the fertilization of other lower 

organisms. 

There are two sections in which Wozniak et al. do not fully follow through with their 

experiments. First, they attempted to see if Xenopus eggs can be parthenogenetically activated via 

zinc chelation and state that they cannot. However, they only incubated the eggs in 1.5 mM 

N,N,N′,N′-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN), which I found to be insufficient. In 

my experiments, 3 mM TPEN (the highest concentration that can be dissolved in aqueous buffer) 

was unable to activate eggs. However, 10 mM OP, a metal chelator that binds zinc two orders of 

magnitude more tightly than TPEN (179, 180), was able to activate them. Second, while Wozniak 

et al. conclude that zinc is released from Xenopus CGs and then acts as a block to fertilization it 

appears that their argument is based on the assumption of interspecies similarity: they do not 

actually show that Xenopus CGs contain zinc and, at the time of the publication of their paper, 

neither had any other research group. 

Overall, Converse and Thomas’ and Wozniak et al.’s studies corroborate my findings that 

zinc fluxes are conserved throughout Chordata. Wozniak et al.’s results are in accord with mine 

when there was overlap between our experiments. Although Wozniak et al. did not perform 

experiments to determine if there is a zinc efflux in the invertebrate species they studied, their 

results add to the evidence that zinc plays a role in the fertilization of at least some invertebrates.  

My Xenopus results provide evidence that zinc is a meiotic regulatory factor. Since I found 

that the decrease in zinc post-fertilization is necessary for entry into anaphase II, differing zinc 

levels are necessary for meiotic progress. Since the phenomenon has been conserved for hundreds 
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of millions of years, it would not be surprising that it serves a regulatory role, which we 

hypothesize governs the function of the protein EMI2.  

 
EMI2 

 In my third chapter, I studied the zinc-binding affinities of the spindle checkpoint protein 

EMI2. I first described the changes made to the purification process and competitive chelation 

experiments in order to obtain non-oxidized protein and good titration data. I then used competitive 

chelation experiments to calculate the affinities of EMI2’s two zinc binding sites, demonstrating 

that one site binds zinc five orders of magnitude tighter than the other. Finally, using high-energy-

resolution fluorescence detection (HERFD) spectroscopy, the binding site containing four 

cysteines was found to have the higher zinc-binding affinity. 

The difference in affinities for three RING proteins have been determined and all have a 

difference of two orders of magnitude between their two binding sites. (58, 125, 126) According 

to my competitive chelation results, there is an approximately 420,000-fold difference in the zinc-

binding affinities of EMI2’s two binding sites. This therefore suggests that one site in EMI2 could 

be structural while the other could be regulatory. Additionally, one of EMI2’s binding sites binds 

zinc tighter than previously studied RING proteins do. The exact affinities for two of the proteins 

were calculated via cobalt binding. Because it is a soft metal with a similar ionic radius, cobalt 

mimics zinc binding, though around 3-4 orders of magnitude less tightly. (181) The zinc-binding 

affinities of the RING proteins are therefore between 10-9 – 10-12 M (58, 125), similar to EMI2’s 

second site but significantly weaker than the first. Although in vitro/in vivo experiments are 

necessary to establish if differential zinc binding regulates EMI2 inhibition of the APC/C (vide 

infra), these initial experiments suggest that it is possible. 
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The HERFD experiment demonstrates that EMI2’s C4 site binds zinc more tightly than the 

C3H site. Both previously-studied RING proteins showed similar results (58, 125) – however, this 

cannot be viewed as a trend. Short, engineered zinc finger peptides have mixed results on whether 

C4 or C3H binds tighter. (120, 127, 181) In natural proteins, variation in zinc finger binding affinity 

is over 7 orders of magnitude (120, 128), with both C4 and C3H sites demonstrating a wide range 

of affinities. (128) There are several biophysical reasons for this. Cysteine’s thiolate domain binds 

Zn(II) tighter than histidine’s imidazole domain does, though at physiological pH this effect is 

negated because of proton competition for the cysteine. (127) Additionally, protein structure will 

affect thiol acidity. (128) The physical properties of non-binding amino acids in the coordination 

sphere will affect binding (128); the second coordination sphere can affect the binding affinity of 

a zinc finger based on properties such as hydrophilicity/-phobicity of amino acids and hydrogen 

bonding. By itself, the hydrophobicity of amino acids surrounding the binding pocket can alter 

binding by up to four orders of magnitude. (120) In sum, the identification of EMI2’s C4 site as 

the strong-binding site does not accord with a trend, but rather will allow further experimentation 

to focus on how the structure of the protein changes as zinc fills the C3H site.  

Structurally, it is logical that the C4 site has the tighter binding affinity. Residues 618-641 

are disordered (Figure 5.1) (57), meaning that the C3H site has fewer secondary structural elements 

near it. C-terminal constructs of EMI2 are sufficient to inhibit the APC/C, with the RL tail (the 

last two amino acids – 640 and 641 in mouse) binding to ANAPC2. (57) Zinc binding in the C3H 

site could provide enough structure to the C-terminus in order to allow for its interaction with and 

inhibition of the APC/C.  
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Figure 5.1: NMR structure of EMI2’s zinc-binding region. From (57). 

It is possible that zinc, rather than an alkali or alkaline earth metal, acts as a regulatory 

agent during meiosis because its interactions can be more controlled. Ions (Na+ and K+) in the 

cytoplasm do not bind tightly to proteins and are at concentrations around one to three orders of 

magnitude higher than those of transition metals. Neuronal action potential – the most well-known 

ionic regulatory process – is based on large changes in ion concentration, leading to intra- and 

extracellular charge differentials. On the other hand, zinc and other transition metals are held in 

homeostasis through tight binding, for example with a calculated average of less than one free Zn2+ 

ion per E. coli cell. (165) Therefore, smaller relative and absolute changes in the concentration of 

Zn2+ compared to Na+ or K+ would be necessary for an intracellular effect and would affect a 

smaller number of binding moieties than the latter two ions. 

A proposed method of EMI2 regulation is as follows: EMI2 is expressed during anaphase 

I. With an affinity of 10-15 M, the C4 binding site is tighter than the majority of intracellular proteins 

and is immediately filled with zinc. As zinc levels increase and other zinc-binding moieties in the 

egg are filled, the C3H (weak) binding site fills with zinc, altering the structure of the protein. 
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Because the C3H site is proximal to the disordered C-terminus, the major structural changes 

probably occur in that binding site’s vicinity. EMI2 then fully inhibits the APC/C. As intracellular 

zinc levels decrease following fertilization, other zinc-binding moieties with affinities greater than 

10-10 M are now apo, causing the C3H site to lose its Zn2+ ion. This then alters EMI2’s structure, 

freeing it from the APC/C. EMI2 is degraded by the pathways described in the Introduction, which 

are probably at least partially independent of EMI2’s change in structure. Future experiments, 

particularly NMR of EMI2 and the APC/C at different levels of zinc occupancy, will demonstrate 

the validity of this hypothesis. 

Understanding the molecular mechanisms controlling the cell cycle may identify new 

specific targets for chemotherapeutics. Cancer is characterized by dysregulated cell division as 

well as chromosomal abnormalities (aneuploidy, etc.). EMI1 and EMI2 play vital roles in assuring 

proper chromosome division. As a mitotic protein, EMI1 has been found to play a role in cancer. 

For example, overexpression of EMI1 and APC/C substrates positively correlates with tumor 

malignancy (182); patients with ovarian clear cell carcinoma and esophageal squamous cell 

carcinoma who overexpress EMI1 have poorer prognoses compared to those who do not. (183, 

184) EMI overexpression in p53-/- cells leads to aneuploidy and chromosomal rearrangements. 

(185) The HPV16 E7 oncoprotein of the human papilloma virus inhibits SCFβTrCP-mediated EMI1 

ubiquitylation, leading to mitotic abnormalities. (186) Knocking down EMI1 with siRNA in cancer 

cell lines improves the efficacity of doxorubicin and radiotherapy. (187) Understanding the 

metalloregulation of these checkpoint proteins will provide more information about their 

dysregulation and could hopefully lead to medical applications. 

My inorganic approach to developmental research provides more information about 

transition metals in oocyte maturation, fertilization, and early embryonic development. Most 
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biologists consider transition metals to serve as cofactors, i.e. structural elements, or at high levels 

as environmental toxins spread primarily through anthropogenic activity. Although these are two 

major biological roles, my research in these two chapters concludes that transition metal ions act 

as biological agents themselves. In my Xenopus research, zinc and manganese ions which are not 

bound to proteins act as blocks to polyspermy. In the EMI2 project, zinc binds to the protein, but 

rather than being a static structural element, hypothesized changes in zinc occupancy lead to 

dramatic cellular effects. Just as new types and roles of RNA have been discovered in the past 

decades, my results will hopefully spur further interest into the study of transition metals’ varied 

roles. 

 
Sulfide Fixation 

 In my fourth chapter, I studied the effects of a modified form of Timm’s sulfide fixation 

method on elemental content and localization in Xenopus eggs. Using a stepwise analysis of the 

fixation through resin-infusion process, I found that the majority of elemental change occurs 

during the fixation step. Surprisingly, besides iron contamination, there was no difference in the 

content or localization of transition metals in eggs fixed with or without sulfide. The egg results 

were compared with those of mouse ovaries, which show greater elemental change following 

fixation, though there was a much greater loss of small, mobile ions than of transition metals. 

This was the first experiment in which bulk elemental content was measured after sulfide 

fixation – previous work focused merely on maintaining and/or enhancing metal localization post-

fixation. There was no significant difference in transition metal content between the control and 

sulfide-treated eggs. Although iron was the only transition metal to be completely preserved in the 

ovaries, the other three had at most a 30% loss following fixation. This is less significant than the 
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drops in potassium, magnesium, and calcium, suggesting that the sulfide and/or binding 

environment of the transition metals served to preserve them. 

 One of the major findings of the chapter, confirming previous work (146), is that post-

fixation elemental content strongly depends on the tissue type being analyzed. Although small 

mobile ions like K+ will almost always be lost during the fixation process, transition metal retention 

varies. In our lab’s previous experiments with mouse eggs, fixing without sulfide led to zinc loss 

from the CGs. (6) In comparison, fixing Xenopus eggs with aldehydes but without sulfide does not 

alter either bulk transition metal content or localization (except for a gain in iron due to 

contaminants in the solution). This could be due to two reasons: First, as stated above, Xenopus 

eggs are laid in pond water and are therefore impermeable to ion losses, so their membranes may 

be tougher than those of mammalian cells, leading to less aldehyde permeabilization. Second, and 

more likely, transition metals are bound extremely tightly inside the eggs. Most transition metals 

are tightly bound by proteins or inside organelles. In Xenopus eggs metals are localized in the yolk 

platelets and small cortical vesicles and may be more tightly bound than zinc is in murine CGs.  

 Although the addition of sulfide neither significantly affected the transition metal content 

of Xenopus eggs nor their cortical localization, and was only partially successful in mouse ovaries, 

I would still recommend its use when trying to image transition metals. It was necessary for 

imaging mouse eggs as well as a variety of tissue types imaged by different groups. (86, 90) The 

only disadvantage of sulfide fixation is that it increases intratissue sulfur content, with the majority 

of sulfide binding to biopolymers instead of metals. However, most researchers probably do not 

need to concurrently map both sulfur and transition metal contents, so this should not be a problem. 

None of the four fixation methods used for mouse ovaries were able to accurately preserve 

transition metal contents. In comparison to frog eggs, the ovary is a multicellular, excised tissue 
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containing blood and other fluids. There will therefore be elemental loss from fluids and the cells 

will be more permeable than frog eggs. There are a couple possible ways to improve the fixation 

procedure for the mouse ovaries. First, rather than chemically fix the entire ovary, a small piece of 

the ovary could be excised and then frozen or freeze-dried it. Although dissection will always lead 

to some elemental loss, a frozen-hydrated or dried sample will avoid the major elemental loss 

caused by chemical permeabilization. Second, if one is interested in the elemental 

content/distribution of a certain cell type, they can be cultured. Cultured cells are easier to freeze 

and image than tissue. The disadvantage of imaging cultured tissue is that the growth conditions 

in an incubator are different than in an organism, so elemental content and distribution may differ. 

Additionally, if immortalized cells are used, they could contain mutations that alter their elemental 

content. 

An additional finding of this paper is that the solutions used in the fixation and resin-

infusion process can contain enough metal contamination to affect experimental results, which few 

previous researchers have taken into account. Except for hyperaccumulators (72), biological 

transition metal concentrations range from the low micromolar to the low millimolar. Therefore, 

according to my results, a fixative containing a transition metal at an order of magnitude less than 

that of the biological sample can lead to detectable contamination. I would recommend that all 

chemicals be analyzed via ICP before use. ddH2O or its equivalent should be used instead of 

diH2O. The fixatives and embedding resin used in my experiments were microscopy-grade and 

most contained transition metal content on the micromolar range. Most researchers fix samples in 

order to study ultrastructure and/or protein distribution rather than elemental localization, so the 

manufacturer probably does not prioritize minimizing metal content in its chemicals. Instead of 

using microscopy-grade chemicals, many solutions are available as biological- or HPLC-grade, 
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both of which should contain lower metal content. For example, Sigma BioReagent-grade 

formaldehyde is tested to ensure low metal contamination. It contains Na at 100 ppm ≥, K at 20 

ppm ≥, Ca at 5 ppm ≥, and transition metals at 1 ppm ≥ (188) meaning that its residual zinc content 

is an order of magnitude less than that of the EMS formaldehyde I used (Table 4.1). 

 In sum, when preparing biological samples for elemental mapping experiments it is 

recommended to optimize the sample preparation procedure before obtaining final data. Poor 

technique and/or chemicals with high metal contents can lead to improper sample preservation and 

possibly metal contamination. Performing these control experiments can take some time, but they 

are necessary for ensuring accurate results. Whenever possible, frozen-hydrated or dried samples 

should be used (see Chapter 1 for discussion of their advantages). If samples need to be chemically-

fixed, fixatives and resins should be checked for metal contamination via ICP. Finally, the ICP 

results of an unfixed sample should be compared with those of a fixed, resin-infused sample. If 

there are significant differences in transition metal content between them, the chemical 

composition of the fixative can be tweaked or a stepwise comparison can be performed to find the 

step or step(s) in the fixation, dehydration, and resin infusion process that led to the gain or loss of 

metal, which can then be optimized.  
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Future Directions 

In this section I will discuss new lines of research stemming from my results along with possible 

experimental approaches. 

 

Future Xenopus and Metal Flux Experiments 

What is the counter ion to the metal cations in the cortical vesicles? The identity of 

zinc’s binding partner has been unknown since zinc-containing CGs were discovered in mouse 

eggs a decade ago. In Xenopus, EPR has shown that most manganese is bound to a low molecular 

weight carboxylate. We can assume that in a small vesicle the other metals would share the same 

anion. It is possible that this carboxylate is glutamate, which is the anion of the zinc used in 

neuronal signaling. (2) Xenopus eggs can be sectioned and treated with an anti-glutamate antibody. 

The cortices will then be imaged for fluorescence. Another way to determine the counter ion would 

be to artificially activate dejellied eggs in a small volume of buffer. Following CG dehiscence 

(which is finished within approximately 10 minutes post-activation) the buffer can be collected. 

Depending on the number of eggs analyzed and the sensitivity of the instrument, a mass 

spectrometer will be able to determine the identity of the counter ion.  Finally, the CGs of frozen 

mammalian eggs can be analyzed using X-ray absorption near edge structure (XANES) to 

determine zinc’s coordination environment. 

 How is manganese transported in Xenopus oocytes? Zinc is transported into Xenopus 

oocytes through the protein vitellogenin (43) with CG formation occurring over months. (174) Is 

manganese loaded in a similar manner as zinc? How is manganese sequestered in the vesicles? 

Although some manganese transporters have been definitely identified, most are promiscuous, and 
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many are still unknown. (105, 178, 189) SLC39A8 and SLC39A14 are identified as major 

manganese transporters, though they transport other metals as well. (178) SLC30A10 has been 

identified in mammals, zebrafish, and nematodes as a specific manganese transporter, or at least a 

protein whose deletion affects manganese homeostasis but not zinc. (178, 189) All three of these 

proteins are expressed in Xenopus. (190-192) Xenopus oocytes at different developmental stages 

should be probed for these transporters, with specific emphasis on the developing CGs. If there 

appears to be localization to the CGs, then knockout strains can be created to determine if 

manganese content/localization decreases. 

 Is the post-fertilization release of manganese conserved in different classes of 

animals? It is currently unknown if there is manganese storage and if release occurs from the eggs 

of other species besides Xenopus. Previous X-ray fluorescence microscopy (XFM) analysis of 

mouse and cow eggs at Argonne used Beamline 2-ID-E and the Bionanoprobe (4, 6, 16), neither 

of which provide sufficient incident flux for manganese detection, even with extended scan times. 

The cortices of metaphase II-arrested mammalian eggs can be imaged at Beamline 2-ID-D to 

provide manganese detection. Additionally, the lab will continue to collaborate with Professor 

Brian Hoffman to study eggs from different species with EPR. EPR should be able to easily 

analyze larger eggs such as from sea urchins and zebrafish, though thousands of mammalian eggs 

would be necessary for a single experiment.  

 What is the role of manganese in the block to fertilization? In mouse eggs, the zinc 

spark alters the structure of the zona pellucida, preventing polyspermy. (12) Although I have found 

that manganese acts as a block to fertilization in Xenopus, its mechanism is still unknown. Similar 

to the mouse experiments, the structure of the vitelline envelope (the name of the extracellular 

matrix in Xenopus equivalent to the zona pellucida in mammals) can be imaged by electron 
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microscopy both with and without the addition of manganese to determine if the metal alters its 

structure. The jelly surrounding Xenopus eggs consists of glycoconjugates and small proteins (193) 

and is another possible target of alteration. It is also possible that the manganese interacts directly 

with the sperm rather than with the zygote. In experiments using murine sperm, increasing Mn2+ 

concentrations lead to decreased sperm galactosyltransferase activity, which leads to decreased 

sperm-zona pellucida binding. (46) Similar experiments can be performed using Xenopus sperm. 

Are Xenopus cortical vesicles acting as a metal detoxification system? Besides zinc and 

manganese, I found calcium, copper, nickel, and cobalt in the cortical vesicles. Copper and cobalt 

have biological functions in vertebrates, while nickel does not. (194) High cytoplasmic levels of 

these metals would be toxic. Does the Xenopus oocyte therefore store these metals in the vesicles 

as a detoxification system? To confirm this metal localization is not due to this specific group of 

frogs or the system in which they are held, eggs should be collected from different laboratories as 

well as from the wild and then be imaged via XFM and/or Analytical Electron Microscopy. 

Oocytes at different developmental stages can be analyzed as well, with the results additionally 

providing information on when zinc and manganese enter the CGs. Because of the length of 

Xenopus oogenesis, it would be difficult to limit metal content in food and water. However, it 

would be much simpler to increase the amount of frogs’ metal exposure and then determine if the 

amount of metal stored in the eggs’ cortical vesicles increases. Finally, it is possible that the 

vesicles are meant to be loaded with zinc and manganese, but promiscuous transporters load them 

with additional metals as well. Knockdown experiments can determine if this plays a role. 
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Future EMI2 Experiments 

 Altering the EMI2ZRL purification protocol. The yield of purified EMI2ZRL is fairly low. 

The cleavage of the MBP tag is inefficient – it requires a large amount of expensive Factor Xa 

enzyme. Additionally, Factor Xa often cleaves off-target (195, 196), which leads to a ~6 kDa 

cleavage product in the EMI2ZRL preps. The EMI2ZRL constructs (wild type and mutant) will be 

cloned into a pMCSG10 plasmid, which contains a 6x His-GST-TEV leader. (197) Cleaving with 

the TEV protease should hopefully be more efficient. 

How does changing zinc occupancy affect EMI2 function? Although I have shown 

EMI2’s two zinc-binding sites have a five order of magnitude difference in their binding affinities, 

further experiments are needed to determine whether differential zinc occupancy can regulate 

EMI2 function. A minimal functional E3 unit of the APC/C can be established using truncated 

constructs of APC2, APC11, and EMI2 combined with the E1 and E2C enzymes and ubiquitin. 

The E2C enzyme is auto-ubiquitylated and the amount of ubiquitylation that occurs over a given 

time can be analyzed using a western blot. (57) If EMI2 inhibits the APC/C, there should be no 

ubiquitylation. If EMI2 does not inhibit the APC, ubiquitylation should occur while partial 

inhibition will lead to an intermediate result. Once established, this complex can be exposed to 

different concentrations of zinc to determine if full zinc occupancy of EMI2 leads to complete 

inhibition of the APC/C’s ubiquitylation function. EMI2 with mutant zinc binding sites can be 

analyzed as well, with the expectation that they will show partial or no inhibition. (5, 29, 71) 

Another possible in vitro experiment is the creation of Xenopus egg extracts in which EMI2WT is 

immunodepleted and replaced with mutant protein. Defects in spindle assembly can then be 

analyzed. Because the spindle complex consists of many components, some of which probably 
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require zinc binding, I would not recommend zinc chelation in CSF extracts because it could have 

off-target effects.  

The function of EMI2 zinc occupancy can be studied in vivo as well. Custom antibodies 

have been designed against EMI2’s two zinc binding sites. The antibodies will be microinjected 

into maturing mouse oocytes as EMI2 begins to be expressed. The proportion of oocytes to reach 

proper metaphase II arrest will then be measured to determine the effects of blocking each or both 

of the zinc-binding sites.  

 Does zinc regulate EMI2 function in sperm? Separate papers have shown that zinc fluxes 

are necessary for proper sperm function (21) and that EMI2 is necessary for meiosis I in sperm – 

the protein’s role in meiosis II still has not been studied. (70) In order to determine if EMI2 zinc 

binding plays a role in regulating sperm meiosis, the most straightforward experiment would be to 

create strains of mice containing EMI2 with different mutations in its zinc-binding region (ZBR). 

These experiments will demonstrate whether EMI2’s ZBR is necessary for proper meiotic progress 

in sperm and as well as the relative importance and function of the two binding sites. 

 Does zinc regulate EMI2 in different species? If EMI2 is a zinc-dependent switch in 

mammals, would it act similarly in Xenopus and other vertebrates? The in vitro and in vivo 

experiments described above can be repeated with EMI2 and APC/C components and antibodies 

and oocytes, respectively, from different species. There are definite differences in interspecies zinc 

fluxes: mouse eggs show a proportionally larger efflux of zinc than Xenopus do (possibly because 

so much of the zinc in a Xenopus egg is bound in the yolk) as well as a post-fertilization zinc influx 

(Seth Garwin, unpublished data), which does not occur in Xenopus. It will be interesting to see if 

and how EMI2 function is conserved. 
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 Do EMI1’s two zinc-binding sites have as wide a range of zinc-binding affinities as 

EMI2’s? EMI1 and EMI2 share highly conserved ZBRs (Figure 1.3), so it is possible that the two 

proteins have similar zinc-binding affinities. Recombinant EMI1 should be expressed and undergo 

the same competitive chelation experiments as EMI2 to determine its two zinc binding affinities. 

If EMI1’s zinc binding is similar to EMI2’s, this would lead to the following question: Do mitotic 

cells display similar zinc fluxes to meiotic cells? Some studies have shown that zinc levels flux in 

mitotic cells (22, 23), though because of the difficulty in syncing the cell cycle in cultured cells 

these should be considered to be initial results that will require follow-up experiments for 

confirmation. 

 What are the differences between EMI1 and EMI2 in Xenopus? In mammals, EMI2 is 

only expressed during meiosis, whereas EMI1 is found in all mitotic cells (Figure 1.4). Because 

the mid-blastula transition (MBT) does not occur until the 13th mitotic cell cycle in Xenopus, EMI2 

is used in early mitosis. Building off of the above question, does regulation of EMI1 and EMI2 

differ in early Xenopus mitosis? If Xenopus EMI2’s regulation is governed by differential zinc 

occupancy, would there be zinc fluxes in early Xenopus mitotic cells? It is possible that zinc is 

redistributed during early Xenopus mitosis. Besides studying the zinc-binding affinities and 

functionalities of recombinant xEMI1 and xEMI2, slices of pre-MBT embryos at different 

timepoints can be analyzed using XFM to see if intra- and extra-cellular zinc distribution varies 

during the mitotic cell cycle. 

 
Summary of Significance 

In sum, I have discovered that both zinc and manganese are released from amphibian eggs 

following fertilization. The metals act as blocks to polyspermy. Xenopus eggs contain small 
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cortical vesicles which store multiple metals in addition to zinc and manganese, possibly acting as 

a detoxification system. EPR experiments show that the majority of manganese is bound to a low 

molecular weight carboxylate. These results demonstrate that zinc fluxes are an ancient and 

conserved meiotic phenomenon while the manganese discovery shows that other transition metal 

ions have roles besides protein cofactors. Fixation experiments using a modified Timm’s method 

demonstrate that, unlike other tissue types, the addition of sodium sulfide was not necessary for 

the preservation of transition metal content and localization in Xenopus eggs. My results contribute 

to the evidence that different fixation methods have advantages for different tissue types and that 

procedural optimizations are recommended before preparing samples for elemental mapping 

experiments. Finally, I have shown that the meiotic spindle checkpoint protein EMI2 binds two 

atoms of zinc with a 420,000-fold difference in affinity with the first, C4 site possessing tighter 

affinity. If the hypothesis is true, and Zn2+ regulates meiotic progress through differential binding 

to EMI2, this would contribute to the emerging picture that transition metal ions can act as 

signaling agents. 
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APPENDIX A: SUPPLEMENTARY METHODS, 

CALCULATIONS, FIGURES, TABLES, AND 

VIDEO CAPTIONS FOR METAL ION FLUXES 

CONTROLLING AMPHIBIAN FERTILIZATION 
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Materials and Methods: 

 
Confocal Imaging Parameters: All confocal imaging was done on a Leica SP5 laser scanning 

confocal using the Leica Application Suite AF software in the Biological Imaging Facility at 

Northwestern University (RRID: SCR_017767). Images were taken with a 2.5x0.07 NA objective 

with an open pinhole (600 μm = 7.91 airy units). The excitation laser used was an argon laser (488 

nm) coupled with a DD 488/561 beamsplitter. A Leica Hybrid (HyD) detector was set to collect 

emission wavelengths of 505-575 nm, using gain of 100%. Transmitted light images were taken 

with a transmitted light PMT using the 488 nm laser as an illumination source. For the fertilization 

timeseries, images were taken every 2.573 seconds for a total time of 19 minutes. Using FIJI, 

brightness/contrast were adjusted to 12/72. For the ionomycin timeseries, images were taken every 

1.29 seconds for a total time of 9.5 minutes. Using FIJI, brightness/contrast were adjusted to 

35/131. For clarity, brightness and contrast were adjusted to 19/46 in Figure 2.2A. 

Determination of the Rate of the Zinc Spark: The stack of confocal images of the zinc spark 

was analyzed using ImageJ. (198) The egg was modeled as a sphere. Using a custom macro, 18 

areas (circles with radii of 50 µM) were placed around the periphery of the egg. The circles were 

placed 20º apart, with 0º at the approximate beginning of the zinc release (Figure 2.2A). The 

software measured the average white value (i.e. fluorescence) of each circle in every frame. The 

data were then graphed (Figure 2.2B and 2.2C). The zinc spark travels approximately linearly in 

time around most of the circumference of the egg, the linear portions were analyzed. 

 The circumference of the egg was calculated from its diameter and every degree on the 

circle could therefore be given a distance. The time at which each circle reached half-maximal 

fluorescence was determined. To determine the rate of zinc release, the distance of each circle 
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along the circumference from the origin was plotted against the time at which it reached half-

maximal fluorescence. A linear fit was then taken and the calculated velocities from the zinc 

release traveling clockwise and counterclockwise from the origin were averaged for a final value. 

Evaluating the Ability of Intracellular Chelators to Induce Parthenogenetic Activation of 

Xenopus Eggs: Xenopus eggs were obtained via established methods. The jelly coat of the eggs 

was removed through soaking in a 3% w/v solution of cysteine-HCl, pH 8 for 10 minutes. ~20-30 

dejellied eggs were put into a well of a 12-well dish. A 20-minute video was taken with an 

Olympus SZX12 microscope using a Q-Color 3 Camera. To quantify the data, each individual egg 

was followed over the course of the video and assigned one of three conditions: activated, not 

activated, or dead. None of the following treatment conditions showed signs of toxicity. Activated 

eggs were those which showed shrinkage/darkening of the pigment in their animal pole and 

shrinkage of the white activation spot. The ratio of activated eggs to activated + not activated was 

then calculated. Eggs tested in all four conditions came from the same frog. For replication, eggs 

from 3 frogs were tested. The ratios from the 3 frogs were averaged and plotted with standard 

deviations. 

Four milliliters of standard media for Xenopus eggs (0.1X Marc’s Modified Ringer’s 

[MMR] buffer, – 10 mM NaCl, 200 μM KCl, 100 μM MgSO4, 200 μM CaCl2, 500 μM HEPES, 

10 μM EDTA, pH 7.4) were placed in the wells of a 12-well dish along with the following:  

1. 1% DMSO (control) 

2. 10 mM 1,10-phenanthroline monohydrate (Sigma) in 1% DMSO 

3. 20 μM ionomycin calcium salt (Sigma) dissolved in 1% DMSO 

4. 10 mM ammonium tetrathiomolybdate (Sigma) in 1% DMSO 
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Egg activation was scored for the untreated group (buffer alone) as a negative control and 

eggs treated with 20 μM ionomycin as a positive control (Figure 2.3, Videos A.3-6). Ionomycin 

led to complete activation. Treatment with 10 mM 1,10-phenanthroline (OP - KD Mn [II] = 5 x 10-

11 M, KD Fe [II] = 10-21 M, KD Cu [II] = 1.0 x 10-21 M, KD Zn [II] = 8 x 10-18 M) (179, 199) activates 

the same percentage of eggs as ionomycin (within a standard deviation). To test whether OP causes 

activation through copper chelation, we treated the eggs with 10 mM ammonium 

tetrathiomolybdate (TTM), which has a high selectivity and specificity for copper (KD Cu [I] = 

2.32 × 10−20 M). (97) TTM did not activate the eggs, suggesting that fertilization is linked to zinc 

depletion. 

Treatment of eggs with 3 mM of N,N,N’,N’-tetrakis-(2-pyridylmethyl)-ethylenediamine 

(TPEN), a heavy metal chelator  (KD Cu [II] = 10-20, KD Zn [II] = 10-16) (180), did not lead to 

activation. Due to its low aqueous solubility and modest DMSO solubility (25 mM) we were not 

able to test significantly higher concentrations of TPEN. EtOH at a concentration as low as 2% 

can parthenogenically activate eggs, so it could not be used as a solvent. 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS): Dejellied Xenopus eggs were 

prepared as described above. The eggs were then rinsed in 0.1X MMR. To prepare samples for 

ICP-MS, 20 eggs were placed in a metal-free conical tube (#89049-170, VWR, Radnor, PA) with 

a transfer pipet and rinsed 3X with 15 ml MilliQ H2O. 20 eggs per tube were analyzed in order to 

be within the standard curve and improve the signal-to-noise for copper and manganese, which are 

the elements with the lowest measured concentrations. 

 Embryos were obtained through mincing ¼ testis in a small amount of 0.1X MMR. The 

solution was mixed with eggs in a Petri dish and allowed to sit for 10 minutes. The dish was then 
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flooded with 0.1X MMR. After 30 minutes, the jelly was removed from the embryos and samples 

were prepared as above. 

 Following sample collection, the eggs/embryos were dried in a heat block at 70 C for at 

least 5 hours. They were then dissolved in 450 μl 67-70% trace-metal free nitric acid (#NX0407, 

Supelco, Burlington, MA) overnight at 70 C. The solution was then diluted to 15 ml using MilliQ 

H2O. ICP elemental standards were obtained from Inorganic Ventures (Christiansburg, Virginia). 

The elemental concentrations were measured using a Thermo iCAP Q ICP-MS and a Thermo 

iCAP 7600 ICP-OES with Qtegra software (Quantitative Bio-element Imaging Center, 

Northwestern University). Eggs and embryos from 4 frogs were analyzed, and for each frog 3-5 

tubes of eggs/embryos were measured. In order to calculate the molarity of the eggs/embryos, their 

average volume was assumed to be 1 μl. (174) Two-tailed, heteroscedastic T-tests were run 

between eggs and embryos in order to determine if there was a significant difference in metal 

content. No adjustments were made for multiple comparisons. 

 In order to determine the metal content of the frog tank water, HNO3 was added to the 

water in metal-free tubes to obtain a final concentration of 2%. In order to determine the 

concentrations of highly concentrated elements, dilutions of the samples were made with MilliQ 

H2O/HNO3. Elemental concentrations were measured using a Thermo iCAP Q ICP-MS and a 

Thermo Element2 High Resolution Magnetic Sector Field ICP-MS (Quantitative Bio-element 

Imaging Center, Northwestern University). 

EPR/ENDOR/ESEEM Spectroscopy: Frog eggs and embryos were loaded into a quartz EPR 

sample tube, flash-frozen in liquid nitrogen, and stored at 77 K until analysis.  
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EPR Spectroscopy: 35 GHz continuous-wave (CW) EPR spectra were recorded using a 

lab-built 35 GHz EPR spectrometer with LabVIEW 2016. (114) Absorption-display EPR spectra 

were collected from eggs/embryos and Mn-metabolites by using CW “rapid passage” methods at 

34.9 GHz and 2 K as previously described. (101, 104) The spectra of Mn2+ are characteristic of an 

S = 5/2 ion with small zero-field splitting (ZFS), with the principal ZFS parameter, D, much less 

than the microwave quantum (hν). Such spectra show a central 55Mn (I = 5/2) sextet arising from 

hyperfine interactions, A ∼ 90 G, that is associated with transitions between the ms = +1/2 and 

−1/2 electron-spin substrates. These features “ride on” and are flanked by significantly broader 

signals from the four “satellite” transitions involving the other electron-spin substates (ms ±5/2 ⇔ 

±3/2; ±3/2 ⇔ ±1/2). The net absorption spectrum is the sum of the five envelopes of these five 

transitions among substrates.  

The Mn2+ EPR spectra of both frozen eggs and embryos show a resolved six-line 55Mn 

hyperfine pattern centered at g-2 (~12 kG) riding on “wings” extending to both high and low 

magnetic field with a total field span of 4 kG, features which are suppressed in the derivative-mode 

CW EPR spectra. The wings are relatively narrow in the high-symmetry Mn complexes discussed 

here (Figure 2.5); broad wings are seen in low-symmetry complexes with chelating ligands and 

proteins. The sextet is accentuated in the derivative spectra similar to those in the commonly used 

“derivative-mode” EPR spectra (Figure 2.5A inset); however, the full absorption-display spectra 

show this central feature.  

EPR experiments were performed on three batches of egg and embryo samples. The shapes 

of the EPR spectra of eggs and embryos are the same (Figure 2.6) so the amplitude of their EPR 

spectra is an appropriate indicator of total Mn2+. The embryos contain on average about one-third 

the amount of Mn2+ of the eggs (~30 ±	10% remaining) across the three batches of samples. As 
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noted in the main text, the decrease in the Mn2+ EPR amplitude upon fertilization agrees with the 

loss of Mn2+ measured by ICP-MS (Figure 2.4) within the mutual uncertainties of the two 

measurements.   

 ENDOR/ESEEM Spectroscopies: Pulsed ENDOR/ESEEM spectra were recorded using 

a lab-built 35 GHz pulsed EPR spectrometer with Femi Instruments SpecMan4EPR. (115) All 

spectra were recorded at 2 K using an immersion helium cryostat. 31P, 1H Davies ENDOR spectra 

were recorded using the pulse sequence p − T − p/2 − t − p − t − echo, where T is the time interval 

for the radio-frequency (RF) pulse, which is randomly hopped. (200) 

 The frozen-solution spectrum of an I =1⁄2 nucleus, such as 31P and 1H, coupled to Mn2+ 

comprises a set of doublet features centered at the nuclear larmor frequency and split by multiples 

of the electron-nuclear hyperfine coupling (A). The primary doublet is associated with the ms = 

±1⁄2 electron spin sublevels of Mn2+ and is split by A; weaker satellite doublets associated with 

the ms = ±3⁄2 and ±5⁄2 sublevels are split by 3A and 5A. All spectra in this study display 1H signals 

that can be assigned to the protons of bound water. In addition, all the spectra, except for the 

aqueous solution, show a sharp ms = ±1⁄2 31P doublet from a phosphate moiety bound to Mn2+ 

center. The intensities of 31P and 1H signals differ significantly among the spectra, and analysis of 

these intensities provide a means of assessing cellular Mn2+ speciation. (102)  ENDOR 

experiments were performed using the following conditions: MW frequency 34.8 GHz, 

temperature 2K, magnetic field ~ 12.5 kG, tp/2 = 60 ns, t = 400 ns, Trf = 160 µs, repetition time 10 

ms. 

 3-Pulse ESEEM spectra were recorded using the pulse sequence, p/2 - t - p/2 - T - p/2 - t 

– echo where T is the time varied between second and third microwave pulses, with four-step 

phase cycling to suppress unwanted Hahn and refocused echoes. (201) A 14N nucleus (I = 1) 



 

 

182 
directly coordinated with Mn2+ creates modulation in the electron spin echo decay, which is 

dominated by 14N hyperfine interaction. To quantitate 14N ESEEM responses from cellular Mn2+, 

we chose as a standard the 14N response from the Mn-imidazole complex, which binds one 

imidazole and (presumably) five waters. ESEEM experiments were performed using the following 

conditions: MW frequency 34.9 GHz, temperature 2K, magnetic field ~ 12.5 kG, tp/2 = 50 ns, t = 

400 ns, repetition time 10 ms. 

 Speciation Calculations: Experiments were performed on three sets of samples and the 

average 31P%, 1H% were used to calculate the fractional Mn2+ speciation. The 31P%, 1H% ENDOR 

values vary somewhat among the triplicate samples and to make sure that this variation is not 

attributed to spectrometric variability, ENDOR spectra of Mn-Pi were recorded along with frog 

eggs/embryos in every case (Figure 2.5B) in every sample measurement, confirming that small yet 

significant variation in 31P%, 1H% ENDOR response for frog eggs/embryos across the triplicate 

experiments is independent of the experimental conditions and purely a physiological issue. The 

fractional populations of Mn-L, L = H2O, Pi, polyP, and ENDOR-silent complexes reported as 

percentages were obtained using a heuristic binding model as described. (102)  

Frozen Eggs/Lysate Controls to Test for Possible Freeze-Lysis Artifacts:  By 

conducting EPR/ENDOR studies on frozen intact eggs, we are able to circumvent a hurdle in 

understanding Mn2+ speciation inside cells. When cells are lysed, any substitutionally-labile Mn2+ 

complexes are at risk of undergoing rapid ligand exchange reactions.  In such cases the spectra of 

Mn2+ species in the lysate may not reflect the chemical state of the manganese complexes present 

in intracellular compartments. The same problem can arise upon rapid freezing of large cells such 

as frog eggs: ice crystal formation can inadvertently rupture and mix the contents of the 

intracellular compartments. We have directly examined this premise by “scrambling” the eggs, 
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gently rupturing them by ~30 seconds agitation with a Vortex™ mixer, which disrupted egg 

membranes and created a liquid suspension. It was anticipated that even such a mild treatment 

would expose Mn2+ sequestered in the vicinity of the plasma membrane to millimolar 

concentrations of small molecule ligands in the cytosol such as cysteine, histidine, NADP, NTPs, 

etc. As shown in Figure 2.6, this expectation is realized. In comparison to intact eggs, ENDOR 

spectra of crushed eggs show three-time higher 31P% and two-time higher 1H% response. This 

corresponds to an increase of the Mn-P population to ~20% and reduction of the ENDOR-silent 

population to ~70%, with the remainder present as aquo-Mn2+. To test whether these Mn-P species 

arise from complex ion formation with buffer constituents, 31P% ENDOR spectra were acquired 

on a frozen solution of 0.1X MMR spiked with 200 μM MnSO4·H2O. No Mn-P species were 

observed, leading us to conclude that the lysis-induced emergence of a significant population of 

Mn-P complexes likely arise from components of the egg cytoplasm, organelles etc. These controls 

suggest that freezing the eggs did not disturb the vesicular compartmentalization of Mn2+ and 

provide support the conclusion that the most abundant manganese species in the cortical granules 

are Mn2+-carboxylate complexes. 

Sulfide Fixation of Eggs and Embryos: To chemically fix the eggs/embryos, the supernatant was 

removed from a tube containing jelly-stripped eggs/embryos and 10 ml of fixation solution (2.5% 

glutaraldehyde, 2% paraformaldehyde, 20 mM NaSH, in 0.1 M PIPES buffer, pH 7.4) were added. 

Eggs/embryos were fixed for 2 hours at RT. We used 16% paraformaldehyde (#15710), 25% 

glutaraldehyde (#16220) and 0.3 M PIPES stock solutions (#11610) from EMS, Hatfield, PA.  

NaSH (#161527-5G, Sigma-Aldrich, St. Louis, MO) from a 1 M stock solution was added before 

the pH was adjusted. After fixation, the eggs were rinsed 10 minutes in 0.1 M PIPES and 3 x 5 
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minutes in ddH2O, followed by dehydration in 30%, 50%, 70%, and 90% ethanol for 15 minutes 

each, and finally in pure ethanol for 2 x 10 minutes.  

After dehydration, eggs were infiltrated with a Durcupan resin: ethanol dilution of 1:1 

overnight and in pure resin for 4 hours before transfer into fresh resin in silicon molds, and 

polymerization at 65° C for 24 hours. Sections of 400 and 2 μm thickness were obtained with a 

Ultracut-S ultramicrotome (Leica, Buffalo Grove, IL) using a diamond knife (Diatome/EMS 

Hatfield, PA). 

X-ray Fluorescence Microscopy: Egg and embryo sections were mounted on 200 nm-thick 

silicon nitride windows (#NX5150D, Norcada, Edmonton, AB, Canada) and were glued to 

aluminum sample holders using clear nail polish. The sections were analyzed using scanning X-

ray fluorescence microcopy at Beamline 2-ID-D at the Advanced Photon Source at Argonne 

National Laboratory. The source was a 3.3-cm-period undulator, and X-rays were 

monochromatized by a double multilayers monochromator to provide 20-25 times higher intensity 

than conventional crystal monochromators. An X-ray energy of 10.3 keV was selected to excite 

the Ka emission lines of elements from Si to Zn. A Fresnel zone plate focused the X-ray beam 

onto the sample with a spot size of ~ 0.3 µm. The specimen was placed in a helium environment 

and mounted on an X-Y translation stage at 75º to the incident beam.  An energy-dispersive silicon 

drift detector (Vortex-EM, Hitachi High-Technologies Science America, Northridge, CA) was 

used to collect X-ray fluorescence spectra while the sample was being scanned across the focus 

spot. Because of their large diameters, a fly scan of each egg/embryo was first taken with a 20 µm 

step size and a 40 ms/pixel dwell time. An area near the cortex would be selected, and then a 

moderate-resolution scan with a 2 µm step size and a 40 ms/pixel dwell time would be taken. The 
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sample would be checked for damage and then a final, high resolution scan of the cortex would be 

imaged with a 300 nm step size and a 500 ms/pixel dwell time. Using the program MAPS written 

in IDL, XRF spectrum at each pixel were individually fitted to remove background and overlaps 

between adjacent emission lines. Conversion of fluorescence intensities to areal densities in 

μg/cm2 was performed by comparing X-ray fluorescence intensities with those from thin film 

standards NBS-1832 and NBS-1833 (NIST, Gaithersburg, MD). 

Metal Compartment Concentrations: 400 nm-thick slices from 3 frogs were used to determine 

the approximate metal concentrations of the small metal-dense compartments in the egg animal 

pole. 8-bit grayscale images of each element were taken from the program MAPS and analyzed 

with ImageJ. (202) A grayscale value of 55/255 was determined to best capture the distribution of 

zinc-containing compartments and was then used for all the other elements in order to maintain 

consistency. The images were thresholded and ROIs of at least 2 pixels in size (300 x 600 nm) 

were selected. The grayscale values of each ROI were converted back into µg/cm2 as well as mM 

by extrapolating for the volume of each voxel (300 x 300 x 400 nm). The same procedure was 

used to determine the metal concentrations of the compartments in the embryo animal pole. The 

voxel molar concentrations should be considered to be minimal values for two reasons. First, 

because XRF analyzes slices of Xenopus eggs, it is possible that a slice contains part of a 

compartment and part of the cytoplasm. Second, the smaller class of compartment was only several 

pixels in area, meaning that the compartment areas selected may contain some of the cytoplasm 

near their circumferences.  

 In order to determine the elemental content of yolk platelets, 400 nm-thick slices from 3 

frogs were used for the egg animal pole. The cluster analysis function of MAPS was used to select 

for areas of high phosphorous. ROIs were then drawn for each platelet – however the 



 

 

186 
corresponding area of the grayscale image was checked for each to make sure that it was not an 

agglomeration of multiple vesicles. Clusters of four or more pixels (≥ 0.36 μm2) were selected. 

Elemental concentrations were then acquired for each ROI and then averaged for each frog.  

Pearson Coefficients: Grayscale images of each element were taken from MAPS. To avoid bias, 

coefficients were determined for the entire scanned slice areas, rather than focusing on areas rich 

in metal-containing clusters. Using ImageJ, a mask of the egg/embryo area was drawn for each 

element using the sulfur image as a base. This allowed analysis of only the egg/embryo area and 

not the blank space outside the plasma membrane, as well as excluding any microscopic holes in 

the slice. The white value at each X/Y coordinate was then saved. For each pair of elements, linear 

regressions were run in order to obtain Pearson coefficients. Means and standard deviations were 

calculated from the Pearson coefficients averaged for slices from 3-4 frogs. 

Cortical Electron-Dense Vesicle Distribution: TEM images of the entire cortex of ~150 nm-

thick slices of Xenopus eggs and embryos were obtained using ThermoFisher Talos F20 and the 

prototype ANL PicoProbe Analytical Electron Microscopes. In order to determine the distribution 

of small electron-rich vesicles, four images at a time were stitched together using the MosaicJ 

plugin for ImageJ. (203) Brightness and contrast were adjusted, and the images were then imported 

into Adobe Illustrator. The plasma membrane was approximately traced, and boxes were drawn 

with marks at 2, 5, and 10 µm from the membrane (Figure 2.16B). The number of small electron-

rich vesicles was counted in each box. It should be noted that these are probably under-estimations, 

as some vesicles fall out of the fixed slice during sectioning. In order to determine the vesicle 

density per 100 µm2, the number of vesicles was divided by the cortical area analyzed.  
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Xenopus Fertilization Experiments: Approximately 50-100 Xenopus eggs were placed in small 

Petri dishes. The control dish was filled with 0.1X Marc’s Modified Ringers without EDTA 

(MMR: 10 mM NaCl, 200 µM KCl, 100 µM MgSO4, 200 µM CaCl2, 500 µM HEPES, pH 7.4) 

while experimental dishes were filled with 0.1X MMR containing the following metal 

concentrations: 50 µM ZnSO4, 100 µM ZnSO4, 250 µM ZnSO4, or 500 µM ZnSO4; 0.5 mM 

MnCl2, 1 mM MnCl2, 3 mM MnCl2, or 5 mM MnCl2. The eggs were soaked in the solutions for 

15 minutes. The solutions were removed, and the eggs were fertilized using a sperm solution 

created by grinding a portion of a testis in 0.1X MMR. The sperm solutions for the metal-

containing dishes were spiked with metal at their corresponding concentrations. 15 minutes after 

fertilization, the dishes were flooded with their corresponding buffers. After cleavage became 

apparent (90-120 minutes), the contents of the dishes were scored according to three categories: 

unfertilized, properly cleaved, and failed cleavage. There were no signs of toxicity to the eggs. 

Because egg quality can vary, the percent proper cleavage in each experimental dish was 

normalized to that of its corresponding control dish. The metal content of the buffer in the control 

dishes was measured via ICP-MS. IC50 values were calculated using Graphpad.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

188 
Calculations: 
 

Estimated Manganese Release Concentration: Via ICP-MS, Xenopus eggs contain on average 

8.8 x 1013 atoms of Mn while embryos contain 4.1 x 1013 atoms. The amount of Mn released 

following fertilization is: 

 
(8.8	(	10+,	-./01 − 4.1	(	10+,	-./01)

6.022	(	107, 	
-./01
0/8

= 7.8	(	10;++	0/8 

 
The average radius of a Xenopus egg is 625 μm. If we model Mn release into a 50 μm “shell” 

around the embryo following fertilization, the volume of the “shell” is: 

 
4<

3
(	((6.75	(	10;?	0), −	(6.25	(	10;?	0),) = 2.7	(	10;+@	0, = 2.7	(	10;A	B 

 
The concentration of Mn released into the 50 μm “shell” would therefore be: 
 

7.8	(	10;++	0/8

2.7	(	10;A	B
= 290	DE 
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Supplemental Figures: 

 

Figure A.1: Raw counts of the number of unfertilized eggs, properly dividing embryos, and 
failed cleavage for eggs fertilized in the presence of extracellular ZnSO4. n = number of eggs 
used per frog for each data point. 
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Figure A.2: Raw counts of the number of unfertilized eggs, properly dividing embryos, and 
failed cleavage for eggs fertilized in the presence of extracellular MnCl2. n = number of eggs 
used per frog for each data point. 
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Supplemental Video Captions: 

 

Video A.1: Zinc spark following fertilization of a Xenopus egg (time as mm:ss).  Brightness and 
contrast were adjusted. 

Video A.2: Zinc spark following parthenogenic activation of a Xenopus egg by ionomycin (time 
as mm:ss). Brightness and contrast were adjusted. 

Video A.3: Control eggs in 0.1X MMR buffer with 1% DMSO (time as mm:ss).  

Video A.4: Eggs treated with 20 μM ionomycin (time as mm:ss). 

Video A.5: Eggs treated with 10 mM 1,10-phenanthroline (time as mm:ss). 

Video A.6: Eggs treated with 10 mM ammonium tetrathiomolybdate (time as mm:ss). 
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APPENDIX B: SUPPLEMENTARY FIGURES AND 

TABLES FOR THE EFFECTS OF CHEMICAL 

FIXATION ON THE METAL CONTENT OF EGGS 

AND TISSUE 
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Supplemental Calculations: 

Eggs were in 0.1X Marc’s Modified Ringers Buffer (10 mM NaCl, 100 μM MgSO4, 200 
μM KCl, 200 μM CaCl2, 10 μM EDTA, 500 μM HEPES, pH 7.4) before washes. The buffer was 
aspirated using a metal-free pipette tip so that ~0.5 – 1 ml remained in the tube. The eggs were 
washed 3X in MilliQ H2O. The tube was filled to 15 ml with MilliQ H2O and then the water was 
aspirated as described above. The following calculations estimate the amount of salt remaining 
from the buffer following the three washes: 

Sodium: 

 

• If	there	was	0.5	ml	liquid	remaining	in	the	tube	between	steps:	
0.01	M	Na	x	(5	x	10;?	L) = 5	x	10;^	mol	Na	originially	in	buffer		

• Rinsed	3X	with	15	ml	ddH2O:	
e	f	+@gh	ijk

,@l
=

1.9	x	10;+@	mol	Na	remaining	after	washing				

• If	there	was	1	ml	liquid	remaining	in	the	tube	between	steps:	
0.01	M	Na	x	(1	x	10;,	L) = 10;e	mol	Na	originially	in	buffer		

• Rinsed	3X	with	15	ml	ddH2O:	
+@gm	ijk

+el
= 3.0	x	10;n	mol	Na	remaining	after	washing				

• Each	egg	is	~1	µl	in	volume	

• 10	eggs	in	each	tube	

• By	ICP,	52	mM	Na	in	the	eggs	

• 10	eggs	x	
+@gh	x

yzz
	x	

@.@e7	ijk	{|

x
= 5.2	x	10;A	mol	Na	in	the	eggs	in	the	tube	

• Therefore,	Na	remaining	from	the	buffer	should	account	for	approximately	
+.n	f	+@g~�	ijk

e.7	f	+@gÄ	ijk
	x	100% = 0.037%	and	

,.@	f	+@gÇ	ijk

e.7	f	+@gÄ	ijk
	x	100% = 0.58%	of	the	Na	

measured	by	ICP	

	

Magnesium: 

 

• If	there	was	0.5	ml	liquid	remaining	in	the	tube	between	steps:	
10;?	M	Mg	x	(5	x	10;?	L) = 5	x	10;É	mol	Mg	originially	in	buffer		

• Rinsed	3X	with	15	ml	ddH2O:	
e	f	+@gÑ	ijk

,@l
=

1.9	x	10;+7	mol	Mg	remaining	after	washing				
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• If	there	was	1	ml	liquid	remaining	in	the	tube	between	steps:	

10;?	M	Mg	x	(1	x	10;,	L) = 10;A	mol	Mg	originially	in	buffer		

• Rinsed	3X	with	15	ml	ddH2O:	
+@gÄ	ijk

+el
= 3.0	x	10;++	mol	Mg	remaining	after	washing				

• Each	egg	is	~1	µl	in	volume	

• 10	eggs	in	each	tube	

• By	ICP,	21	mM	Mg	in	the	eggs	

• 10	eggs	x	
+@gh	x

yzz
	x	

@.@7+	ijk	Öz

x
= 2.1	x	10;A	mol	Mg	in	the	eggs	in	the	tube	

• Therefore,	Mg	remaining	from	the	buffer	should	account	for	approximately	
+.n	f	+@g~Ü	ijk

7.+	f	+@gÄ	ijk
	x	100% = 0.00090%	and	

,.@	f	+@g~~	ijk

7.+	f	+@gÄ	ijk
	x	100% = 0.014%	of	the	Mg	

measured	by	ICP	

	

Potassium: 

 

• If	there	was	0.5	ml	liquid	remaining	in	the	tube	between	steps:	
2	x	10;?	M	K	x	(5	x	10;?	L) = 1	x	10;A	mol	K	originially	in	buffer		

• Rinsed	3X	with	15	ml	ddH2O:	
+	f	+@gÄ	ijk

,@l
=

3.7	x	10;+7	mol	K	remaining	after	washing				

• If	there	was	1	ml	liquid	remaining	in	the	tube	between	steps:	
2	x	10;?	M	K	x	(1	x	10;,	L) = 2	x	10;A	mol	K	originially	in	buffer		

• Rinsed	3X	with	15	ml	ddH2O:	
7	f	+@gÄ	ijk

+el
=

5.9	x	10;++	mol	K	remaining	after	washing				

• Each	egg	is	~1	µl	in	volume	

• 10	eggs	in	each	tube	

• By	ICP,	81	mM	K	in	the	eggs	

• 10	eggs	x	
+@gh	x

yzz
	x	

@.@É+	ijk	Öz

x
= 8.1	x	10;A	mol	K	in	the	eggs	in	the	tube	

• Therefore,	K	remaining	from	the	buffer	should	account	for	approximately	
,.A	f	+@g~Ü	ijk

É.+	f	+@gÄ	ijk
	x	100% = 0.00046%	and	

e.n	f	+@g~~	ijk

É.+	f	+@gÄ	ijk
	x	100% = 0.0073%	of	the	K	

measured	by	ICP	
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Calcium: 

 

• If	there	was	0.5	ml	liquid	remaining	in	the	tube	between	steps:	
2	x	10;?	M	Ca	x	(5	x	10;?	L) = 1	x	10;A	mol	Ca	originially	in	buffer		

• Rinsed	3X	with	15	ml	ddH2O:	
+	f	+@gÄ	ijk

,@l
=

3.7	x	10;+7	mol	Ca	remaining	after	washing				

• If	there	was	1	ml	liquid	remaining	in	the	tube	between	steps:	
2	x	10;?	M	Ca	x	(1	x	10;,	L) = 2	x	10;A	mol	Ca	originially	in	buffer		

• Rinsed	3X	with	15	ml	ddH2O:	
7	f	+@gÄ	ijk

+el
=

5.9	x	10;++	mol	Ca	remaining	after	washing				

• Each	egg	is	~1	µl	in	volume	

• 10	eggs	in	each	tube	

• By	ICP,	1.1	mM	Ca	in	the	eggs	

• 10	eggs	x	
+@gh	x

yzz
	x	

@.@@++	ijk	à|

x
= 1.1	x	10;É	mol	Ca	in	the	eggs	in	the	tube	

• Therefore,	Ca	remaining	from	the	buffer	should	account	for	approximately	
,.A	f	+@g~Ü	ijk

+.+	f	+@gÑ	ijk
	x	100% = 0.034%	and	

e.n	f	+@g~~	ijk

+.+	f	+@gÑ	ijk
	x	100% = 0.54%	of	the	Ca	

measured	by	ICP	

In sum, assuming that the tube contents were mixed with each wash, at most ~0.6% of the 
measured elemental content could be attributed to salts remaining from the buffer. 
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Supplemental Tables: 
 
Copper Contamination from DI Water 
 

Element Eggs Fixed Dehydrated 
Resin-

Infused 
p Eggs 
→ FND 

p Fixed 
→ Dehyd 

p Dehyd 
→ Resin 

p Eggs 
→ Resin 

Cu 50 ± 1.4 74 ± 1.2 55 ± 6.6 46 ± 0.89 1.8 x 10
-5

 0.065 0.27 0.054 

Cu (fixed with 
NaSH) 50 ± 1.4 75 ± 5.3 49 ± 2.4 48 ± 0.70 0.015 9.3 x 10

-3
 0.83 0.23 

 

 

Table B.1: Copper content of unfixed eggs washed with MilliQ H2O and fixed eggs washed with diH2O. Values in μM. Values as 
mean ± SEM, N = 4 frogs. p values compare the change in elemental content between the different stages of the sample preparation 
process.
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Xenopus Eggs Fixed Without NaSH 

Element Eggs Fixed Dehydrated 
Resin-

Infused 
p Eggs → 

Fixed 
p Fixed → 

Dehyd. 
p Dehyd. 
→ Resin 

p Eggs → 
Resin 

Na 52 ± 3.1 59 ± 3.3 48 ± 3.6 34 ± 3.4 0.16 0.067 0.028 8.2 x 10
-3

 

Mg 21 ± 1.1 19 ± 1.2 19 ± 0.97 17 ± 1.3 0.39 0.78 0.33 0.075 

P 290 ± 12 270 ± 13 230 ± 13 200 ± 13 0.31 0.069 0.15 2.2 x 10
-3

 

S 130 ± 5.0 130 ± 5.8 124 ± 5.4 120 ± 7.7 0.90 0.80 0.58 0.39 

K 81 ± 2.9 4.1 ± 0.54 6.5 ± 1.1 6.8 ± 1.2 7.9 x 10
-5

 0.11 0.86 1.8 x 10
-5

 

Ca 1.1 ± 0.10 1.1 ± 0.12 1.1 ± 0.12 1.3 ± 0.16 0.77 0.87 0.39 0.22 

Mn 0.12 ± 0.015 0.10 ± 0.013 0.10 ± 0.010 0.12 ± 0.019 0.51 0.91 0.36 0.82 

Fe 0.89 ± 0.19 1.4 ± 0.12 1.4 ± 0.13 1.6 ± 0.16 0.072 0.94 0.24 0.022 

Cu 
0.058 ± 
0.0058 

0.062 ± 
0.0060 0.063 ± 0.0049 

0.070 ± 
0.0066 0.61 0.94 0.43 0.22 

Zn 1.9 ± 0.16 2.0 ± 0.13 1.9 ± 0.10 2.2 ± 0.17 0.95 0.83 0.18 0.27 

 

Table B.2: ICP values of the elemental content of eggs fixed without NaSH. Values in mM. Values as mean ± SEM, N = 4 frogs. p 
values compare the change in elemental content between the different stages of the sample preparation process. 

 

197 



 

 

198 

Xenopus Eggs Fixed with NaSH 

Element Eggs Fixed Dehydrated 
Resin-

Infused 
p Eggs → 

Fixed 
p Fixed → 

Dehyd. 
p Dehyd. 
→ Resin 

p Eggs → 
Resin 

Na 52 ± 3.1 64 ± 2.2 52 ± 2.3 38 ± 2.5 0.020 0.011 4.6 x 10
-3

 0.012 

Mg 21 ± 1.1 19 ± 0.94 18 ± 0.66 17 ± 0.62 0.33 0.50 0.14 0.031 

P 290 ± 12 270 ± 8.1 230 ± 8.6 200 ± 4.5 0.29 9.1 x 10
-3

 0.036 2.1 x 10
-3

 

S 130 ± 5.0 200 ± 7.1 190 ± 6.0 190 ± 5.9 3.1 x 10
-4

 0.32 0.80 3.4 x 10
-4

 

K 81 ± 2.9 4.1 ± 0.50 5.5 ± 0.90 5.9 ± 1.4 8.4 x 10
-5

 0.23 0.82 1.1 x 10
-5

 

Ca 1.1 ± 0.10 1.0 ± 0.15 1.1 ± 0.078 1.4 ± 0.28 0.85 0.80 0.32 0.32 

Mn 0.12 ± 0.015 0.093 ± 0.014 0.095 ± 0.16 0.12 ± 0.014 0.27 0.94 0.30 0.96 

Fe 0.89 ± 0.19 1.3 ± 0.15 1.3 ± 0.16 1.7 ± 0.17 0.19 0.85 0.13 0.018 

Cu 
0.058 ± 
0.0058 0.56 ± 0.0057 0.056 ± 0.0073 

0.070 ± 
0.0073 0.78 0.94 0.23 0.25 

Zn 1.9 ± 0.16 1.8 ± 0.13 1.8 ± 0.18 2.3 ± 0.20 0.40 0.90 0.11 0.22 

 

Table B.3: ICP values of the elemental content of eggs fixed with NaSH. Values in mM. Values as mean ± SEM, N = 4 frogs. p 
values compare the change in elemental content between the different stages of the sample preparation process. 198 
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Mouse Ovary Fixation 

Element Unfixed MD FA GA/FA/NaSH GA/FA p Unfixed 
→ MD 

p Unfixed 
→ FA 

p Unfixed → 
GA/FA/NaSH 

p Unfixed 
→ GA/FA 

Na 1200 ± 28 5.6 ± 1.3 1900 ± 68 2000 ± 51 1800 ± 24 7.3 x 10
-9

 1.1 x 10
-5

 1.4 x 10
-8

 2.0 x 10
-8

 

Mg 220 ± 6.8 9.9 ± 1.9 40 ± 2.2 74 ± 3.2 75 ± 1.2 1.4 x 10
-9

 2.7 x 10
-9

 2.6 x 10
-9

 6.2 x 10
-8

 

P 3500 ± 110 2400 ± 120 2300 ± 92 2000 ± 51 2100 ± 76 1.5 x 10
-5

 9.8 x 10
-7

 3.0 x 10
-7

 1.6 x 10
-7

 

S 2200 ± 67 1500 ± 79 1200 ± 16 3000 ± 77 1600 ± 35 8.0 x 10
-6

 9.6 x 10
-7

 1.0 x 10
-6

 1.2 x 10
-5

 

K 3900 ± 120 4.3 ± 1.1 120 ± 5.2 26 ± 2.7 22 ± 1.5 8.3 x 10
-9

 9.7 x 10
-9

 8.5 x 10
-9

 8.5 x 10
-9

 

Ca 52 ± 2.2 4.6 ± 1.2 16 ± 0.59 14 ± 0.64 15 ± 0.62 2.0 x 10
-9

 3.2 x 10
-7

 1.6 x 10
-7

 2.2 x 10
-7

 

Mn 0.41 ± 0.018 0.15 ± 0.017 0.29 ± 0.0080 0.28 ± 0.015 0.29 ± 0.011 5.8 x 10
-8

 1.4 x 10
-4

 6.8 x 10
-5

 1.1 x 10
-4

 

Fe 97 ± 2.9 92 ± 6.4 99 ± 4.6 88 ± 3.5 86 ± 2.7 0.50 0.76 0.064 0.016 

Cu 1.2 ± 0.059 1.1 ± 0.060 1.0 ± 0.054 1.0 ± 0.034 0.95 ± 0.035 0.26 0.057 0.016 3.6 x 10
-3

 

Zn 20 ± 0.70 5.4 ± 0.67 25 ± 1.5 16 ± 0.36 17 ± 0.41 6.3 x 10
-10

 8.1 x 10
-3

 7.3 x 10
-4

 0.011 
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Table B.4: ICP values of the elemental content of ovaries fixed with the following: MD: Modified Davidson’s Fixative (14% 
denatured ethanol, 37.5% formalin, 6.25% glacial acetic acid in dH2O), FA: 4% formaldehyde, GA/FA/NaSH: 2.5% glutaraldehyde, 
2% formaldehyde in 0.1 M PIPES buffer with 20 mM NaSH, GA/FA: 2.5% glutaraldehyde, 2% formaldehyde in 0.1 M PIPES buffer. 
Values in μg/g tissue (wet weight). Values as mean ± SEM, N = 7-8 ovaries per condition. p values compare the change in elemental 
content between unfixed ovaries and the different fixation conditions. 
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