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Abstract

Zinc has been recognized as indispensable cofactor for many proteins and as a key signaling
molecule regulating myriads of cellular activities. In Chapter One of this thesis, I first outline
a brief history of research progress in zinc biology. Past research has established zinc quota,
the amount of zinc atoms cells requires to grow optimally. While zinc quota is high, “free”
cellular zinc concentration is low. Many efforts have been devoted to investigating how cells
use homeostatic and adaptive mechanisms to maintain zinc requirement under zinc deficiency.
When cells fail to use all these to sustain the zinc requirement of the cells, zinc proteins
accumulate in their apo form. Only a handful of in vivo zinc apoprotein examples were known
before this research. With the advancement in bioinformatic and multi-“omics” technology,
zinc biologists started to systematically characterize the zinc proteome thus making this thesis

possible.

In Chapter Two, with collaboration with others, I first cataloged the yeast zinc proteome of
582 known or potential zinc-binding proteins using a bioinformatics approach and determined
protein abundance of half of these zinc-binding proteins. Two significant findings are that first
I discovered widespread zinc sparing, which describes cells down-regulating the abundance of
zinc-binding proteins to free up as many zinc atoms as possible. The scale of zinc sparing is
estimated to be 4 million zinc atoms or about 40% what the cells need for optimal growth.
Another critical finding is that I confirmed the large accumulation of unmetalated zinc

apoproteins in vivo during zinc deficiency. Two examples of such zinc apoproteins, Fbal



Vi

aldolase and Met6 methionine synthetase, are provided to support the conclusions from the

bioinformatics and proteomics data.

Zinc is critical in folding so zinc apoproteins that lost their zinc atoms could induce the
unfolded protein response. Zinc-deficient cells need mechanisms to stabilize such large
quantity of zinc apoproteins to prevent them from aggregating and becoming cytotoxic. Zinc
deficiency has also been known for generating oxidative stress. In Chapter Three, I investigated
the role of the previously characterized zinc-responsive 2-cys peroxiredoxin Tsal in preventing
aggregation of unmetalated zinc apoproteins. One previously unknown target of Tsal, Rpd3,
was discovered in this research. Rpd3 is a class I histone deacetylase that forms three distinct
complexes to regulate transcription in response to variety of cellular stresses such as heat shock,
oxidative stress, and salt stress. Rpd3 was shown in this chapter to be zinc apoproteins in both

zinc-replete and deficient cells, with larger accumulation in the zinc-deficient yeast.

Overall, these findings from this thesis contributed to our growing understanding of the zinc

proteome and how cells respond to a limited amount of zinc under zinc deficiency.



Chapter 1: General Introduction
Discovery of the essentiality of zinc in plants and animals
Can any organisms live without zinc? After 150 years of research on zinc biology, now we know

the answer is no. Every organism needs zinc to live, thrive and reproduce.

Jules Raulin did not know the answer when he started to investigate which specific mixture of
minerals would help plants growth. Raulin used a common fungus (“black mold”) Aspergillus
niger: he carefully withdrew one mineral at a time and measured the growth (dry weight) of the
fungus. After rounds of trial and error, he established zinc was required for the optimal growth of
the fungus'. Although at this time Raulin had no technology that made sure his basal medium was
without zinc contamination, he was the first to demonstrate the requirement of zinc for organisms
to grow optimally. The problem of contamination, though, would go on to produce inconsistent
results of whether zinc is an essential nutrient for growth for decades, thus delaying the recognition

of essentiality of zinc in life.

In animals, universal and relatively stable distribution of zinc in animal tissues has been observed
by many scientists, suggesting that zinc might be a required element for animal health’?. But
attempts to demonstrate the essentiality of zinc failed due to lack of other essential nutrients such
as vitamins, and due to traces of zinc contamination in the “purified rations” fed to the animals?.
Rebecca Hubbell and Lafayette Mendel took extreme cautions in controlling the zinc
contamination in animal diets but only observed a mild favorable increase of growth in mice
supplemented with zinc®. In 1934, right here at the University of Wisconsin-Madison, WR Todd,

CA Elvehjem and EB Hart conducted seminal experiments and were the first to show that zinc is



essential for rat growth. The brilliance of the study by Todd et al. was that they added essential
vitamins and redistilled the water used for the rats knowing that there might be zinc contamination
from the tap water. In this way, they controlled the amount of zinc to make a larger difference in
zinc-replete and zinc-deficient rations*. They were able to observe a significant difference in
growth among the rats while others such as McHargue missed that finding because he failed to
remove the trace amount of zinc in the rat rations made from commercial foods>. Later, reports
that zinc is essential to prevent various animals such as pigs, birds, and dogs from showing growth

retardation and other adverse symptoms were established during 1950s to 1970s.

Ananda Prasad found zinc is essential for humans in the 1960s: patients from villages of Shiraz,
Iran showed severe growth retardation, testicular atrophy, and other symptoms that could not be
explained by other mineral deficiencies®. Later, Prasad’s study in Egypt showed that
supplementing zinc to patients alleviated growth retardation and hypogonadism within 3 to 6
months, establishing a causal relationship between human zinc deficiency and these symptoms’.
It took another one and half decades for zinc to be established with a recommended dietary

allowance (RDA) value due to the difficulty in producing consistent results.

While early zinc biologists were busy establishing zinc as an essential nutrient, they also raised
the question of what exact role(s) does zinc play in the cell. CA Elvehjem and EB Hart published
a follow-up study in 1938 where they tried to investigate the potential role of zinc in pancreatic
enzyme activities. They observed less activity of the pancreatic enzymes isolated from zinc-

deficient rats but were not able to establish direct relationship with zinc?.



The first confirmed molecular role of zinc in a living cell was its catalytic role in carbonic
anhydrase purified from the ox blood. Carbonic anhydrase converts carbon dioxide and water into
carbonic acid. Keilin and Mann found carbonic anhydrase contains a physiologically relevant
amount of zinc and showed a linear dose-dependent relationship between carbonic anhydrase
activity and zinc content’. This critical finding opened the door for zinc biology researchers to

explore widely distributed molecular roles of zinc for the next 80 years.

General molecular roles of zinc in cells

The most recognized molecular roles of zinc are as a catalytic or structural cofactor, and as a
regulatory agent of proteins. Unlike iron and copper, zinc is redox inert under physiological
conditions. This gives zinc a unique advantage to serve as a protein cofactor without producing
unwanted reactions and changing coordination preferences. Enzymes that use zinc are found in
each of the six enzyme categories and are widely involved in carbohydrate, lipid, protein, nucleic

acid metabolism and beyond.

When zinc serves as a catalytic cofactor, the metal is essential for the enzyme activity and is
directly involved in catalyzing reactions with the substrate. Zinc is a Lewis acid that accepts a pair
of electrons and interacts with substrates with the help from at least one water molecule in addition
to its three protein ligands'®!!. The water molecule allows for an open coordination site that is
considered essential for the catalytic role of zinc. Examples of proteins that have a catalytic zinc
cofactor include carbonic anhydrase, many proteases and class II fructose 1,6-bisphosphate

aldolases.



A second function of zinc in proteins is maintaining protein structure so proteins are properly
folded for optimal function. This is usually supported by a stable tetrahedral coordination of
histidine and cysteine amino acid ligands and therefore can ensure the proper folding of local and
overall structure of the proteins'®!!. The best characterized structural zinc site is the “zinc finger”.
The classic C2H2 zinc finger was first discovered in a protein transcription factor IIIA in frog!2.
The finger-like structure coordinated by one or more zinc ions help to stabilize the protein and
provide a new DNA recognition principle!?. Now, the zinc finger motif in some proteins has been
assigned functions besides structural role but “zinc finger” remains as a classic example of the

metal serving as structural cofactor of proteins.

The third proposed role of zinc is acting as a regulatory agent. Unlike catalytic and structural roles,
the role of regulatory zinc is harder to define consistently. Some researchers consider a signaling
role of zinc as regulatory, but I will discuss the signaling role separately. Here in this thesis, I
define the regulatory role of zinc as follows: when zinc serves as a regulatory agent for a protein
or a protein complex, it binds to that protein and regulates its activity, its ability to be modified by
other biological processes, its structural integrity and/or the location of the protein or protein
complexes. It is distinct from zinc’s role as catalytic cofactor because regulatory zinc does not
interact with the substrate directly. According to Bert Vallee, it is different from the catalytic role
of zinc because the regulatory zinc could either activate or inhibit the enzyme activity while
catalytic zinc is essential for enzyme activity'®. The regulatory zinc responds to a variety of signal
cues such as lipids and oxidative stress, and usually regulates the protein via disulfide formation
and reduction. I will use a few examples to demonstrate the definition. One example is zinc-

binding proteins that use cysteines as ligands and are part of a signaling cascade such as protein



kinase C (PKC). PKC has different isoforms, but all of them have conserved zinc fingers that
coordinate two zinc ions. When zinc is bound to PKC, the thiol groups are protected by the
presence of zinc and the enzyme is inactive. However, when lipid signals or oxidative stress signals
arise, the oxidative microenvironment forces the thiols to form disulfide bond thus releases the
zinc from PKC. Subsequently the enzyme PKC unfolds, and is phosphorylated and becomes
active'®. A similar mechanism of zinc functioning as a “switch” or “hinge” of protein activity
regulation is the bacterial heat shock protein Hsp33'7. Another example of regulatory zinc has been
observed in the interface of circadian clock protein complex CRY 1/PER2 in mammalian cells.
Schmalen et al. used mutational studies and radio-active %Zn and discovered that zinc is critical
for the two proteins to interact. The presence of zinc stabilized the protein complex to regulate
gene transcription and a series of downstream metabolic activities in vivo. When zinc is not present,
the thiols of the cysteines of CRY1 form a disulfide bond and CRY1 is unable to interact with
PER2!'3, These two examples illustrate my definition of regulatory zinc in protein and protein

complexes.

It is worth noting that the role of zinc in proteins is not always black and white. In some proteins,
the zinc ions could contribute to regulate the protein, structural stability and/or optimal catalytic
activity of the zinc-binding proteins. One prominent example is liver alcohol dehydrogenase which
contains two zinc ions in each subunit of the protein. One “active” zinc is shown to be coordinated
by two cysteines, one histidine and a water molecule thus are involved directly in catalysis while
the other zinc ion is coordinated by four cysteines thus be considered to support structural
stability!®. This structural zinc site is also contributing to the maximal enzyme activity of the whole

protein. In other proteins such as the tumor suppressor p53 and class I histone deacetylases, the



one zinc ion serves as both catalytic and structural cofactor. In p53, the cofactor zinc has also been
deemed as important in recognizing specific sets of DNA targets, thus is considered to have a
regulatory function as well?’. Now with the emerging technologies and bioinformatic tools, we
are able to predict that as much as 10% of eukaryotic genome encodes proteins that are zinc-
binding?' and we are able to assign them to putative catalytic and/or structural roles based on the
bioinformatic information available. We refer to the collection of zinc proteins encoded by a
genome of an organism as its “zinc proteome” and I will discuss the detailed progress of predicting
and characterizing zinc proteomes in the “The gradual understanding of zinc proteome” section.
But we need to always keep in mind the possibility of zinc playing multiple roles in the same

protein even if it is assigned to one specific role based on computational prediction.

Besides being a cofactor of proteins, zinc ions also play a significant role in signaling. As I
mentioned above, this is often considered a regulatory role of zinc. Although an exciting area of
research, this role of zinc in signaling is not the focus of this thesis. Readers who are interested in
zinc signaling can read the second edition of the book “Zinc Signaling” edited by Toshiyuki
Fukada and Taiho Kambe (2019)??. It has been known that zinc functions as a neuromodulator in
so-called “gluzincergic” neurons. Upon stimulus, zinc is released, together with glutamate, and
subsequently modulate receptors such as N-methyl-D-aspartate (NMDA) receptors. The released
zinc is then removed from the synaptic cleft and recycled®®. A recent milestone of zinc signaling
research is the discovery of the “zinc spark”, which refers to the exocytotic release of billions of
zinc ions from mammalian eggs upon activation’*?°. The magnitude of zinc release is also
correlated with embryo quality?s. Another example of zinc signaling is the “zinc wave”, during

which free zinc is released from the endoplasmic reticulum and acts as a novel intracellular second



messenger. One of the proposed functions of a zinc wave is to inhibit phosphatase activity therefore
regulating kinase signaling pathways and subsequently the gene expression of cytokines in mast

2

cells’’. The zinc wave follows minutes after Ca?" influx, while “zinc spark” seems to
concomitantly happen as Ca?" levels change. Recently, Amy Palmer’s lab explored the exact
mechanism of how physiologically relevant concentration of zinc activates the mitogen-activated
protein kinase signaling pathway, although no detectable changes of Ca?" were found?®. These
findings seem to suggest zinc ion can act as either an extracellular or intracellular signaling

molecule in many different cell types and in many different sequences of cellular events, dependent

or independent of Ca?".

To conclude this section, zinc plays many important biochemical and molecular roles in the cell.
The more characterized role(s) of zinc include its serving as structural or catalytic cofactor of
proteins. The emerging role of regulatory zinc includes zinc controlling the activity of

protein/protein complexes, its role in signaling cascades, and beyond.

Zinc quota, cellular concentration of zinc and the intracellular “free zinc”

As discussed in the last section, zinc plays critical roles in the cells. But how much zinc do cells
need to fulfill these roles? To answer this question, one has to know the concept of “zinc quota”,
referring to the amount of zinc atoms present in the cells under certain conditions. “Minimum zinc
quota”, a related concept, refers to the minimal amount of zinc atoms required for optimal growth

of the cells®.



Zinc quotas were previously measured or estimated by several different groups. Outten and
O’Halloran measured the zinc quota of Escherichia coli to be 10° zinc atoms per cell using
inductively coupled plasma mass spectrometry (ICP-MS)?. Our group estimated the minimum
zinc quota of yeast Saccharomyces cerevisiae to be 107 atoms per cell, based on cell-associated
zinc measurements®’. Minimum zinc quota of different types of mammalian cells were measured
to be 10% atoms per cell by ICP-MS3!-32, The minimum zinc quota seems to be proportional to the
cell size and the number of zinc-binding proteins. Eukaryotic cells contain more zinc-binding
proteins than prokaryotic cells, therefore the minimum zinc quota is also two to three magnitudes
higher in absolute value. However, the total cellular zinc concentration is relatively consistent in

all organisms.

There are several factors that affect a cell’s ability to accumulate zinc. Most cells show similar
total cellular concentrations of zinc between 0.1 to 1 mM. The type and function of the cell is one
of the factors that affect cellular zinc concentration. For example, zinc-containing “gluzincergic”
neurons and prostate cells accumulate much higher concentrations of zinc due to their specialized
functions®***. Another factor that influences cellular zinc concentration is the physiological stage
of the cell. During maturation, mammalian egg cells can accumulate an astonishingly 0.2M of zinc
that is required to activate the oocyte?’. Disease state(s) also affects how much zinc can accumulate
in the cells. Huang et al. measured total cell-associated zinc to show that a cancerous RWPE2 cells
accumulate 40-50% less zinc compared to its genetically identical non-cancerous cell line .
Ability to concentrate zinc is one of the markers used to gauge the progression of prostate cancer
and several other diseases®*. The difference of zinc accumulation observed in cancerous versus

non-cancerous cells might be due to the underlying differences in expressing zinc uptake



transporters or other mechanisms in maintaining zinc levels. The detailed homeostatic mechanisms

will be discussed in the “How zinc homeostasis is maintained” section.

Although the requirement of total cellular zinc is high, the cytosolic labile “free” zinc level is
within a low and tightly controlled range. Various organelles, such as ER and mitochondrion, also
have their own labile zinc pool. It is also speculated that labile “free” zinc may not be equally
distributed in the same cellular organelle due to the unknown microenvironments of the
organelles®®. Some interesting recent studies showed that other stresses, such as oxidative stress
and starvation-induced autophagy, may change the distribution of “free” zinc in different cellular
compartments3’°. Over the years, researchers have also observed that the concentration of “free”
zinc in cell is not static, and fluctuations of zinc ions happen during cell cycle even without any
other interventions such as metal chelation or oxidative stress stimuli. Li and Maret used FluoZin-
3 AM, a fluorescent Zn?" sensor, to show that cellular “free” zinc peaks twice in one cell cycle of
mammalian cells**. All these results suggest that cellular “free” zinc concentration is tightly

regulated and serve as a foundation for various biological events in cells.

It makes sense that zinc biologists want to understand how much “free” zinc is present in different
parts of the cell and in different stages of cell cycle because it helps to further understand the
biological functions of zinc in a spatial- and temporal-relevant way. For example, knowing
concentration of “free” zinc provides a reference for in vitro studies that look at inhibitory effects
of zinc on various enzymes. If the inhibitory effect only occurs at a zinc concentration that is so

out of the physiological relevant range in any stage(s) or types of the cell, then the results of such
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experiments are less meaningful and could potentially create unnecessary conflicts with other

studies in the literature.

Numerous attempts to measure the labile “free” zinc pool have been made since the early 1990s.
Simons estimated that the free intracellular zinc is around 2.4 x 10"''M (24 pM) in red blood cells*!.
Although he did not differentiate cytosol “free” zinc from those in the organelles, the estimation
he gave is well within the picomolar range found in later studies. Adebodun and Post used '°F-
NMR to detect ~1 nM of intracellular “free” zinc ions in human leukemia cells*>. Many other
studies used fluorescent dyes such as zinquin in splenocytes, mag-fura-5 in neuronal cells and got
a result of micromolar range of “free” zinc in those cells**** . Kleineke and Brand measured an
average of 1.3 mM (0.6 — 2.7 uM) zinc ions in primary hepatocytes from rats fed in a zinc-replete
diet. Newer studies utilizing zinc sensors showed that cytosolic zinc ion is around tens to the
hundreds of picomolar range, although there is a wide disagreement on the exact numbers* 7.
Based on the various type of studies presented, I think we can generally agree that cellular “free”
zinc is in the hundreds of picomolar to low nanomolar range. It is not the focus of this thesis to
discuss in detail why these disagreements exist so if the readers are interested in the comparisons
of different methods that measure labile zinc, please refer to the excellent reviews and papers from

Amy Palmer’s lab*¢48,

Level of intracellular “free” zinc can also be estimated by affinity of certain zinc transcriptional
factors. Studies of the zinc-responsive transcription factor Zap1 in Saccharomyces cerevisiae gives
an excellent example of how this estimation works. Zapl is a direct sensor of zinc and controls

gene expression of around 89 genes*® . There are seven C2H2 zinc fingers in Zap1, five of which
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(ZF3 to ZF7) are in the DNA-binding domain and the remaining two zinc fingers (ZF1 and ZF2)
are in one of the activation domains (AD2). These zinc fingers have different binding affinities.
Compared to ZF3 - ZF7, ZF1 and ZF2 have a relative higher affinity and lower stability for Zn?",
which makes them ideal for sensing the change of cellular zinc level. Metal binding studies of ZF1
and ZF2 showed that the affinity for Zn?>* is between 0.3 to 5 nanomolar range’. Later studies
measured an affinity for zinc at 2.5 pM>!. This measurement of ZF1 and ZF2’s affinity for zinc is
in general agreement with the “free” zinc level measured by other direct methods, further

demonstrating the range of cytosolic “free” zinc is at picomolar range.

To conclude this section, zinc is quite abundant and highly required by the cells despite being
frequently labeled as “trace element”. The “free” zinc level in the cell, on the other hand, is
extremely low and tightly controlled. Now you may wonder where are all the zinc is required by
cells, if zinc ions are not freely roaming in the cells? Evidence has shown that majority of zinc is
bound to proteins and the large quantity of zinc is required to make these proteins functional. We
will discuss the zinc-binding proteins in the section “The gradual understanding of zinc
proteome”. The mechanisms of maintaining the high zinc quota and low “free” zinc will be

discussed in “How zinc homeostasis is maintained”.

How zinc homeostasis is maintained

Cells require abundant zinc but zinc availability in the environment changes constantly, therefore
cells have developed complicated mechanisms to maintain intracellular and intra-organellar zinc
to ensure its survival. Tremendous amount of work has been done to investigate how cells sense

changes in zinc availability and respond to those changes using transcriptional and post-
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transcriptional mechanisms. Our lab has been a pioneer in uncovering mechanisms of zinc
homeostasis under zinc deficiency over the past three decades using the model organism yeast
Saccharomyces cerevisiae. In this section, I will mostly focus on zinc homeostatic mechanisms of
yeast Saccharomyces cerevisiae. 1 will also briefly discuss the research progress on zinc

homeostasis of mammalian cells for readers who are interested in higher order organisms.

Zinc homeostasis in Saccharomyces cerevisiae is mostly maintained by zinc uptake and zinc
storage transporters that are regulated by the zinc sensing transcription factor Zap1. Although zinc
efflux is also an important homeostatic mechanism for many organisms, yeast S. cerevisiae does
not seem to have this layer of regulation. As mentioned in the previous section, the two zinc fingers
(ZF1 and ZF2) in the activation domain AD2 of Zap1 constantly bind and disassociate with zinc
thus serving as direct zinc sensor. When cellular “free” zinc level is low, ZF1 and ZF2 lose their
zinc and therefore enabling Zap1 to recruit coactivators to turn on gene transcription of many
important genes. Among these genes, ZRT! and ZRT2 are essential parts of the zinc uptake
machinery. Zrtl and Zrt2 are plasma membrane transporters, and they are both members of the
ZIP/SLC39 family of zinc transporters that aim to increase cytosolic zinc level, either from
extracellular space or organelles. During mild zinc deficiency, transcription of the relative low
affinity Zrt2 transporter is activated. However, if cellular zinc level keeps dropping, ZRT2
transcription is inhibited while ZRT transcription is turned on as Zrtl is the high affinity zinc
uptake transporter. This double uptake transporter system ensures enough time for the yeast cells
to prepare for the upcoming severe zinc restriction, and at meantime allows for rapid zinc uptake

if zinc becomes available to maintain cellular zinc level*-2.



13

Another homeostatic mechanism used to maintain cytosolic zinc levels in yeast is vacuolar storage
of excess zinc. When yeast cells are in an environment with abundant zinc, they store the extra
zinc atoms in the vacuole and mobilize the zinc atoms when environmental zinc drops to a deficient
level. These processed are accomplished by three transporters: Zrc1, Cotl and Zrt3. Zrc1 and Cotl
belong to the CDF/SLC30 family of metal transporters, which transport zinc out of cytosol. Zrcl
and Cotl transport zinc into the vacuole for storage. Zrt3 is ZIP family transporter, and it mobilizes
zinc out of the vacuole under the regulation of Zap1 during zinc deficiency>?. There is also a Zap1-

regulated transporter Zrg17 that transports zinc into the ER to maintain ER zinc homeostasis™.

Besides regulating zinc uptake and storage transporters, yeast cells have another mechanism that
contribute to maintaining cellular zinc homeostasis. This mechanism is termed “zinc sparing” and
refers to when cells down-regulate abundant zinc-binding proteins and redirect these “freed up”
zinc atoms to other essential functions. Often cells will replace the down-regulated zinc-binding
proteins with non-zinc, or less-zinc requiring proteins that perform similar functions. “Zinc sparing”
was previously characterized in bacteria where alternative non-zinc binding ribosomal subunits
are used in place of zinc-binding subunits®*3, and in the marine diatom Thalassiosira weissfloggi
where cadmium-dependent protein is substituted for the classic zinc-binding enzyme carbonic
anhydrase’®. Several “zinc sparing” examples have been found in yeast Saccharomyces cerevisiae.
One prominent example is the alcohol dehydrogenase Adhl. Adhl is one of the most abundant
zinc-binding proteins and requires two zinc atoms per monomer to be functional. When zinc is
deficient, Zapl induces an intergenic RNA transcript that efficiently represses ADHI gene
expression thus down regulates Adhl protein abundance®’. At the same time, Zap1 increases the

expression of ADH4, whose protein product requires only one zinc atom or iron as its cofactor.
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This switch from Adhl to Adh4 during zinc deficiency alone frees up millions of zinc atoms that
can be used for other critical proteins that only use zinc as their cofactors. Another zinc-binding
alcohol dehydrogenase Adh3 in mitochondria was shown to be regulated in similar manner to
Adh1°7. One additional example of “zinc sparing” in yeast cells is RNA Polymerase I (RNAPI)
subunit Rpal190. Zinc bound to Rpal90 is “spared” through increased vacuole degradation®®. These
two examples of “zinc sparing” show that yeast cells can utilize both transcriptional and/or post-
transcriptional regulation to control the abundance of zinc-binding proteins, rather than simple
degradation. However, there are still lingering questions such as what is the scale of “zinc sparing”
across the whole zinc proteome? Are there new mechanisms of “zinc sparing” in yeast cells? One
of the goals of the experiments described in Chapter 2 is to identify more targets, capture the

scope and potentially find new mechanisms of “zinc sparing”.

In mammalian cells, there are currently no known transcription factors that respond to zinc
deficiency. However, there are two transcription factors that sense the increase of cytosolic zinc
and respond to control gene expression. One such transcription factor is an ortholog of Zapl,
ZNF658, that was identified to be a repressor of zinc transporters including ZnT5 and ZnT10.
ZnT5 (SLC30AS5) transports zinc into the secretory granule and is thought to facilitate insulin
synthesis in pancreatic beta cells®’. ZnT10 (SLC30A10) is believed to transport zinc into
endosomes and may be involve in manganese transport t00%>%3 . Upon treatment of Caco-2 cells
with 100 mM zinc, ZnT5 and ZnT10 levels were reduced, and this reduction was abrogated when
ZNF658 expression was inhibited by siRNA treatment. ZNF658 is also shown to regulate

ribosome biogenesis, one of the essential cellular process that requires abundant zinc®. Further
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research is needed to illustrate the precise functions and mechanisms of ZNF658 and how it

regulates zinc homeostasis in mammalian cells.

Metal-response element-binding transcription factor-1 (MTF-1) is another transcription factor and
is the main activator that responds to increasing level of cellular zinc. It also responds to many
other stress signals such as high levels of other metals, oxidative stress, and hypoxia although
sensing these responses might occur indirectly through changing zinc levels in the cytosol.
Although binding sequences vary, MTF-1 has been shown to regulate gene expression of many
genes in Drosophila, mouse, and human models®. The best understood gene regulated by MTF-1
encodes metallothionein (MT). MT is a cysteine-rich protein that can bind to many different metals
such as zinc, copper, cadmium, mercury, and silver. Technically, the apo form of MT without any
metals should be called thionein. Upon elevated zinc levels (or other heavy metals), MTF-1
shuttles into the nucleus and recruits coactivators to increase the gene expression of many different
thioneins that can bind and buffer the excessive zinc. Other than MTs, MTF-1 has been shown to
induce gene expression of zinc transporters (ZnT-1, ZnT-2, Zip10) in mouse, ferroportin-1 in
mouse, hepcidin in human, ferritin in Drosophila and many redox-related genes in mouse and
human®. The variety of genes that can be induced by MTF-1 is interesting and may illuminate the

interconnection between zinc, copper, iron, hypoxia and oxidative stress.

In summary, maintaining cellular zinc level is an important aspect of cells’ ability to combat
environmental variation of zinc availability. Therefore, cells from different organisms have

evolved similar and yet different strategies to maintain zinc homeostasis because too little or too
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much zinc are both detrimental to the cells. A lot of progress has been made but much work

remains to be done to understand these mechanisms, especially in mammalian cells.

The significance of studying cellular responses to zinc deficiency

It is important to study how cells respond to zinc deficiency because zinc deficiency, especially
marginal zinc deficiency, is largely underestimated. Since the discovery of zinc deficiency in
humans in 1963, a lot of effort has been made to characterize the clinical symptoms of zinc
deficiency in humans. Classic severe zinc deficiency symptoms include growth retardation, hair
loss, delayed wound healing, hypogonadism in males, etc®. The clinical manifestations of mild
deficiency are much harder to characterize; they can range from loss of appetite to suppressed
immune system functions. Recently, zinc deficiency, or disrupted zinc homeostasis, has been
associated with many chronic diseases such as Type II diabetes, obesity, Alzheimer’s disease and
certain types of cancer®. With the paradigm shift from investigating severe zinc deficiency to
associating zinc deficiency with chronic diseases, it becomes especially critical to understand the

scope of zinc deficiency and how cells respond to it because we are aiming for optimal health.

The World Health Organization (WHO) estimates that around one-third of the world population,
varying from 4-73% across subregions, is at risk of being zinc deficient or burdened with diseases
related to zinc deficiency®’. This estimation used International Zinc Nutrition Consultative Group
(IZiNCG)’s method of calculating the presence of zinc in nations’ food supply and corrected for
factors that affect the bioavailability of zinc in foods. The WHO report uses this estimation to
assess global zinc deficiency risk because accurately measuring zinc deficiency in human subjects

proved to be difficult and inconsistent.
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Currently, the Biomarker of Nutrition for Development (BOND) Zinc Expert Panel recommends
using serum zinc as a biomarker to assess individual zinc status. Using serum zinc as a marker, the
2011-2014 National Health and Nutrition Examination Survey (NHANES) data estimated that
around 4% of the US children and 8% of the US adults are zinc deficient®®. Surprisingly, serum
zinc has been shown by many groups to be poorly correlated with dietary zinc intake or zinc
supplement use®. The report by Hennigar et al. also showed that how difficult it is to accurately
measure serum zinc because serum zinc is affected by sex, age, and even time of blood draw®s.
This study excluded subjects who had chronic inflammation conditions because serum zinc levels

have been shown to be impacted by oxidative stress and inflammation.

Serum zinc is not an accurate indicator of individual whole body zinc status because whole body
zinc homeostasis is tightly regulated to maintain serum zinc within a narrow range. This tight
regulation of serum zinc is necessary because either too little or too much zinc can be detrimental
to its critical roles in signaling, modulating protein activity, and so much more. It is very likely
that peripheral tissues and organs that require a lot of zinc, such as skin and prostate, can be zinc
deficient even when serum zinc indicates no zinc deficiency. This phenomenon was observed as
early as 1938 when EB Hart group looked at zinc status in organs in zinc-deficient rats. What their
group found was that there was significantly less zinc in the bones and teeth of the mild zinc-
deficient rats, while zinc levels in soft tissues such as blood were comparable to rats that were fed
sufficient amounts of zinc®. Based on the variety of critical roles zinc plays in cells, marginal zinc
deficiency that affects certain organs in the body is not ideal for our current goal of preventing

chronic diseases and achieving optimal health.
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Thus in my opinion zinc deficiency, and especially marginal zinc deficiency, is one of the most
underestimated human nutrient deficiencies worldwide. There is an increasing need to develop
more accurate, accessible biomarkers to assess whole body zinc status and to detect marginal zinc
deficiency. Therefore, characterizing and quantifying mammalian zinc proteomes, and analyzing
the zinc proteome’s response to a gradient of zinc is the critical first step because it provides us
with a database to find targets for developing and testing new biomarkers. Following the
publication of my proteomics analysis in zinc-deficient yeast cells (Chapter 2)>°, there have
already been efforts to adopt similar “multi-omics” approaches to discover potential targets as
biomarkers to assess zinc status in rats, and the authors have validated several of these biomarkers

in two human patient populations’.

Studying zinc deficiency in fungus and bacteria is also critical to understand the virulence of
pathogens. Zinc is an essential nutrient for both host and the pathogens, as discussed in the
“General molecular roles of zinc in cells” section. During the evolution process, both hosts and
pathogens have developed a series of mechanisms to win the survival war. The hosts can restrict
the essential nutrients in the circulation, especially minerals such as iron and zinc, required by the
pathogens as one of the mechanisms to “starve” the pathogens. This phenomenon is termed
“nutritional immunity””!. On the other hand, pathogenic fungi and bacteria developed their own
mechanisms to adapt to such mineral restrictions and therefore increase their virulence, the ability
to infect and spread. As human hosts in this “war”, we need to understand the pathways that are

critical for pathogen virulence to develop drugs that can fight off microbial infections.
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With the emerging knowledge of human microbiota, it is also crucial to study how microbes
(bacteria, fungi, and viruses) compete for available zinc in the human body and how they adapt to
periodic excessive and/or restriction of zinc. Although this area of research exploring the
relationship between host zinc status and its microbiota composition is still in its infancy, some
studies detected changed microbiota at the phylum level in zinc-deficient chicks, and changed
species of microbiota along with changes of certain antibiotic resistance genes in zinc-
supplemented piglets’>74. Therefore, studying how organisms respond to zinc deficiency at

cellular level is critical at many levels.

The gradual understanding of zinc proteome

Before delving into the findings that led to our characterization of the yeast zinc proteome, I want
to define the concept of zinc proteome first. Zinc proteome is defined as the group of proteins in a
cell or organism that are known or likely to bind zinc ion(s) in vivo. It took zinc biologists decades
to be able to start capturing the wide scope of zinc-binding proteins since the discovery of the first
zinc-binding enzyme carbonic anhydrase, because determining whether a protein binds zinc in

vivo 1s difficult.

Early studies of characterizing zinc-binding proteins usually involved the purification of proteins
and analysis their zinc content. As mentioned in the first section, D. Keilin and T. Mann purified
carbonic anhydrase and determined the zinc in different fractions by the dithizone method, and by
analyzing crystalized zinc salt. Correlating the activity of carbonic anhydrase and its zinc content,
they showed that carbonic anhydrase in ox blood binds zinc in vivo®. Two decades passed before

the next zinc enzyme carboxypeptidase A was discovered to contain zinc in vivo by Bert Vallee in
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195475, One of the reasons that this method of discovering zinc-binding proteins was slow and not
practical for capturing the zinc proteome is because one must have a basic understanding of the
desired protein such as its function and location, which is unknown for many zinc-binding proteins
until much later. Another reason is that the presence of zinc in a protein can be transient and lost,
or artificially introduced during the purification processes. Overall, purifying proteins and
analyzing its zinc content was a good start at the beginning of zinc proteome research and remains
to be a useful way to validate the presence and the quantity of zinc in proteins if done with careful

procedures.

The next phase of discovering and characterizing zinc proteome was led by Bert Vallee. Vallee
applied a method called atomic absorption spectrophotometry that can measure small quantities of
zinc in biological fluids. This method is fast, much more sensitive than the dithizone method and
is free of the interference of other metals’®. Bert Vallee and R.J.P. Williams also pioneered metal
substitution — mainly use paramagnetic metals such as cobalt — to study the metal-binding sites of
zinc-binding proteins. Using quantitative analytical methods, Vallee characterized many important
zinc-binding  proteins, such as carboxypeptidases, alcohol dehydrogenases, and
metallothionein’>7-78, He was also able to classify zinc-binding proteins to all six classes of
enzymes'*. Vallee, in collaboration with others, largely pioneered the work on characterizing zinc
coordination, function, ligand preferences of zinc-binding proteins and he also compared the
structural similarities between different zinc enzymes, thus laying a foundation for future

bioinformatic strategies of predicting and cataloging the zinc proteome'%'47°,
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The field of cataloging zinc proteome using bioinformatic tools has been transformed with the
completion of genome sequencing and with the increasingly abundant data of solved protein 3D
structures. The groundbreaking approach of mining zinc-binding proteins on a genomic scale was
developed by Claudia Andreini, Ivano Bertini, Antonio Rosato, and Lucia Banci from the
University of Florence. They developed a strategy that combines three approaches: 1) searching
known structural metal binding patterns from Protein Data Bank (PDB) and analyzing the proteins
encoded by the whole genome, 2) searching in a library of metal-binding domains conserved based
on sequence alignments from Pfam database, and 3) referencing known annotations of gene
sequences of the particular organism. Using this strategy, the University of Florence group were
able to predict zinc-binding proteins and other metalloproteins in many different organisms?!-80-81,
This paradigm-shifting pipeline is a great start to systemically cataloging and predicting zinc-
binding proteins, with a few exceptions. The exceptions mostly arise due to the complexity of
defining zinc-binding patterns to form known zinc-binding motifs. For example, it is not yet
possible to predict zinc binding by a protein complex where zinc is coordinated at the interface of
two proteins, with each protein contributing to one or two amino acid ligands. In this scenario, the
ligands for zinc ions have fewer discernable patterns without the 3D structure of the protein
complex. This is the case for circadian protein CRY 1/PER complex mentioned in the “General
molecular roles of zinc in cells” section. Nonetheless, the strategy developed by Claudia Andreini

and colleagues has opened the door to a new era of zinc research.

Other attempts to catalog or quantify zinc proteome have also been made by various groups around
the globe. These zinc proteome researchers mainly focus on two perspectives: one perspective

focuses on finding all possible zinc-binding proteins and characterizing their properties in different
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organisms using bioinformatic approaches, i.e. nature of the zinc-binding protein, number and
types of zinc sites, interactors of zinc-binding proteins etc.; the other perspective of zinc proteome
research uses advanced proteomics techniques and focuses on identifying and quantifying the
proteins whose expression changes in response to zinc deficiency or to elevated zinc in the cells.
Readers should be cautioned that the latter type of proteomics research is usually not entirely
focusing on quantifying zinc proteome per se because many non-zinc-binding proteins also change
in expression in response to cellular zinc levels. It is understandable that researchers focused on
either perspective because it is difficult to know which proteins are zinc-binding if the authors
haven’t used the bioinformatic tools to identify the zinc proteome first in the organism they are

studying.

I will briefly examine a few examples of studies that attempted to catalog or quantify the zinc
proteome. Claudia Andreini was the first scientist to ever catalog the human zinc proteome?!.
Using the bioinformatic strategy she developed (mentioned above), Andreini estimated that 10%
of human genes encode known or likely zinc-binding proteins and this finding is widely recognized
and referenced. She also performed a functional classification of the human zinc proteome and
showed that zinc-binding proteins were present in all six classes of enzymes with the majority of

them being hydrolases.

Sharma et al. used several bioinformatic databases, including 3D structure databases and Metal
IPB database developed by the University of Florence group, to systemically characterize the zinc
proteome of a plant pathogen Xanthamonas translucens pv. undulosa (Xtu) which causes leaf

streak in wheat and barley crops. Zinc availability from the plant host is a limiting factor for the
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virulence of X#u®. This study by Sharma et al. focused on identification of potential zinc-binding
proteins and their putative roles in the host-pathogen interactions and the virulence of the pathogen

Xtu®3.

Hsieh et al. carried out the first quantified proteome analysis towards zinc deficiency in the single-
celled green alga Chlamydomonas reinhardtii at the University of California-Los Angeles.
Although the authors did not specifically look for zinc-binding proteins in their proteomics
analysis, they did find 222 differentially expressed proteins responding to zinc deficiency. Known
zinc-binding proteins such as alcohol dehydrogenase (Adhl), carbonic anhydrase (Cahl, Cah8)
and two members of COGO0523 family of proteins (Zcpl and Zcp2), were also shown to be
differentially expressed. COGO0523 family of proteins are hypothesized to be zinc
metallochaperones and have significant increased expression in zinc deficiency, which was

validated by independent methods, i.e. proteomic analysis and immunoblot analysis, in this work®*.

Another quantitative proteomic analysis that focused on human lung epithelial cells was aiming to
identify proteins differentially expressed in response to excessive amount of zinc (up to 400 mM
zinc added to the medium). In this study, Zhao et al. used 2D-polyacrylamide gel electrophoresis
coupled with mass spectrometry but failed to detect any differentially expressed MTF-1
transcription factor targets, such as ZnT1, which were designed to be the positive control of
excessive zinc to mammalian cell cultures. The authors interpreted that this was due to the small
abundance and fold changes that were skewed by the 2D-PAGE approach, so they used
independent immunoblotting and RT-qPCR to verify their positive control ZnT1 in a time-course

experiment. It is very possible that the basal medium concentration Zhao et al. used contains zinc
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contamination that the authors are not aware of, therefore not enough of a zinc difference is present
between the basal and zinc-supplemented medium to detect a significant change of MTF-1 targets.
The most differentially expressed proteins in this epithelial cell study are again not specifically

zinc-binding proteins®.

In a 2016 study, Fukao et al. investigated the proteome response to zinc, calcium, and magnesium
deficiency in Arabidopsis thaliana roots. The authors took the extra caution to validate the
elemental components in their medium using inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) and OFFGEL electrophoresis to separate peptides into 24 fractions before
LC-MS, in an attempt to detect proteins with low abundance. The number of differentially
expressed proteins detected were highly cell specific and only seven proteins were downregulated
significantly (> 1.5-fold change) in response to zinc deficiency in the epidermal cells of the plants.
Protein expression remained largely unchanged or little changed in the other parts of the
Arabidopsis roots. They did identify some zinc-binding proteins in their proteomic analysis such
as histone modifiers, copper/zinc superoxide dismutase 1 (Sod1), alcohol dehydrogenase but the

scope of the study was limited?®.

To summarize this section, many efforts have been made to catalog zinc proteomes in different
organisms and to quantify the whole proteome’s response to various zinc concentrations. However,
none of these studies combined both approaches to characterize zinc proteome in detail and to
specifically quantify the zinc proteome. My work, discussed in Chapter 2 of this thesis, combines
bioinformatic tools, ICP-AES and the coupled “multi omics” approach to achieve a focused

cataloging and quantification of zinc proteome in yeast Saccharomyces cerevisiae™.
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Zinc apoproteins and its importance in the cells

The accumulation of zinc apoproteins in zinc-deficient cells is an exciting discovery in the zinc
biology field. In this thesis, zinc apoproteins refer to zinc-binding proteins that are in the
unmetalated, or apo, form and are not functional or have lost their optimal structures, depending
on the role(s) of zinc in the specific proteins. Before the tools of bioinformatics and proteomics
became widely used, there were only a handful of documented examples of zinc apoproteins
accumulating in vivo. I will discuss a few of these zinc apoprotein examples and candidates in the

following paragraphs.

One of the most extensively studied and thus best characterized zinc apoproteins is the tumor
suppressor p53. It is a transcription factor that uses zinc as its cofactor. Zinc is required by p53 for
proper protein folding, specific DNA sequence recognition, and certain protein-protein

interactions®’-2°

. p53 is often referred to as the “guardian of the genome” due to its function to
maintain genome stability and prevent tumorigenesis®'. p53 responds to a wide range of cellular
stress signals such as DNA damage, oxidative stress, and hypoxia®>®* Under these stress
conditions, p53 binds to specific DNA sequences and activates transcription of genes involved in
cell-cycle arrest and/or apoptosis to either repair the cellular damage or stop the cells from
proliferating. Recent findings also suggest that p53 is involved in cellular senescence and other
important cellular programs such as autophagy®>%°. Despite its critical cellular roles, p53 has been
found to be prone to form aggregates, lose its function as a transcription factor, and even serve as

a “seed” of coaggregation with its paralogs p63 and p73. These aggregates have been observed to

form in cultured cells, and in tissue samples from animals and human patients®’'92,
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From the perspective of zinc, the aggregation of p53 in cancers and other diseases can be explained
by two reasons: 1) intrinsic structure instability of p53 at physiological temperatures and mutations
that accelerate zinc loss, and 2) disrupted cellular zinc homeostasis that favors the formation of
p53 apoprotein. The first explanation is well studied by in vitro, in vivo, and computational
simulation studies. p53 structure has three well-defined regions: a transactivation domain at its N-
terminus, the DNA-binding domain (DBD), and the oligomerization domain at the C-terminal end.
In this thesis, I will emphasize the p5S3 DBD because that is where the zinc-binding site is located.
The p53 DBD uses two loops, L1 and L3, and the loop-sheet-helix motif to bind DNA®. Zinc is
tetrahedrally coordinated by three cysteines and one histidine: Cys176 and His179 of Loop L2,
and Cys238 and Cys242 of loop L3. The L3 loop binds to the DNA minor groove. A number of
protein structure and stability studies and computer simulations show that zinc is critical for
holding the L3 loop in a proper orientation for DNA minor groove binding?®®’. The Loh group
from SUNY Upstate Medical University has performed a series of elegant experiments to
demonstrate that zinc site of p53 is unstable at physiological temperature (37°C) due to its low
thermodynamic and kinetic stability. p53 is prone to lose zinc if cellular zinc levels are slightly

disturbed by even one order of magnitude from the picomolar and low nanomolar range'®

. p53is
also the most frequently mutated gene in many difficult-to-treat human cancers and other

abnormalities, with over 20,000 mutations documented by the International Agency for Research

on Cancer p53 database (http://p53.iarc.fr). Seventy five percent of cancer-associated p53

mutations are missense mutations, where a single base pair substitution changes one amino acid in
the protein to another. Among these mutations, over half have been found near the zinc site in the

core DBD of p53. For example, R175H, R248Q, R249S and G245S are a few of the best studied
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examples of p53 mutants that have lost zinc binding capacity even when zinc is abundant in the

06118104’105

The connection between disrupted zinc homeostasis and p53 apoproteins is less established. Due
to the universal molecular roles of zinc in cells, there could potentially be multiple mechanisms
that link zinc deficiency to accumulation of p53 apoproteins. The first mechanism is direct loss of
zinc bound to p53 in zinc-deficient tissues. Many tissues have been shown to have significantly
lower zinc content when they turn cancerous, such as in prostate cancer cells!®, The second
mechanism is that zinc deficiency disrupts the availability of zinc to p53. There could be a
metalation machinery, such as metallochaperones, or some ATP-dependent machinery that deliver
metals to proteins, whose function is impaired in zinc-deficient cells. Studies have shown that
reactivating p53 after TPEN (N,N,N’,N’-tetrakis(2-pyridinylmethyl 0-1,2-ethanediamine, a zinc
chelator) treatment does not require protein synthesis, but requires ATP and other facilitating
factors such as Hsp70 and thiol-reducing agents!®7"''2, The third mechanism that links zinc
deficiency to p53 forming apoprotein is through oxidative stress, or local oxidizing environment
around p53. This mechanism is highly possible because zinc deficiency has been shown to induce
oxidative stress in yeast, mammalian cell cultures, and animals''3-!'6, The oxidative stress could
also induce the formation of disulfide bond between the cysteines in the zinc site of p53, which
“forces out” zinc and renders p53 apoprotein. It has also been shown in vitro that oxidizing
environment abolishes DNA-binding activity of p53 while reducing agent restores it'°®. The fourth
possible mechanism involves other pathways that regulate p53 abundance and post-translational
modifications. p53 is known to be tagged for degradation by the zinc-binding E3 ubiquitin-protein

ligase Mdm2. When cells are zinc deficient, it has been shown that the interaction between p53
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and Mdm?2 is impaired and there is an accumulation of p53 due to decreased degradation. The
accumulating p53 lack the DNA-binding ability to function as transcription factors and are very
likely in apo form. This have been shown in culture cells and in mice!'*!'7. Based on the above
evidence and proposed mechanisms, I think it is very likely that p53 is constantly switching
between the metalated and misfolded apoprotein form, with the natural fluctuations of zinc during
different cell cycles to maintain genome stability and regulate gene expressions. However, when
zinc homeostasis is disrupted by zinc deficiency resulting from different stresses, or diseases states,
this metalation/de-metalation cycle is disrupted and p53 could become “trapped” in its apoprotein

state, forming aggregates and unable to be “cleared”.

Another zinc protein proposed to accumulate as the apoprotein in vivo is superoxide dismutase 1
(Sod1). Sod1 uses zinc as its structural cofactor and uses copper to catalyze the reaction converting
superoxide anion into hydrogen peroxide and O»>. Misfolding and protein aggregation of Sod1 has
been associated with both sporadic and familial amyotrophic lateral sclerosis (ALS), or Lou
Gehrig’s disease!'®!1°, There are over 140 mutants of Sod1 linked to ALS and some of them cannot
bind metals efficiently. Due to the role of zinc in proper folding of Sodl, it is natural for scientists
to hypothesize that zinc-deficient Sodl apoprotein plays a role in misfolding and protein
aggregation, and the onset of ALS. Many in vitro studies have shown that different zinc-deficient
mutant and wild-type forms of Sodl are misfolded and likely to become aggregated at

physiological temperature!20-123

. One X-ray crystallography study provided a potential explanation
for how unmetalated Sod1 undergoes oligomerization: Sod1 apoprotein is disordered and exposes

free cysteines that would otherwise be buried in the metalated protein'?*. In a transgenic mouse

model that express the G93 A mutant of SOD1 gene, depletion of zinc in the mouse diet accelerated
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the disease progression while supplementing the diet with moderate zinc helped attenuate mice
longevity'?’. Although there were no direct in vivo experiments that showed wild-type Sodl
accumulates as the apoprotein and there is much debate about the role of zinc-deficient Sodl in

initiating and progressing ALS, Sod1 remains to be an interesting zinc apoprotein candidate'!®126,

There are some other known zinc apoproteins and candidates for zinc apoproteins in different
organisms. One such candidate is FolE of the bacteria Bacillus subtilis. FolE, also named GTP
cyclohydrolase I (GCYH-I), is a zinc-binding protein that is essential. It catalyzes the first step of
de novo folate biosynthesis in bacteria and plants. Bacterial cells that had been treated with EDTA
displayed impaired folate biosynthesis that only supplementing inosine can reverse the growth
defect. A fluorescent-based activity assay showed that bacteria cells lost 50% of FolE activity after
80 minutes of EDTA treatment. This strongly suggests that zinc-dependent FolE loses its specific
activity due to loss of zinc when bacterial cells are zinc deficient'?’. In the fission yeast
Schizosaccharomyces pombe, Pho8 is a phosphatase that requires zinc. Hu et al used an alkaline
phosphatase activity assay and discovered that PhoS8 is inactive in zinc-deficient cells even though
the cells are producing plenty of Pho8 mRNA and protein. More surprisingly, Pho8 activity can
be rapidly restored when zinc is re-supplied to the medium even with the presence of
cycloheximide, indicating that there is a pool of Pho8 zinc apoproteins accumulating in zinc-
deficient fission yeast'?®. Another candidate for zinc apoprotein is animal §-aminolevulinic acid
dehydratase (ALAD). It uses zinc as a catalytic cofactor and catalyzes the second step of heme
synthesis, synthesizing porphobilinogen from two molecules of aminolevulinic acid!'?®. When
adult rat hepatocytes were cultured in zinc-free medium for 24 hours, more than 95% of ALAD

lost its activity and the loss of activity is associated with zinc loss'*’. In human cells, the breast
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cancer tumor suppressor BRCAI gene encodes a protein that has a zinc-dependent RING finger
motif. Mutations, such as C61G, of the BRCA1 protein could cause its inability to bind zinc, thus
trapping the protein in its apo form!3!. Lastly, the human metallothionein (MT) is an example of
partially saturated zinc apoprotein. MT can bind up to seven divalent metal ions, including zinc.
There is evidence suggesting that MT is naturally a mixture of partially metalated proteins in

physiological conditions and this allows buffering of “free” zinc ions in the cell*’!132,

Above are summarized examples of known zinc apoproteins or zinc apoprotein candidates.
Although important in many aspects of biological functions under normal and disease conditions,
the accumulation of zinc apoproteins has never been systemically investigated. Common methods
to determine whether a zinc-binding protein is in its apo form generally involve activity assays —
enzymatic or DNA binding assays — if zinc acts as a catalytic cofactor or facilitate enzyme activity
in any extent. For known proteins that use zinc as a structural cofactor, structural changes of
proteins resulted from loss of zinc can be detected by a number of spectroscopic techniques!*3.
One way to detect zinc apoprotein regardless of zinc’s function in the protein is N-Ethylmaleimide
- maleimide PEG (NEM/PEG-maleimide) analysis. NEM/PEG-maleimide analysis is based on
solvent accessibility to cysteine ligands of the zinc-binding proteins. When cells were treated with
NEM in vivo, cysteine ligands that have zinc occupied are protected from reacting with NEM while
the apo form is not. After protein extraction and subsequent reaction of protected cysteines with
mPEG in vitro, fully metalated zinc-binding proteins will show an increase of molecular weight
on immunoblots, thus differentiating themselves from the apoproteins. Reducing reagents can also
be applied to differentiate zinc occupancy and disulfide bonds. This method not only applies to

zinc proteins that use cysteines as direct ligands, but it also applies to the zinc-binding proteins
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that have changed structure and cysteine reactivity to NEM due to zinc loss. This method has been
proven useful for detecting both types of zinc-binding proteins mentioned above. For example, we
confirmed Met6 methionine synthase, which has cysteines as zinc ligands, as an apoprotein. We
also confirmed Fbal aldolase as zinc apoprotein use NEM/PEG-maleimide analysis coupled with
enzyme assay even Fbal does not use cysteines as its direct zinc ligands>®. With the advancement
in proteomics, NEM/PEG-maleimide analysis can be applied to a proteome level and become a

powerful tool to “fish out” more zinc apoprotein candidates.

Prior to our lab’s work, many questions about the zinc proteome and the accumulation of zinc
apoproteins had not been addressed. For example, when do zinc apoproteins accumulate? What is
the scope of apoprotein accumulation in various organisms? How do we verify the status of
metalation since zinc could be catalytic and/or structural cofactor of the proteins? Can we re-
metalate apoproteins in vivo? What mechanisms are present in the cells to stabilize or degrade
apoproteins to prevent unfolded protein stress? I will address these questions in Chapter 2 and
Chapter 3 of this thesis. An interesting observation of zinc apoproteins is its interconnection with
disulfide bonds formation induced by oxidative stress or oxidizing microenvironment in the cells.
For example, the zinc sites of ALAD are oxidized when zinc is lost, and the activity of ALAD is
only recovered in a reducing environment'3°. There are also other examples of zinc-binding
proteins “releasing” zinc when encountered with oxidative stress even when cellular zinc is
abundant. This leads to another set of questions: what is the signal of inducing apoprotein
accumulation? And what is (are) the purpose(s) of apoprotein accumulation? Future studies that

address these questions are desperately needed.
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Chapter 2: The cellular economy of the Saccharomyces cerevisiae
zinc proteome

ABSTRACT

Zinc is an essential cofactor for many proteins. A key mechanism of zinc homeostasis during
deficiency is “zinc sparing” in which specific zinc-binding proteins are repressed to reduce the
cellular requirement. In this report, we evaluated zinc sparing across the zinc proteome of
Saccharomyces cerevisiae. The yeast zinc proteome of 582 known or potential zinc-binding
proteins was identified using a bioinformatics analysis that combined global domain searches with
local motif searches. Protein abundance was determined by mass spectrometry. In zinc-replete
cells, we detected over 2500 proteins among which 229 were zinc proteins. Based on copy number
estimates and binding stoichiometries, a replete cell contains ~9 million zinc-binding sites on
proteins. During zinc deficiency, many zinc proteins decreased in abundance and the zinc-binding
requirement decreased to ~5 million zinc atoms per cell. Many of these effects were due at least
in part to changes in mRNA levels rather than simply protein degradation. Measurements of
cellular zinc content showed that the level of zinc atoms per cell dropped from over 20 million in
replete cells to only 1.7 million in deficient cells. These results confirmed the ability of replete
cells to store excess zinc and suggested that the majority of zinc-binding sites on proteins in
deficient cells are either unmetalated or mismetalated. Our analysis of two abundant zinc proteins,
Fbal aldolase and Met6 methionine synthetase, supported that hypothesis. Thus, we have
discovered widespread zinc sparing mechanisms and obtained evidence of a high accumulation of

zinc proteins that lack their cofactor during deficiency.
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INTRODUCTION

Zinc is an essential catalytic and/or structural cofactor for many proteins. Approximately 9% of
genes in eukaryotic organisms and ~5% of prokaryotic genes encode proteins that bind zinc to
become functional (1). The abundance and importance of zinc-dependent proteins is reflected in
the concept of the “zinc quota”. The zinc quota is defined as the amount of zinc in a cell grown
under a given condition (2). The “minimum zinc quota” is the lowest amount of zinc per cell that
allows for optimal growth. The minimum zinc quota varies widely for different organisms and has
been experimentally determined to be ~10° atoms of zinc per cell in E. coli, ~107 atoms in yeast,
and ~10% atoms in mammalian cells (2-5). Many studies have indicated that the level of labile or
exchangeable zinc in cells is very low and the great majority is tightly bound by the proteins that
require this metal for function (6-8). Therefore, the minimum zinc quota is likely dictated by the

number of zinc-binding sites on proteins that require the metal for optimal cellular physiology.

Organisms have evolved with many mechanisms of zinc homeostasis. During times of excess zinc
exposure, these mechanisms limit uptake and promote efflux to maintain the intracellular metal
content at tolerable levels (9, 10). They also control the generation of intracellular zinc stores in
the form of either organellar or buffered cytosolic (e.g. metallothionein) pools that are available
for later use (3, 11). During zinc deficiency, homeostatic mechanisms work to maintain zinc levels
at the minimum zinc quota (12). These mechanisms increase zinc uptake, decrease zinc efflux, and
mobilize the release of zinc from intracellular storage sites. An additional mechanism of zinc
homeostasis during deficiency has been called “zinc sparing”, i.e. reducing the levels of specific
zinc-binding proteins to decrease the cellular zinc requirement (13). In some cases, reduced
production of a zinc-dependent protein is compensated by increased synthesis of a zinc-

independent paralog. In many bacterial species, for example, several zinc-dependent ribosomal
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subunits are repressed during deficiency and corresponding zinc-independent subunits are
upregulated to take their place (14-16). In this way, cells can reduce their total requirement for
zinc and prioritize the distribution of the limited supply of this nutrient to more critical sites and

functions.

In Saccharomyces cerevisiae, the Zapl transcription factor is the central regulator of zinc
homeostasis (12, 17). Zapl is a transcriptional activator protein whose activity is low in zinc-
replete cells and high in deficient cells. Zap1 increases the expression of many genes including
those that encode zinc uptake transporters in the plasma membrane. In addition, Zapl increases
expression of organellar transporters that control the levels of zinc in intracellular compartments
such as the vacuole and the endoplasmic reticulum. In addition to maintaining zinc homeostasis,
Zapl also regulates genes involved in adapting cellular processes to the challenges of zinc
deficiency. For example, the CK/I and EKII genes are induced by Zap1 to maintain phospholipid
synthesis (18, 19). The CTT1 catalase gene is also induced by Zap1 and this response is likely to

eliminate the oxidative stress that arises during zinc deficiency (20, 21).

Among the adaptive responses to zinc deficiency, Zap1 induces expression of the 7547 gene. Tsal
is a dual function protein that acts as a peroxidase and as a “holdase”-type protein chaperone (22).
Tsal function is essential for growth of zinc-deficient cells. Our initial studies indicated a role of
the Tsal peroxidase activity in protecting zinc-deficient cells against an elevated level of reactive
oxygen species (21). Subsequently, we found that the Tsal protein chaperone activity was more
important than the peroxidase function for zinc-deficient growth (23). Zinc-deficient cells lacking

Tsal chaperone activity accumulated elevated levels of stress-responsive protein chaperones,
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suggesting elevated unfolded protein accumulation and a corresponding heat shock response. Also
consistent with this hypothesis, zinc-deficient tsalA cells accumulated distinct cytoplasmic foci
marked by the Hsp104 disaggregase chaperone. These foci resembled the "IPOD" compartment
that accumulates in cells accumulating abundant unfolded proteins (24). Our findings for Tsal
suggested that zinc-deficient cells accumulate unfolded zinc-dependent proteins because they lack
their metal cofactor needed for folding and stability. Under these conditions, the holdase function
of the Tsal chaperone may stabilize zinc apoproteins and shield them from misfolding and

aggregation until zinc supplies increase.

Zapl also controls an important zinc sparing mechanism involving the abundant zinc-binding
alcohol dehydrogenases Adhl and Adh3 (25). Under zinc-replete conditions, the ADHI gene is
expressed, and its protein product accumulates to high levels. Under deficient conditions, the
ADH 1 promoter is repressed by an intergenic noncoding regulatory RNA under the control of Zap1.
This mechanism allows for a transcriptional activator to repress expression of a target gene. The
less abundant Adh3 alcohol dehydrogenase is regulated in a similar manner. At the same time,
Zapl induces expression of the ADH4 gene. ADH4 encodes an alternative alcohol dehydrogenase
that accumulates to lower levels than Adhl and whose activity is dependent on zinc or possibly
iron (26, 27). While Adhl and Adh3 require two zinc atoms per monomer for function, Adh4
requires only one metal ion and is not as highly expressed as Adhl, thereby providing for a net

reduction in the zinc requirement of the cell during deficiency regardless of which metal it uses.

Zapl-independent mechanisms of zinc sparing in S. cerevisiae have also been discovered. For

example, RNA polymerase I (RNAPI) is targeted for degradation in zinc-deficient cells (28). In
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replete cells, RNAPI large subunit Rpal90 is ubiquitinated and retained in the nucleus and
nucleolus where it transcribes ribosomal RNA genes. Under zinc-deficient conditions, Rpal90
becomes deubiquitinated, RNAPI is exported from the nucleus and taken up into the vacuole where
it is degraded by vacuolar proteases. Similarly, the zinc-binding vacuolar alkaline phosphatase
Pho8 is also targeted for degradation in zinc-deficient cells through a mechanism that is
independent of Zapl (29). The zinc released into the vacuole by these mechanisms is likely

transported back to the cytosol where it is used by other proteins for their function.

In this study, we performed an analysis of the yeast proteome in replete cells and cells transitioning
to conditions of severe zinc deficiency. A major goal of this study was to identify additional
examples of zinc sparing in the yeast zinc proteome. A second goal was to test the hypothesis
raised by our studies of Tsal that zinc-deficient cells accumulate high levels of zinc apoproteins
that require protein chaperones for their stability in the absence of their metal cofactor. We describe
an extensive catalog of predicted zinc proteins in the yeast proteome and their abundance and
distribution in zinc-replete conditions. During the transition to deficiency, we found that decreased
accumulation of zinc-binding proteins is widespread and many effects are mediated at least in part
by changes in mRNA levels rather than simply degradation of apoproteins. In addition, we present
evidence that the accumulation of apoproteins is high during deficiency and that the majority of
zinc sites in a cell are not occupied by zinc under these conditions. Thus, we provide unique

insights into the economy of zinc in a eukaryotic cell.
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RESULTS

Cataloging the zinc proteome of S. cerevisiae.

To determine the effects of zinc status on the abundance of zinc-binding proteins, we first
cataloged the proteins that coordinate that ion. Proteins encoded by the yeast genome that are
predicted to bind zinc were identified by a bioinformatics analysis that combined global domain
searches with local motif searches. Based on this analysis, we identified 571 known or likely zinc-
binding proteins in yeast (Table S1). To this group, we added several transporter proteins (Zrtl,
Zrt2, Fet4, Pho84, Zrt3, Zrcl, Cotl, Zrgl7, Msc2) that have been implicated to transport zinc either
exclusively or among known substrates. Also included was Zps1, an accessory protein for zinc
uptake that is the S. cerevisiae ortholog of C. albicans “zincophore” Pral (30). The yeast genome
also encodes two metallothioneins, Cupl and Crs5, that confer copper resistance. While both also
bind zinc in vitro, only Crs5 contributes to zinc resistance when metal levels are high (31, 32).
Therefore, Crs5 was included in the zinc proteome and Cupl was not. These additions raised the
total number of predicted zinc-binding proteins in yeast to 582. We refer to this catalog of known
or likely zinc-binding proteins as the “zinc proteome”. Their number represents ~10% of the total
yeast proteome and this is similar to the prevalence of zinc-binding proteins encoded by other
eukaryotic genomes (1). In addition, 45 other proteins were identified that may bind zinc based on
structural data but these proteins lacked published references to support that zinc is the native metal
ion. Therefore, we were unable to assess the functional relevance of zinc binding by members of
this group. While not included in the analysis of the zinc proteome described in this study, this list

of additional potential zinc-binding proteins is included in Table S2.

The catalog of yeast zinc proteins is a useful tool to study the role of zinc in a eukaryotic cell. We

examined the zinc proteome of yeast from a number of perspectives to characterize the diverse
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functions, types of zinc binding, and subcellular distributions of these proteins. Figure 1A-D
summarizes classifications of the predicted zinc proteome based on the number of genes in each
category that encode those proteins. When classified by the general function of the zinc cofactor,
the most abundant group of these genes encode proteins with structural zinc sites (70%) followed
by proteins that bind zinc as a catalytic cofactor (18%) (Fig. 1A). Some genes, specifically
members of the alcohol dehydrogenase family, encode proteins that bind two zincs with one
serving a structural role and the other acting in catalysis; these comprise 2% of the total. The
remainder encode zinc transport proteins (2%) and genes whose protein products met our search

criteria but the function of their metal cofactor has not yet been determined (8%).

Focusing on the 116 genes encoding proteins for which zinc plays a catalytic role (including those
having both catalytic and structural zinc sites), enzymes in all six general enzyme classes were
found (Fig. 1B). The majority of these genes encode hydrolases with smaller numbers of the other
classes represented. Similar distributions of genes in these enzyme classes has been found for the
predicted zinc proteomes of other organisms (33). For proteins in which zinc plays structural roles,
several commonly shared motifs were observed (Fig. 1C). These included the C>H»-like zinc
fingers and Zn,Cyss zinc fingers most often found in DNA-binding transcription factors (34).
Additional structural zinc-binding motifs observed included zinc ribbons, treble clef motifs, and
zinc necklace domains (35). Some proteins bind multiple zinc atoms and have more than one type

of site.

While it has been long recognized that zinc-binding proteins are present in many different

compartments, the distribution of specific proteins has not been determined for an entire zinc
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proteome. Because previous studies have determined the subcellular distribution of the majority
of yeast proteins (36, 37), we could assign subcellular locations to all but 8% of the predicted zinc
proteome. The majority of zinc proteome genes (74%) encode nuclear and/or cytosolic proteins
(Fig. 1D). Less common were genes encoding proteins found in the secretory pathway (ER, Golgi,

endosome), mitochondria, vacuole, peroxisomes, plasma membrane, and cell wall.

Mass spectrometry analysis of the predicted zinc proteome in replete cells.

To estimate the absolute abundance of zinc-binding proteins in replete cells, quantitative label-free
mass spectrometry was performed on total protein samples from cells grown to exponential phase
under zinc-replete conditions (i.e. LZM supplemented with 100 uM ZnCl,) (38, 39). The resulting
peak intensities were converted to protein copy number per cell using the “Proteomic Ruler”
method (40). Of the ~6000 total genes in yeast, we obtained copy number estimates of 2582 gene
products in zinc-replete cells. The median coefficient of variation was 12% for each set of
replicates demonstrating the high quality of the mass spectrometry data (Fig. S1). From these data,
we estimated the total number of proteins per cell to be ~9.2 x 107, which is similar to estimates
made using other methods (41, 42). Of the 582 proteins in the predicted zinc proteome, we
estimated the copy number of 229 (39%). These proteins added up to 7.6 x 10° zinc-binding
proteins per cell or ~8% of the total protein number. Those zinc proteins not detected in this
analysis likely represent proteins of low abundance and therefore would not contribute greatly to
this estimate of total zinc protein number. Abundance data for the full proteome are provided in

Table S3.
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In zinc-replete cells, the abundance of zinc proteins delineated by general functional classifications
(Fig. 1E) was roughly similar to the distribution based on gene number. The majority of zinc
protein molecules in a cell had structural sites followed by enzymes that use zinc for catalysis. The
proteins with both catalytic and structural sites made up a much larger fraction of the total zinc
protein abundance (17%) than reflected by their gene number (2%) due to the high level of alcohol
dehydrogenases (Adhl, Adh3, etc.). An impact of the high abundance of alcohol dehydrogenases
was also observed when grouping by enzyme class (Fig. 1F) with oxidoreductases (including the
alcohol dehydrogenases) making up a much larger proportion of protein copy number (41%) than
was observed based on gene number (11%). Similarly, lyase protein copy number was more
abundant (38%) than their gene number (9%) largely due to the high abundance of the glycolytic
enzyme aldolase (Fbal). While hydrolases are very numerous at the gene level, they were
consistently of low abundance and accounted for only 9% of detectable proteins that use zinc as a

catalytic cofactor.

Considering structural motifs, zinc ribbons were a large fraction primarily due to the high number
of ribosomal subunits with this motif (Fig. 1G). The high abundance of alcohol dehydrogenases
also had a large impact on the fraction of proteins with zinc necklace motifs. Also indicated by the
data is the low relative abundance at the protein level of many other classes of zinc motifs. For
example, many of the DNA-binding C>H> and Zn>Cyse zinc finger proteins were not detected by
mass spectrometry suggesting their abundance is very low. Finally, when considering the
subcellular distribution of zinc-binding proteins, the vast majority are found in the cytosol (Fig.

1H). While cytosolic zinc proteins represent only 17% of genes, 89% of zinc protein abundance is
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cytosolic (not including the 2% of proteins with both nuclear and cytosolic distributions). The

nucleus, mitochondria, and other compartments contain far lower levels of zinc-binding proteins.

The detectable zinc-binding proteins ranged from fewer than 10 to over 10° copies per cell. Most
of these proteins were of relatively low abundance (<10,000 copies per cell) and only a few were
of very high abundance (>100,000 copies per cell) (Fig. 2A). When these protein copy numbers
were translated into number of zinc-binding sites based on their predicted stoichiometries of metal
binding, it was clear that a small number of highly abundant proteins dominate the total zinc
requirement of a replete cell (Fig. 2B). In fact, the twenty most abundant zinc proteins accounted
for almost 90% of the total zinc requirement of the cell (Fig. 2C). These included Adhl alcohol
dehydrogenase, Fbal aldolase, several zinc-binding ribosomal subunits, Sodl superoxide
dismutase, and Met6 methionine synthetase. Based on our analysis, the total number of zinc-
binding sites in a replete cell was calculated to be 9 x 10°. Notably, this number is very close to
the experimentally determined minimum zinc quota of a yeast cell (3). Note that transporter
proteins were not included in this estimate of zinc-binding sites because they only transiently
interact with zinc. Unsurprisingly, neither Crs5 nor Cupl metallothioneins were detected; these
proteins are induced by copper treatment and are expressed at very low levels in untreated cells

(43).

The response of the yeast proteome to zinc deficiency.

To determine the effects of zinc deficiency on the total proteome and specifically the zinc proteome
of yeast, label-free quantitative proteomics was performed on total protein samples from cells

transitioning from growth in zinc-replete to deficient conditions. Cells grown to exponential phase
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in a zinc-replete medium (LZM + 100 uM ZnCly, i.e. the same cells sampled above) were
transferred to a zinc-deficient medium (LZM + 1 uM ZnCl,) and cells were harvested after 4, 8,
12, and 16 hours after that transition. These times correspond to approximately 2, 3, 4 and 5
generations of growth. LC-MS peak intensities were converted to protein copy number using the

Proteomics Ruler method.

The time course data are also provided in Table S3 and the effect of zinc deficiency on the total
proteome is plotted in Figure 3. Cluster analysis was performed to identify cohorts of similarly
affected proteins and four clusters were identified. Proteins not included in these four clusters did
not share significantly enriched gene ontology (GO) terms. Clusters 1 and 2 consisted of proteins
that decreased in abundance during zinc deficiency with cluster 1 showing a larger fold decrease.
Cluster 3 increased during zinc deficiency while cluster 4 showed a small increase or no change.
Figure 3 displays some of the significant GO terms that were found for these clusters. A complete
list of GO terms is available in Table S4. In cluster 1, down-regulated proteins were related to
ribosomal proteins, ribosome biogenesis, and cytoplasmic translation. Cluster 2 included many
terms found in cluster 1 including protein biosynthesis, ribosome biogenesis, translation, and also
unfolded protein binding and chaperone proteins. These results suggest that zinc deficiency causes
a systemic decrease in protein synthesis and protein chaperone capacity. Cluster 3 contains up-
regulated proteins related to oxidation-reduction processes, mitochondrial function, and vesicle-
mediated transport. Up-regulated proteins in cluster 4 are related to proteasome activity, actin

binding, and glycolysis. Many of these changes may help mitigate the deficit of zinc.
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Many of the effects of zinc deficiency on the total proteome are likely due to indirect consequences
of metal status. To focus on responses that are directly controlled by zinc status, we examined the
abundance of proteins known or hypothesized to be regulated by the Zapl transcription factor.
Based on several published studies, Zapl is thought to regulate transcription of 87 genes in
response to zinc deficiency (20, 44-49). For the majority of those genes, including the zinc
transporters ZRT1, ZRT3, and FET4, Zapl activation increases gene expression and protein
abundance during zinc deficiency. For a small number of other target genes, Zap1 represses gene
expression and thereby reduces protein accumulation during deficiency. Of the 87 known or
predicted Zapl-regulated genes, protein abundance was measurable for 39 of their encoded
proteins and the effect of zinc deficiency on their levels is depicted in Figure 4. For most Zap1
target genes, the abundance of their protein products increased in zinc deficiency, consistent with
the action of Zap1 as a transcriptional activator. For some proteins, e.g. Ald3, Cttl, Hsp26, and
Adh4, the response to deficiency was immediate and strong. For other proteins, the response was
much slower and/or of less dynamic range (e.g. Pep4 and Zrc1). In contrast, four proteins (Adhl,
Adh3, Rad27, Hntl) showed decreased protein abundance during the transition to deficiency.
Adhl and Adh3 were previously shown to be controlled by Zap1-regulated non-coding RNAs that
repress promoter function (25). The mechanisms controlling Rad27 and Hntl are currently being
studied. These varied results demonstrate the diversity of responses of the proteins encoded by

genes regulated by Zap1.

The response of the predicted zinc proteome to zinc deficiency.

Of the 229 zinc-binding proteins that were measured in replete cells, 199 of those had sufficient

data (measurements at To and at least two subsequent time points) to assess the effects of zinc
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deficiency on their abundance (Table S3). In addition, there were 13 zinc-binding proteins that
were not detected at To but were detected at two or more subsequent timepoints. Similarly, there
were 30 zinc-binding proteins detectable at Ty that were not detected at later time points suggesting
a marked loss of protein abundance. As shown in Figure 5, of the proteins in the predicted zinc
proteome that were detected by mass spectrometry, many more proteins decreased in abundance
during the transition from zinc-replete to deficient conditions than increased. Using a fold change
of 1.5 or greater and a false discovery rate of 0.05, we found 31 proteins that increased in
abundance and more than twice that number of proteins (68) that decreased in response to zinc
deficiency. Among those proteins that increased in abundance were several zinc transport proteins
(Zrtl, Fetd, Zrt3, Zrcl, Zps1) that are regulated by Zap1. The level of the Msc2 zinc transporter of
the endoplasmic reticulum, while not Zap1 regulated (50), also increased in zinc-deficient cells.
Also among the increasing proteins was the Adh4 alcohol dehydrogenase, which is activated by
Zapl1 to likely replace the lost activity of the repressed Adhl and Adh3 proteins. In addition, many
proteins involved in chromatin modification (e.g. Rpd3, Hdal, Hst2, Set3, Gisl, Rsc3),
components of the basal transcription machinery (e.g. Sua7, Brfl, Tfal, Rpb9), and numerous
proteases (e.g. Ape2, Ape3, Dpp3, Rpnll) increased in abundance in response to zinc deficiency.
Furthermore, the gag-pol fusion proteins of transposable elements Tyl and Ty2 increased.
Increased levels of these Ty-encoded proteins have been observed under other stress conditions

(51-53).

Many more zinc-binding proteins that we detected decreased in abundance during deficiency.
These included zinc-binding ribosomal subunits and several ribosome biogenesis proteins (e.g.

Bud20, Nmd3, Rehl), general translation factors (e.g. Tif5, Tif35, Sui3), tRNA synthetases and
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tRNA modifying proteins (e.g. Ths1, Mes1, Dus3), several RNA polymerase subunits and general
transcription factors (e.g. Rpal2, Rpal35, Rpal90, Pril, Tafl) and six alcohol dehydrogenases
(Adhl, Adh3, Adh5, Adh6, Bdhl1, Sfal). The effect of zinc deficiency on the abundance of several
specific examples is shown in Figure 6. To determine if any of the observed changes in protein
abundance were the result, at least in part, of altered transcription, we performed quantitative RT-
PCR analysis of mRNA levels of 28 of the affected proteins in replete cells and in cells after 8 and
16 h of zinc deficiency. Those data are shown for specific examples in Figure 6 and the full results
are reported in Table 1. For 16 of the tested proteins, their decreased abundance during deficiency
had some element of transcriptional control (p < 0.05). For example, the effect of Zapl on ADH1
and ADH3 expression in zinc deficiency were observed in the RT-PCR results (Fig. 6). Our
analysis also suggested that the decreases of AdhS, Adh6, and Bdh1 alcohol dehydrogenases also

occur at least in part at the transcriptional level.

In contrast, the mRNA encoding 12 of the proteins that decrease in zinc-deficient cells did not
decrease during this transition. For example, RPA190 mRNA was not reduced despite a large
decrease in protein (Fig. 6). This result is consistent with previous studies showing that Rpa190 is
targeted for degradation specifically under zinc-deficient conditions (28). Other examples of post-
transcriptional effects newly identified in this analysis are Map1, Bud20, and Ydjl. These data
indicated that there is a transcriptional component to the decreased accumulation of many, but not

all, zinc proteins during the transition to zinc deficiency.
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Estimates of in vivo zinc-binding site number and zinc content suggest significant deficits in
zinc metalation during deficiency.

One purpose of the widespread decrease in zinc-binding proteins during deficiency may be zinc
sparing, i.e. the regulated decrease in the zinc requirement of the cell. Figure 7A shows the relative
zinc-sparing effects for zinc-binding proteins grouped by their general function. Decreases in
ribosome subunits and ribosomal biogenesis factors and decreases in alcohol dehydrogenase
abundance reduce the zinc requirement to the greatest degree while other functional groups
contribute to a lesser extent. The hypothesis of targeted zinc sparing suggested that the decrease
in zinc proteins is significantly greater than the effects observed for the total proteome. During the
transition to zinc deficiency, the total proteome decreased 24% from 9.2 x 107 copies per cell to
7.0 x 107 copies (Fig. 7B). Similarly, the copy number of non-zinc proteins also decreased 24%
from 8.4 x 107 copies per cell to 6.5 x 107. These decreases may reflect the decreased translation
capacity of zinc-deficient cells (Fig. 3) and/or the results of autophagic degradation, which was
previously shown to be induced by zinc deficiency (54-56). In contrast, the effect of zinc
deficiency on the zinc proteome was even more striking with protein copy number dropping from
7.5 x 10° to 4.5 x 10° copies per cell (39%). While regulation of specific zinc proteins during the
transition to deficiency may occur for many reasons, these data suggest that widespread zinc-
sparing mechanisms are at work to specifically decrease the zinc demand of a cell during

deficiency.

Factoring in their predicted stoichiometries of zinc binding, the abundance of zinc proteins in
replete cells translates into 9 x 10° zinc-binding sites on proteins per cell (Fig. 7C). By 16 h after
the transition to zinc deficiency, the number of zinc sites decreased to 4.7 x 10 sites. Thus, the

zinc requirement was found to drop after 16 h of zinc deficiency by over 4 x 10° zinc sites per cell
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or ~45% of the sites found in replete cells. To determine the amount of zinc available in deficient
cells to meet this demand, zinc abundance was determined using ICP-AES. Total zinc in replete
cells grown under these conditions was measured to be 2.3 x 107 atoms per cell (Fig. 7C). This
value is approximately twice the estimated number of zinc-binding sites on proteins. By 16 h of
zinc deficiency, zinc levels dropped to only 1.7 x 10° atoms per cell, i.e. ~30% of the estimated
number of zinc-binding sites on proteins. These results suggested that despite the large decrease
in zinc protein number described above, a zinc-deficient cell grown under these conditions
accumulates a very high level of apoproteins or, alternatively, zinc proteins that are mismetalated

with some other cation.

Analyses of zinc-binding proteins indicate reduced zinc metalation during deficiency.

To assess to what degree zinc metalation is disrupted during deficiency, we focused our analysis
on the Fbal aldolase protein. This glycolytic enzyme is the second most abundant protein in the
zinc proteome of replete cells (Fig. 2) and the most abundant zinc protein in deficient cells. Fbal
levels were similar in replete and deficient cells with approximately 1.1 x 10° copies per cell. Thus,
the zinc requirement of this enzyme alone is over half of the entire zinc content of a deficient cell.
Given these factors, we hypothesized that most Fbal molecules are either unmetalated or
mismetalated during zinc deficiency. To test this hypothesis, we used an enzymatic assay of
aldolase activity in permeabilized cells. We confirmed the specificity of the assay for Fbal aldolase
activity using zinc-replete wild-type cells and fbalP4™" mutant cells that have lower FBAI
expression (57). Immunoblots indicated that the fbalP4"F strain accumulated ~25% of the wild-
type level of protein and the measured enzyme activity showed a similar decrease (Fig. 8A). FBAI

is essential for viability so a null allele could not be used for this experiment.
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To determine the effect of zinc status on Fbal function, aldolase specific activity normalized to
Fbal protein levels as determined by immunoblotting, was measured in cells after growth in zinc-
replete and deficient conditions (Fig. 8B). Aldolase specific activity was high in zinc-replete cells
and greatly reduced in deficient cells. These results were consistent with our hypothesis of reduced
zinc metalation during deficiency. To further test this hypothesis, we determined whether zinc
added back in vitro restored aldolase activity. EDTA treatment of permeabilized zinc-replete cells
reduced aldolase activity and zinc subsequently added back restored activity to the full activity of
untreated cells (Fig. 8C). In contrast, zinc addition to EDTA-stripped deficient cells for 5, 15, or
30 minutes did not restore activity to replete levels. These data suggest that zinc-deficient cells
contain a pool of inactive aldolase that cannot be metalated efficiently with zinc. This conclusion
was further supported by analysis of Fbal activity following zinc addition in vivo. When zinc-
deficient cells were supplemented with zinc in vivo prior to permeabilization, much of the missing
Fbal-normalized activity was recovered after 1 h of zinc treatment and ~80% of full activity was
observed after 8 h (Fig. 8D). However, this restoration of activity was completely blocked when
the translation inhibitor cycloheximide was added prior to zinc addition. These results suggested
that the inactive Fbal aldolase in zinc-deficient cells cannot be activated with zinc supplementation

and new protein synthesis is required to restore full aldolase activity.

To assess the metalation state of aldolase in vivo, we adapted a method previously used to probe
zinc binding by proteins in vitro (58-60). N-ethylmaleimide (NEM) is a cell-permeable reagent
that alkylates free cysteine thiol groups in proteins. Reactivity of thiols with NEM is greatly

reduced by metal binding to those residues or, for non-ligand cysteines, when the thiol group is
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inaccessible to solvent. Thus, reactivity to NEM can be used to assess both zinc binding to cysteine
ligands and zinc-dependent conformation changes that affect the accessibility of non-ligand
cysteines. In our modified procedure, cells growing in culture are treated with NEM to modify
reactive cysteine thiols in vivo, lysed, proteins denatured, and then treated with PEG-maleimide,
which modifies unreacted thiols that had been protected from in vivo NEM modification. Thiols
alkylated by NEM are no longer reactive to PEG-maleimide whereas sites that were not alkylated
become modified with the PEG reagent. While NEM modification only slightly alters protein
molecular mass and is not detectable by immunoblotting, PEG-maleimide modification increases
the apparent molecular mass on SDS-PAGE by ~15 kDa per moiety and is therefore readily
detected by immunoblotting. Thiols that are oxidized in vivo are also not modified by NEM; these
can be identified as being protected from NEM modification in vivo, reactive to PEG-maleimide
in vitro following DTT treatment, but not reactive with PEG-maleimide without pre-treatment with

reductant.

Fbal contains five cysteine residues. While none of these are directly involved in zinc binding, we
found that their accessibility to modification by NEM is altered by zinc status. Without
modification, Fbal tagged with the hemagglutinin antigen epitope (Fbal-3xHA) migrates at ~40
kDa on SDS-PAGE (Fig. 9A). When treated with PEG-maleimide alone following denaturation,
the Fbal-HA protein shifts in mobility to ~115 kDa, corresponding to the addition of five PEG
moieties. When zinc-replete cells were treated with NEM in vivo prior to PEG-maleimide
treatment in vitro, 1-4 cysteines were protected from NEM reaction to varying degrees with most
copies having two NEM-resistant cysteines. In zinc-deficient cells, NEM sensitivity increased as

indicated by the decreased abundance of 2-4 x PEG-modified forms and increased abundance of
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proteins with 0-1 x PEG moieties added. This result indicates a zinc-dependent conformational
change in vivo that changes the sensitivity of one or more cysteines to NEM. The effect on NEM
sensitivity was observed both with and without DTT treatment confirming that protection in vivo
was not due to thiol oxidation. To quantify these effects, band intensities were measured and the
ratio of 0-1 x PEG-modified forms vs. 2-4 x PEG-modified forms was determined (Fig. 9B). This
analysis demonstrated higher levels of PEG modification (i.e. NEM resistance) in replete cells and
lower levels (i.e. NEM sensitivity) in deficient cells. In contrast, no effect of zinc was observed on
the NEM sensitivity of the single cysteine in Pgkl; this cysteine is protected from NEM
modification in vivo due to solvent inaccessibility but is modified with PEG-maleimide following
protein denaturation (Fig. 9A). Modification of Pgk1 with PEG-maleimide is highly efficient and

provides a positive control for this reaction.

To assess whether the observed conformational change observed for the wild-type Fbal-3xHA
protein was due to zinc binding in vivo, we mutated the histidine zinc ligand at position 111 to
alanine (H111A). No zinc-responsive changes in NEM reactivity were then observed (Fig. 9C). A
similar analysis of a mutation in glutamate 183 (E183A) supported this conclusion. The E183A
mutation disrupts enzyme activity without affecting metal binding. Despite its lack of activity, the
same zinc-dependent conformational change observed for the wild type protein was seen with this
mutant Fig. 9D). To further confirm that the observed conformational changes were due to the
presence or absence of zinc binding, we performed the experiment in permeabilized replete cells
using stripped and re-metalated Fbal-3xHA. Without EDTA stripping, PEG-maleimide reactivity
was high indicating NEM resistance (Fig. 9E). When Fbal-3xHA was stripped of metal with

EDTA treatment, NEM resistance was reduced and re-addition of zinc restored protection from
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NEM modification. These effects are quantitated in Figure 9F and the reciprocal effect of EDTA
and zinc on Fbal enzyme activity is shown. Again, no effect of EDTA or zinc treatment was
observed on the PEG sensitivity of Pgkl. These results support the conclusion that the change in

NEM sensitivity is directly due to zinc binding in the Fbal active site.

To test whether the in vivo dependence of Fbal reactivation on protein synthesis (Fig. 8) was due
to slow re-metalation with zinc, we used the NEM/PEG-maleimide method. Cells were grown in
zinc-replete and deficient conditions. The deficient cells were then resupplied with zinc for 1 or 8
h in the presence or absence of cycloheximide. In vivo NEM treatment was carried out prior to
zinc addition and at subsequent timepoints and the cells were then processed for PEG-maleimide
modification. In the absence of cycloheximide, full re-metalation was apparent after 1 h of zinc
treatment (Fig. 9G). Surprisingly, apparent re-metalation was also detected in cycloheximide-
treated cells after 1 h and 8 h despite the absence of increased activity. These results suggest that
while a substantial fraction of Fbal protein is not metalated in zinc-deficient cells, it is re-metalated
rapidly in vivo and some other factor limits its activity. We hypothesize that the protein may be

damaged or modified in some way.

Our analysis of Fbal identified a zinc-responsive conformational change that affects the
accessibility of non-ligand cysteines to NEM modification. To test for effects of zinc status
specifically on zinc-binding cysteine ligands in a protein, we tested the in vivo NEM sensitivity of
Met6 methionine synthetase. Met6 accumulates to ~145,000 molecules per cell in zinc-replete
cells and ~87,000 in deficient cells. Fungal methionine synthetases contain three cysteine residues,

two of which (C657 and C737) are homologous to the highly conserved residues Cys659 and
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Cys739 shown to bind zinc in the C. albicans Met6 protein (61). NEM treatment of zinc-replete
cells followed by in vitro treatment with PEG-maleimide demonstrated protection of 1, 2, or 3
cysteines, with most Met6 proteins having three protected cysteines (Fig. 10A). Under zinc-
deficient conditions, most proteins had only one protected cysteine. This result is consistent with
zinc binding protecting the two cysteine ligands while the third thiol is constitutively protected in
vivo. Omitting the in vitro DTT reduction step had little effect on the pattern of bands detected

indicating that the protective effect of zinc was not conferred by Met6 cysteine oxidation.

This conclusion was supported by the analysis of a mutation that disrupts one of the non-cysteine
zinc ligands in the metal site. S. cerevisiae His 655 is homologous to H657 of the C. albicans and
S. pombe Met6 proteins, which was identified as zinc binding by structural analysis (62, 63). An
H655A mutation resulted in constitutive NEM sensitivity (Fig. 10B). In contrast, a mutation in
Asp 612 (D612A, homologous to Asp614 in S. pombe), which inactivates Met6 by disrupting
homocysteine binding (63) had no effect on cysteine sensitivity to NEM in replete conditions,
indicating unaltered zinc binding. In deficient conditions, the D612A mutant showed increased
NEM protection when compared with the wild-type, suggesting that substrate binding affects zinc
lability. Overall however, these observations indicate that the effect of the zinc ligand mutation on
NEM sensitivity was not due simply to loss of enzyme activity but reflected a loss of zinc from
the active site. Our results are consistent with Met6 accumulating in a zinc-metalated form in

replete cells and is only partially metalated in deficient cells.
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DISCUSSION

In this report, we cataloged the zinc proteome of yeast, and determined the abundance of many of
its proteins, their response to zinc deficiency, and estimated the metalation state of those proteins
in zinc-replete and deficient cells. This analysis has provided unprecedented insights into the
cellular economy of zinc under replete and deficient conditions. The majority of zinc proteins in
yeast bind zinc as a structural cofactor and includes proteins with CoH» zinc fingers, Zn>Ce zinc
fingers, zinc ribbon domains, and other motifs. These proteins play key roles in gene regulation,
transcription, translation, protein degradation, and many other functions. The zinc proteome also
plays many catalytic roles and includes enzymes in all six general classes of enzymes. The catalog
of the yeast zinc proteome we generated illustrates the diversity of function of this essential
cofactor within a eukaryotic cell. We recognize, however, that this is likely not a perfect list of all
zinc proteins in yeast. Zinc may play regulatory roles as a second messenger to control different
aspects of cell physiology (64, 65). Given that such regulatory sites are probably of lower affinity
and greater lability, they may not have been identified in our analysis of stable motifs and domains.
Second, some enzymes (i.e. “cambialistic” proteins) are functional with different metal cofactors
and the specific metals that metalate those enzymes likely depend on the cellular conditions of
metal homeostasis and other factors (66). Thus, to refer to such proteins as “zinc proteins” may
not accurately reflect their cofactor requirements. Despite these caveats, however, the catalog of
predicted zinc-binding proteins in yeast provides an essential tool for future studies of zinc

function, trafficking, and homeostasis.

Using mass spectrometry we measured the abundance of almost half of the entire yeast proteome.
Focusing on the zinc proteome, this analysis indicated the existence of 9 x 10° total zinc sites in

replete cells. This proteomics-based estimate is remarkably similar to our experimentally



70

determined measurement of the vacuolar and non-vacuolar pools of zinc under these same growth
conditions (3). Cells grown in LZM supplemented with 100 uM ZnCl; contain 2.3 x 107 zinc atoms
per cell. When the Zrc1 and Cotl vacuolar zinc transporters were mutated so that zinc could no
longer be stored in the vacuole, the accumulation of zinc in the cell dropped to ~1 x 107 zinc atoms
per cell. This result indicated that ~60% of the total zinc in a replete cell grown under these
conditions is stored in the vacuole. Because labile zinc levels in cells are known to be very low, it
is likely that the non-vacuolar zinc atoms are bound by proteins and this conclusion is very
consistent with the number of zinc sites we found in these cells using proteomics. Our previous
studies also established that the minimum zinc quota of a yeast cell was ~1 x 107 zinc atoms per
cell. This comparison suggests that the zinc proteome abundance of a replete cell is tuned for
optimal growth and even slight deficits that decrease full metalation inhibits cell growth. One
caveat to this analysis is that we were only able to measure the abundance of about half of the
proteins that comprise the zinc proteome. The proteins missing from our analysis are likely to be
of very low abundance and therefore may contribute little to our calculations of the cellular zinc
requirement. A result very different from ours was obtained from a similar study of the Gram-
negative bacterium Cupriavidus metallodurans where it was found that replete cells contain a large
excess of zinc-binding sites relative to the minimum zinc quota (67). A high number of zinc sites
may add to zinc resistance of this bacterium by serving as a sink for excess metal. Organisms such
as S. cerevisiae are not adapted to high zinc levels and we suspect it is more indicative of what
occurs in most other organisms. A viable alternative hypothesis is that C. metallodurans has an

excess of zinc sites to serve as a storage pool of the metal in the absence of intracellular organelles.
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The total proteome and the zinc proteome of replete cells changes markedly during the transition
to deficient conditions. Among the zinc proteins that increased in abundance were several
transporter proteins induced by Zapl to maintain zinc homeostasis. We also observed increased
levels of several proteins involved in transcription and chromatin modification. These changes
may represent compensatory regulatory responses to loss of these activities due to reduced
metalation. The increased abundance of these zinc proteins was more than offset by the decreased
abundance of many other zinc proteins such that the net effect was a decrease in the total zinc
requirement of the cell by ~45%. We had anticipated that proteasome-mediated degradation of
apoproteins may be a common effect during the transition to zinc deficiency and there are some
potential cases of this in our results. For example, Map1 aminopeptidase levels drop dramatically
in zinc-deficient cells with no detectable change in mRNA abundance. In addition,
macroautophagy is induced during zinc deficiency and this process may decrease protein
abundance more generally (54-56). However, it is clear that changes in mRNA levels play at least
some role in the down-regulation of numerous zinc proteins. While these regulatory effects may
occur for many reasons, we hypothesize that a common purpose is to reduce the zinc requirement

of the cell, i.e. zinc sparing.

One specific group of proteins that had a great impact on the cellular zinc requirement are the
alcohol dehydrogenases. There are 13 different zinc-dependent alcohol dehydrogenases in yeast
and we could measure the abundance of seven, Adhl, Adh3, Adh4, Adh5, Adh6, Bdhl, and Sfal.
All but Adh4 decrease in zinc-deficient cells for a net decrease in the zinc requirement of ~9 x 10°
zinc atoms per cell. As mentioned above, Adh4 is induced and Adhl and Adh3 are repressed by

Zapl (25). How are the other four Adh enzymes shut off in response to zinc deficiency? A clue
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for how Adh6 is regulated comes from our recent analysis of transcription start sites in the yeast
genome. Loss of ADH6 gene expression coincides with the induction of an antisense transcript
that initiates downstream of the ADH6 open reading frame (50). While we have not mapped the 3’
end of this antisense transcript, it may pass through the open reading frame and ADH6 promoter
and thereby interfere with ADH6 transcription. This antisense transcript is likely to be Zapl-
dependent because there is a consensus Zap1 binding site, 5’-~ACCTTAAAGGT-3’, located ~130
bp upstream of where the antisense RNA initiates transcription. Notably, a similar mechanism of
antisense regulation was discovered controlling the ADH1 gene of S. pombe in response to zinc
(68). While ADHS5 and BDH1 also show decreased mRNA abundance, we have no clues as yet of
how that occurs. While we have not directly examined SF4/ mRNA levels, it was not detected as
zinc regulated in previous transcriptome studies (20, 44). These observations suggest that Sfal

protein levels decrease due to a post-transcriptional mechanism.

The broad effect of zinc deficiency on the abundance of proteins that comprise the translational
machinery of the cell is also striking. Several zinc-dependent ribosomal subunits are decreased in
expression. In addition, zinc-binding proteins of the ribosome biogenesis (RiB1) regulon, including
ribosome biogenesis factors, translation initiation factors, and tRNA synthetases and modifying
enzymes, also decrease (69). Summing all of these proteins, the estimated number of zinc-binding
sites drops in deficiency by ~2.2 x 10° zinc atoms per cell. This collectively represents about half
of the zinc sparing that we observed across the entire zinc proteome. This effect extends far beyond
the zinc-dependent proteins and includes a large number of zinc-independent translation
machinery proteins as well (Fig. 3). It has been previously shown that expression of ribosomal

proteins and the RiBi regulon is controlled in response to growth rate such that slower growing
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cells have reduced levels of these proteins than do faster growing cells (69, 70). Given that zinc
deficiency results in slower growth, the underlying mechanisms linking growth rate to gene

expression likely plays some role in their decreased abundance we observed in our studies.

An additional mechanism regulating the translational machinery in response to zinc deficiency is
suggested by the studies from Chanfreau and colleagues who showed that RNAPI is specifically
targeted for degradation during zinc deficiency (28). Decreased RNAPI levels decrease 5.8S, 188,
and 25S rRNA synthesis, which would then trigger decreased ribosomal protein and RiBi regulon
expression. It was previously suggested that targeted degradation of RNAPI was a zinc sparing
response because of the zinc no longer required for this specific RNA polymerase complex. Based
on our results, we estimate that the number of zinc atoms that are directly spared by degrading the
five zinc-binding RNAPI subunits would be ~30,000 total. While not an insignificant amount, it
represents only about 1% of the total zinc sparing that we observed. Mutant cells defective for
RNAPI degradation are hypersensitive to EDTA, suggesting a greater disruption in zinc
homeostasis than is expected from the level of zinc sparing provided by degrading this protein
complex alone. Therefore, we suggest that the effect of RNAPI degradation on zinc sparing may
be much more extensive because of the resulting effects on the expression of ribosomal subunits
and the RiBi regulon. In other words, zinc-responsive RNAPI degradation may be the master

switch that controls the bulk of the zinc sparing response in zinc-deficient cells.

Despite the massive decrease in the number of zinc proteins that occurs during deficiency, we
found that the number of zinc atoms that cells accumulated under these conditions was not

sufficient to metalate even the reduced zinc requirement. In fact, we estimated that 70% of the zinc



74

sites on proteins in a zinc-deficient cell were either not metalated (i.e. apoproteins) or mismetalated
with a different cation. There is some question about how many potential zinc-binding ribosomal
subunits in eukaryotes actually bind zinc in vivo (71). Nonetheless, if those proteins are removed
from our calculations, the level of zinc atoms per cell are still insufficient for full metalation. Our
previous studies of Tsal suggested that this protein’s chaperone function was critical to tolerate
this stress and that zinc apoproteins are the likely clients of Tsal (23). We tested the hypothesis of
accumulated apoproteins for two abundant zinc proteins, Fbal and Met6. Despite little change in
protein levels, Fbal enzyme activity was greatly reduced in zinc-deficient cells compared to
replete cells. In addition, using a novel application of thiol-reactive agents to study in vivo
metalation, we found that Fbal in cells underwent a conformational change that was dependent on
zinc availability and zinc ligands. These results suggested that Fbal is not fully metalated in zinc-
deficient cells. It was therefore surprising that reintroduction of zinc appeared to rapidly metalate
the protein but did not restore enzyme activity to replete levels and new protein synthesis was
required to restore full activity. It is conceivable that the Fbal protein is somehow damaged or
modified (e.g. by phosphorylation) in zinc-deficient cells such that new Fbal protein is required
to restore activity. One possible mechanism of damage is glycation which has been previously
observed for yeast Fbal (72). Our studies of Met6 also indicated the accumulation of apoproteins
during zinc deficiency. For Met6, we could probe reactivity of the cysteine ligands involved in
direct zinc binding. These studies suggested that the many Met6 molecules in a cell are also
unmetalated. It is conceivable that Fbal and/or Met6 are mismetalated but if so, binding of that
other cation fails to produce the same conformational change as zinc does for Fbal and fails to
protect the bound ligand from reaction with NEM in Met6. It was also surprising that many

chaperones, co-chaperones, and chaperonin proteins (e.g. Ssa2, Ydjl, Scjl, Cct2) decreased in
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abundance during zinc deficiency (Fig. 3, cluster 2) when our other results indicated an increase
in apoprotein accumulation and unfolded protein stress. We note that many of the proteins that
decreased in abundance during deficiency are “foldase”-type chaperones while Tsal is a
“holdase”-type protein. These results make biological sense because apoproteins cannot be fully

folded without resupply of their metal cofactor and foldase chaperones would not suffice.

CONCLUSIONS

In this report, we have cataloged the zinc proteome of yeast and determined the effects of zinc
deficiency on the abundance of these proteins. This analysis highlighted the diverse functions of
zinc proteins and mapped in detail the subcellular requirement of this essential metal nutrient. Our
studies demonstrated that the majority of zinc proteins detected decrease in abundance during
deficiency and this apparent zinc-sparing response is due at least in part to transcriptional
regulation of many of their respective genes. Our results also indicated that a surprisingly high
number of zinc sites are not metalated with zinc during deficiency. Future studies will address the
role of Tsal as a chaperone of these abundant zinc apoproteins. Future studies will also address
the prevalence of zinc apoproteins more broadly and determine whether all proteins are similarly
affected by zinc deficiency or whether some proteins can compete for zinc better than others. It
will be exciting to learn whether prioritization of zinc distribution occurs in zinc trafficking among

apoproteins.
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EXPERIMENTAL METHODS

Strains and growth conditions- Yeast were grown in rich (YPD), synthetic defined (SD), or low
zinc medium (LZM), as previously described (73). LZM contains 20 mM citrate and 1 mM EDTA
to buffer pH and zinc availability. Glucose (2%) was the carbon source for all experiments. LZM
+ 1 uM ZnCl2 was routinely used as the zinc-deficient condition, and LZM + 100 uM ZnCI2 as
the replete condition. The yeast strains used in this work were BY4743 (MATa/MATa his3/his3
leu2/leu2 ura3/ura3 lys2/LYS2 met15/MET15), BY4742 (MATa his3 leu2 ura3 lys2), BY4741

(MATa his3 leu2 ura3 metl5), and BY4741 tbal DAmP (Thermo Fisher Scientific) (57).

Cataloging the zinc proteome of yeast- Using the approach described in Valasatava et al. (74), we
created two libraries of Hidden Markov Model profiles (75): a library of zinc-binding Pfam
domains (76), and a library of zinc-binding structural motifs. The Pfam domain library was created
by merging two lists: first, a list of Pfam domains with known 3D structure that contain a zinc-
binding site extracted from MetalPDB (77) in which each of these domains could be associated
with the residues responsible for zinc binding and with their positions within the domain sequence
and second, a list of Pfam domains without a known 3D structure but annotated as zinc-binding
obtained by text mining of the annotations in the Pfam database. The procedure resulted in a set
of 573 Pfam domains: 541 with an associated zinc-containing 3D structure, and an additional 32
annotated as zinc-binding domains. The library of zinc-binding structural motifs was created by
splitting into fragments the zinc-binding sites stored in MetalPDB as of June 2017, as described in
Rosato et al. (35). Only one representative was kept for zinc-binding sites that, though found in
different PDB structures, fall in the same position of the same protein domain. Sites that are not
physiologically relevant based on literature inspection (e.g., zinc-substituted structures, spurious

sites) were manually removed from the dataset. This procedure resulted in a library of 6450 zinc-
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binding motifs derived from 2651 zinc-binding sites. An additional library of 339 zinc-binding
motifs was compiled separately because the native metal ion of their corresponding proteins is still

under investigation.

The zinc proteome of yeast was obtained by using the hmmscan tool (75) to search each yeast
sequence for the profiles contained in the two libraries. A yeast sequence was identified as a
potential zinc-binding site if at least one of the following conditions was verified: A) The profiles
of all the fragments of a given site matched the sequence with an e-value lower than 10—3 and the
corresponding ligands are conserved in the sequence. B) The profile of a domain with associated
ligands matched the sequence with an e-value lower than 10—5 and the ligands are conserved in
the sequence. C) The profile of a domain with no associated ligands matched the sequence with an
e-value lower than 10—7. These predictions were integrated by adding the proteins annotated as
zinc-binding in the UniProt database (78). In total, 571 yeast proteins were identified as zinc
binding using the 6450 motifs (Table S1). An additional set of 45 potential zinc-binding proteins
were identified with the 339 input sites as able to bind zinc but for which the identity of the native
metal ion is still unknown (Table S2). For each of these proteins, the subcellular location and
enzyme EC number were retrieved from UniProt. For each site contained in these proteins, the
information on zinc function, number of zinc ions per monomer, and structural zinc-site
classification (34) was imported from the site in the library that yielded the best match in the search,

and then manually checked.

Mass spectrometry analysis and protein copy number estimations- Mass spectrometry for

proteomics analysis was performed on four biological replicates each for times 0, 4, 8, and 12 h of
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zinc deficiency and three biological replicates for 16 h of deficiency. Frozen cell pellets of various
cell counts were lysed in 300 pl cold methanol. Precipitated proteins were separated by
centrifugation for 10 minutes at 13,400 x g and 4°C. The protein pellet was resuspended in 200 pl
lysis buffer (8 M urea, 20 mM TCEP, 80 mM chloroacetamide, 100 mM Tris pH 8) and diluted
with 1 ml 100 mM Tris pH 8. Protein digestion was performed overnight with trypsin (4 ug) before
centrifuging for 5 minutes at 10,000 x g. The resulting supernatant was de-salted with Strata C18
solid phase extraction cartridges and quantified using Pierce Quantitative Colorimetric Peptide
Assay (Thermo Fisher Scientific). Peptides were then dried in a vacuum centrifuge before

resuspension in 0.2% formic acid.

Samples were analyzed using a LC/MS instrument comprising an Orbitrap Fusion Lumos tribrid
mass spectrometer (Thermo Fisher Scientific). Mobile phase A consisted of 0.2% formic acid in
water and mobile phase B consisted of 0.2% formic acid in acetonitrile. A 75-minute gradient
ranging from 0% to 50% B was used spanning a total runtime of 90 minutes. Analytes were
injected onto a 1.7-micron C18 column packed in-house to a length of 35 cm and heated to 60°C.
Survey scans of peptide precursors were collected from 350-1350 Th with an AGC target of
1,000,000 and a resolution of 60,000 in the orbitrap followed by HCD MS/MS turbo scans taken

in the ion trap.

The resulting LC-MS proteomic data were processed using Maxquant software version 1.5.2.8 and
searched against a Saccharomyces cerevisiae database downloaded from Uniprot on 8/10/16. The
digestion enzyme was set to trypsin with up to two missed cleavages, carbamidomethylation of

cysteines as a fixed modification, and oxidation of methionines and protein N-terminal acetylation
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as variable modifications. The match between runs feature was utilized to decrease missing data
values within the data set. Precursor mass tolerance was 20 ppm and product ions were searched
at 4.5 ppm tolerances. Peptides were filtered to a 1% FDR and combined to protein groups based
on the rules of parsimony. Protein copy number calculations were performed in Perseus using the
Proteomic Ruler plugin (40). This method uses the peak intensities of histone proteins, which are
proportional to DNA content, to estimate protein abundance on a per cell basis. Statistically
significant effects were defined as those proteins with 1.5-fold or greater changes and a p-value of
<0.05 after Benjamini-Hochberg correction. The proteomics data was deposited in CHORUS
(https://chorusproject.org) under Project ID number 1530. Hierarchical cluster was performed
using Euclidean distance with Perseus (79). Gene Ontology analysis of four clusters produced from

hierarchical clustering was performed using DAVID (80).

Quantitative RT-PCR analysis- Quantitative analysis of gene expression by RT-PCR was
performed as previously described (81). Assays were performed on three biological replicates. The
sequences of the primer pairs used are provided in Table S5. Gene expression was calculated
relative to the average Ct values for three control genes (TAF10, ACT1 and CMD1) selected from
multiple candidate genes tested for their highly stable expression under the conditions used in our

experiments (data not shown).

ICP-AES analysis- Culture aliquots were washed three times in cold water, pelleted, and frozen in
liquid nitrogen. Total zinc was determined using inductively-coupled plasma atomic emission
spectrometry (ICP-AES) on six biological replicates for each timepoint. Cell pellets were

desiccated by incubation at 60°C for 12-18 h and subsequent dry weights recorded. The dried yeast
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pellets were acid digested in 250 pl OmniTrace 70% HNO3 (EMD Chemicals) at 60°C for 12-18
h with 150-200 rpm orbital shaking. The acid lysates were then diluted to 5% HNO3 with
OmniTrace water (EMD Chemicals) and analyzed by ICP-AES (5100 SVDV, Agilent
Technologies). The ICP-AES instrument was calibrated using National Institute of Standards and
Technology (NIST)-traceable elemental standards and validated using NIST-traceable 1577b
bovine liver reference material. The detection range for zinc was 0.005-5 parts per million with
inter-assay precision <10%. Cesium (50 ppm) was used for ionization suppression and yttrium (5
ppm) was used as an internal standard for all samples. All reagents and plasticware were certified
or routinely tested for trace metal work. Zinc content was determined using native software

(ICPExpert) and normalized to the cell number in each sample.

Protein extraction and immunoblotting- Yeast protein extracts were prepared for immunoblotting
with a TCA extraction protocol as previously described (82). SDS-PAGE and immunoblotting was
conducted using a Li-Cor Odyssey infrared dye detection system as previously described (82).
Antibodies used were anti-HA (12CAS5, Roche product 11583816001), anti-Fbal (a gift from Dr.
Magdalena Boguta) (83), and anti-Pgk1 (Abcam product 22C5D8, lot # GR166098). IR 680 dye-
labeled secondary anti-mouse antibody (product 680LT, lot # C30605-02) was obtained from Li-

Cor.

Assay of Fbal aldolase activity- Fbal enzyme activity was determined using either permeabilized
yeast cells or cell lysates. An assay developed by Freire was modified for use with 96-well plates
(84). After harvest, cells were washed once with equal volume of ice-cold deionized water

containing 1 mM EDTA, twice with ice-cold deionized water, and resuspended in 0.1 M MES-
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NaOH pH 6.5 buffer. Cell densities of each sample were normalized to A595 = 1.5, and 0.01%
digitonin (w/v) was added to permeabilize the cells. After incubating at 30°C in a shaking water
bath for 10 minutes, cells were placed on ice and then washed twice, resuspended with ice-cold 25
mM KH2PO4/K2HPO4 pH 7.4 buffer to a density of A595 = 0.5. A standard assay of aldolase
activity contained 10 units of triose-phosphate isomerase (TPI), 4 units of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) in a 25 mM KH2PO4/K2HPO4 pH 7.4 buffer containing 5
mM sodium arsenate, and 5 mM of NAD+ and 20 pl of permeabilized cells. The assay was started
by adding 5 mM of the substrate, fructose 1,6-bisphosphate (FBP), and incubated at 30°C in a
temperature-controlled plate reader. The absorbance at 340 mm of NADH generated by the assay
was recorded at 1-minute intervals for up to 20 minutes. The recorded A340 values were graphed
and the linear portion of the graph was used to calculate the rates of Fbal aldolase activity using
an NADH standard curve following normalization to the cell density (A600) in each reaction.
Alternatively, some assays were conducted using 1-10 pg of protein lysate per reaction and activity
was normalized to total protein level. Cell pellets were resuspended in 0.5 ml of 25 mM
KH2PO4/K2HPO4 pH 7.4 buffer containing 1 mM PMSF and 1 x EDTA-free protease inhibitor
mix (Roche) and transferred to 1.5 ml tubes. A 0.2 ml volume of glass beads was added and the
cells disrupted by vortexing for 5 minutes at 4°C. The homogenate was centrifuged at 16,000 x g
for 10 minutes at 4°C and the supernatant stored on ice. The protein concentration was determined
using a Bio-Rad DC kit against a BSA standard. To determine specific activity of Fbal (in nmol
NADH/minute/ug Fbal protein), A340 absorbance values were converted to NADH concentration
using a standard curve and resulting activity values (nmol NADH/minute/pg total protein) were
normalized to Fbal-HA protein level as determined by immunoblotting, taking into account the

value for Fbal abundance in zinc replete cells that we determined by mass spectrometry (i.e. 1%
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of total protein). This normalization was not performed in cases where Fbal abundance was known
to be stable during the experiment (e.g. Figure 9F). For some experiments, zinc was stripped from
Fbal by treating permeabilized cells with 50 mM EDTA and 5 mM FBP in a 30°C shaking water
bath for 30 minutes. The cells were then washed five times with ice-cold 25 mM
KH2PO4/K2HPO4 buffer containing 1 uM EDTA to prevent any zinc remetalation. Zinc was
added back to aliquots of stripped cells by treating with 20 uM ZnCl2 in 30°C shaking water bath
for 5, 15, and 30 minutes. The cells were then washed three times with ice-cold 25 mM

KH2PO4/K2HPO4 buffer containing 1 uM EDTA and resuspended at A595 = 0.5 for the assay.

Plasmid constructions- All plasmids were constructed by homologous recombination in yeast.
Plasmids expressing Fbal with a triple repeat of the hemagglutinin antigen (HA) epitope fused to
the C-terminus were constructed by PCR-amplification of wild-type or mutant FBA1 promoter
and coding sequence and fused to the HA tags and terminator of the low copy episomal plasmid
YCp-ZRC1-HA digested with BamHI and EcoRI. To generate a wild-type tagged plasmid, a
fragment was amplified with the oligonucleotides Fbacds-ha (5'-
TAGCCCGCATAGTCAGGAACATCGTATGGGTATAAAGTGTTAGTGGTACGGAAAGT-
3" and Fbalpr5' (5'-
CACGACGTTGTAAAACGACGGCCAGTGAATTCTGACGCAAGCCCTAAGAA-3")  and
used to gap repair YCp-ZRC1-HA. To introduce the H265A mutation, a 5'-most fragment was
generated using the oligonucleotides H-Arev (5'-
TGGAATTCTTGGACAGTAGAACCGGAACCACCGGCGAAGACCAAGA-3'") and Fbalpr5',
and a 3' -most fragment with H-Acomp (5'- GGTGGTTCCGGTTCTACTGT-3") and Fbacds-ha.

The two fragments were combined with gapped YCp-ZRCI1-HA for yeast transformation. To



83

construct the HI11A and E183A mutants, a PCR fragment was amplified from the corresponding
mutant versions of pFL44L-FBA1 using the oligonucleotides Fbalpr5' and Fbacds-ha prior to gap
repair. All plasmids were fully sequenced to verify the mutations. Functionality of the wild-type
epitope-tagged plasmid was verified by complementation of aldolase enzyme activity when
expressed in an fbal DAmP mutant strain (data not shown). Fbal-3xHA accumulated to a similar
level as untagged Fbal when both forms were coexpressed and detected with anti-Fbal, and the
tagged protein had similar specific activity to untagged (data not shown), indicating that the
epitope tags had no major effect on stability or function. The Met6-HA construct and inactivated
mutant versions were constructed similarly to Fbal-HA using gap repair. The wild-type Met6
plasmid (YCpMet6-HA) was constructed by amplifying Met6 from BY4742 genomic DNA using
met6eds3' (5'-CACGACGTTGTAAAACGACGGCCAGTGAATTCcacagccattcaactcag-3') and
Met6cds3' (5-TAGCCCGCATAGTCAGGAACATCGTATGGGT Aattcttgtattgttcacgga-3')
primers, followed by gap repair of YCp-ZRC1-HA digested with EcoRI and BamHI. To construct
the H655A mutant, a fragment containing the mutation was generated by PCR amplification of
YCpMet6-HA using the oligonucleotides met65'-1 (5'-GGCTGACAAGGATTCTCT-3") and
metoH-A3' (5'-
CATCAGCATCCAAAGCCTTGATATGGTTTGGATCCAAGTCAGAGTAACAGAAAgCAG
AGTGTATTTGAGTCTTGTT3'"). This fragment was used to gap repair YCpMet6-HA digested
with Sacl and BamHI. To construct the D612A mutant, a fragment was amplified from YCpMet6-
HA with the met65'-1 and met6DA3'
(CTTCTCTTAAAGCTGGTTCAgCAACTTGGATAACCTTGATACCGGCAGCT)
oligonucleotides, and a second fragment was amplified with the met6das'

(TATCCAAGTTGCTGAACCAGCTTTAAGAGAAGGTTTACCATTGAGAGAAGGTA) and
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met6cds3' oligonucleotides. The two fragments were combined and used to gap repair YCpMet6-
HA digested with Sacl and BamHI. Wild-type and mutant plasmids were fully sequenced, and the
effect of the mutations on activity was verified by complementation of the methionine auxotrophy

of a met6 deletion mutant.

NEM/PEG maleimide analysis- To identify cysteine residues showing zinc-dependent reactivity
with N-ethylmaleimide (NEM) in vivo, 5 ml cultures of yeast were grown in zinc-replete (LZM +
100 uM ZnClI2) or deficient (LZM + 1 uM ZnCl2) medium to log phase (A595 0.3-0.4) and
harvested by centrifugation. Cells were washed twice with ice-cold 1 x PBS + 1 mM EDTA and
resuspended in 5 ml PBS + 1 mM EDTA. A solution of 1 M NEM in 100% ethanol was added to
5 ml of cells to give a final concentration of 5 mM NEM. For a negative control, the same volume
of 100% ethanol was added to an identical aliquot of cells. After 30 min incubation at 30° with
shaking, the cultures were harvested by centrifugation and washed twice with 1 x PBS. Protein
was extracted using the TCA method (23) and redissolved in buffer A (200 mM Tris base, 1%
SDS, 1 mM EDTA). After measurement of protein concentration (DC protein assay, Bio-Rad),
aliquots of protein were processed to modify cysteines with mPEG-5kDa (Sigma) as previously
described (23). Briefly, aliquots of 500 pug protein were treated with 20 mM DTT for 10 min at
65°C to reduce disulfide bonds, then reprecipitated by adding 1/10 volume 100% TCA.
Precipitated samples were centrifuged and washed twice with acetone to remove TCA, then
redissolved in buffer B (100 mM Tris-Cl pH 7.4, 2% SDS, 1 mM EDTA) + 5 mM PEG-maleimide
(mPEG). After overnight incubation at 30°C, 10-30 ug of each protein sample was analyzed by
SDS-PAGE and immunoblotting to determine the degree of mPEG modification of cysteine

residues. To determine the degree to which cysteines were normally oxidized in vivo (and thus
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unavailable for reaction with NEM), some control samples were not treated with DTT prior to

mPEG treatment.
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Figure 1. The zinc proteome of S. cerevisiae. The zinc proteome was classified based on general
cofactor function (A, E), enzyme classification (B, F), structural zinc-binding site (C, G), and
subcellular localization (D, H). In panels A-D, proportions were determined based on the number
of genes encoding proteins in each group. In panels E-H, proportions were determined based on

protein copy number in each group in replete cells.
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Figure 2. Abundance classes of the zinc proteome in replete cells. A) The number of genes
encoding proteins in each abundance class is plotted. B) The number of predicted zinc atoms bound
by proteins in each abundance class is plotted. C) The 20 proteins most abundant proteins in the
zinc proteome are plotted with their predicted number of bound zinc atoms. Some ribosomal
subunits are encoded by gene pairs, e.g. RPS274 and RPS27B, whose proteins are not
distinguishable by mass spectrometry; these are labeled without specific reference to the

paralogous genes. The error bars represent £ 1 S.D. calculated from 4 biological replicates
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Figure 3. The response of the total proteome to the transition from zinc-replete to deficient
conditions. Zinc-replete cells were transferred to a zinc-deficient medium and harvested for
proteomics analysis after 4, 8, 12, and 16 h. The resulting changes in protein abundance relative
to replete conditions for 2,119 proteins are plotted as a heat map. Cluster analysis was performed
and four clusters (1-4) were identified. Gene ontology (GO) analysis of each cluster was then
performed and significant terms observed are plotted with the -log of their p-values in each

histogram color-coded for their corresponding cluster. Full GO results are provided Table S4.
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Figure 4. The response of proteins encoded by the Zap1 regulon to the transition from zinc-
replete to deficient conditions. During the transition to zinc-deficient conditions, the resulting
changes in protein abundance relative to replete conditions for 39 proteins are plotted as a heat

map. Proteins affected similarly were identified by cluster analysis.
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Figure 5. The response of proteins in the zinc proteome to the transition from zinc-replete to

deficient conditions. During the transition to zinc-deficient conditions, the resulting changes in

protein abundance relative to replete conditions for 159 proteins are plotted as a heat map. Proteins

affected similarly were identified by cluster analysis.
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Figure 6. The effect of zinc deficiency on the abundance of example zinc proteins and their
mRNA. For each, the effect on the transition from replete to deficient conditions is plotted relative
to protein copy number (left panels, gray columns) and mRNA abundance (right panels, filled
columns, A.U. = arbitrary units). Protein levels are from 3-4 replicates per timepoint and the

mRNA levels were determined by quantitative RT-PCR (n = 3). The error bars indicate £ 1 S.D.
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Figure 7. Zinc sparing is widespread in the zinc proteome. A) 120 members of the zinc
proteome that decrease during zinc deficiency were grouped by general function and plotted as the
number of zinc-binding sites in each group under replete (filled columns) and deficient (i.e. 16 h)
(gray columns) conditions. B) The effect of zinc deficiency on the copy number per cell of the
total proteome (circles), the total proteome not including the zinc proteome (triangles), and the
zinc proteome (squares) is plotted. C) The estimated number of zinc atoms bound by the zinc
proteome (squares) is plotted relative to the number of zinc atoms per cell as determined by ICP-

AES (circles). The error bars indicate + 1 S.D calculated from 3-4 biological replicates.
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Figure 8. Effects of zinc status on Fbal aldolase activity. A) Aldolase activity in wild-type

(BY4741) and fbalP4™? cells normalized to total protein. The inset shows an immunoblot of Fbal

protein level detected with anti-Fbal and anti-Pgk1 in 20 pg of total protein. B) Aldolase specific

activity in zinc-replete (R) and deficient (D) BY4741 cells normalized to Fbal protein levels. The

inset shows an immunoblot of Fbal protein level detected as described for panel A. C) Aldolase

specific activity in permeabilized replete (ZnR) and deficient (ZnD) cells before and after in vitro

EDTA stripping and zinc resupply for the times indicated. D) Aldolase specific activity in zinc-

replete and deficient cells following zinc resupply in vivo with and without cycloheximide

treatment (100 pg/ml). The error bars indicate £ 1 S.D (n = 3).
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Figure 9. In vivo analysis of zinc binding by Fbal. A) NEM/PEG-maleimide analysis of wild-
type (BY4742) cells expressing Fbal-3xHA or an untagged Fbal allele. Zinc-replete (+) or
deficient (-) cells were treated with and without NEM, proteins harvested, and then treated with or
without DTT prior to PEG-maleimide treatment. The positions of molecular mass markers (kDa)
and of unmodified and PEG-modified forms of Fbal-3xHA are indicated. Pgk1, which has a single
cysteine that is insensitive to zinc supply, was used as a control for the efficiency of PEG labeling.
B) Quantitation of the results in panel A. The ratios of unmodified + 1x PEG-modified to 2x-5x

PEG-modified forms are shown and the error bars indicate £ 1 S.D (n = 3). C,D) NEM/PEG-
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maleimide analysis of wild-type (BY4742) cells expressing Fbal-H111A-3xHA or Fbal-E183A-
3xHA as described for panel A. E) NEM/PEG-maleimide analysis of permeabilized wild-type
(BY4742) cells expressing Fbal-3xHA following stripping with EDTA and reloading with zinc.
F) Quantitation of the results in panel E. The ratios of unmodified + 1x PEG-modified to 2x-5x
PEG-modified forms are shown (/eft panel) is compared with Fbal activity determined from the
same samples (right panel). The error bars indicate = 1 S.D (n =3). G) NEM/PEG analysis of wild-
type (BY4743) cells expressing Fbal-3xHA grown in zinc-replete (ZnR) or deficient (ZnD) and
following resupply with zinc (100 pM in LZM) in vivo for 1 and 8 h, with and without
cycloheximide treatment (100 pg/ml). The ratios of unmodified + 1x PEG-modified to 2x-5x PEG-

modified forms are shown and the error bars indicate = 1 S.D (n = 3).
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Figure 10. In vivo analysis of zinc binding by Met6. A) NEM/PEG-maleimide analysis of wild-
type (BY4742) cells expressing Met6-HA. Zinc-replete (+) or deficient (-) cells were treated with
and without NEM, proteins harvested, and then treated with and without DTT prior to PEG-
maleimide treatment. The positions of molecular mass markers (kDa) and unmodified and PEG-
modified forms of Met6-HA are shown. Pgk1 was detected as a control for PEG labeling efficiency.
B) Quantification of NEM/PEG-maleimide analysis of wild-type (BY4742) cells expressing Met6-
HA, Met6H63A-HA or Met6P%'?A-HA as described for panel A. The ratios of unmodified + 1 x

PEG-modified to 2-3 x PEG-modified forms are shown and the error bars indicate £ 1 S.D (n = 3).
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Table 1. Protein copy number and RNA abundance for example zinc proteome members
under zinc-replete (0 h) and deficient (8 and 16 h) conditions. Protein copy numbers are from
mass spectrometry analysis and mRNA abundance was determined by quantitative RT-PCR (n =

3). The ratios of levels at 16 h and 0 h are reported and the p-values were calculated using Student’s

t-test.
Protein Copy Number (per cell) RNA Level

Protein/Gene | 0 h 8h 16 h ?;‘g‘,}gf p-value 0h 8h 16 h ?;‘g‘,}gf p-value
Zrtl 29467 104388 | 99222 3.36 0.001 1.444 | 7.064 | 11.028 | 7.64 0.00005
Zrt3 627 7351 8247 13.20 0.001 0.520 | 5.261 | 5.422 10.43 0.000009
Adhl 1222338 | 283955 | 132595 | 0.11 0.000006 | 30.58 | 3.11 3.81 0.12 0.04
Adh3 21531 5370 1905 0.09 0.00009 0.31 0.16 0.21 0.66 0.002
Adh5 2659 0 0 N/A N/A 0.53 0.24 0.36 0.67 0.01
Adh6 14959 6939 2649 0.18 0.00005 0.80 0.17 0.17 0.21 0.0003
Bdh1l 13002 6165 6047 0.47 0.01 0.23 0.04 0.09 0.40 0.0005
Aahl 3344 1206 801 0.24 0.01 0.29 0.29 0.23 0.77 0.09
Bud20 2552 0 0 N/A N/A 0.06 0.10 0.08 1.40 0.05
Carl 12831 8155 4461 0.35 0.006 0.05 0.03 0.03 0.65 0.03
Dus3 3684 1471 1200 0.33 0.02 0.04 0.04 0.03 0.78 0.3
Feyl 15308 0 0 N/A N/A 0.83 0.38 0.52 0.63 0.02
Mapl 27378 1034 2405 0.09 0.00007 0.76 0.78 0.84 1.11 0.6
Mesl 28274 8847 6347 0.22 0.001 0.59 0.12 0.14 0.23 0.002
Met6 144826 101595 | 86610 0.60 0.003 1.18 0.55 0.88 0.75 0.1
Nmd3 3559 1398 1720 0.48 0.01 0.51 0.25 0.26 0.50 0.003
Rehl 356 141 200 0.56 N/A 0.23 0.11 0.23 1.03 0.6
Rpal2 3567 0 0 N/A N/A 0.72 0.28 0.36 0.51 0.001
Rpal35 5595 2543 1844 0.33 0.003 0.24 0.22 0.18 0.76 0.2
Rpal90 8784 3709 2580 0.29 0.0003 0.35 0.29 0.31 0.89 0.2
Rpel 13710 6477 6076 0.44 0.01 0.14 0.12 0.12 0.81 0.06
Sui3 27585 12387 11510 0.42 0.009 1.26 0.38 0.51 0.40 0.0002
Thsl 55203 36381 31764 0.58 0.005 1.40 0.49 0.82 0.59 0.0001
Tif35 24715 14869 12549 0.51 0.006 3.65 1.34 1.76 0.48 0.0003
Tif5 35778 18271 17712 0.50 0.005 0.43 0.23 0.26 0.61 0.03
Ura4 23647 11292 8225 0.35 0.006 0.83 0.13 0.22 0.26 0.0007
Ycr087c-A 2431 0 0 N/A N/A 0.30 0.15 0.12 0.40 0.000008
Ydj1 28211 19306 13749 0.49 0.002 0.46 0.34 0.42 0.91 0.3
Yhr020w 59964 29010 | 26517 0.44 0.002 0.36 0.22 0.29 0.80 0.2
Zprl 5310 4095 3285 0.62 0.02 0.20 0.21 0.16 0.77 0.1
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Figure S1. Evaluation of proteomics reproducibility. A) The median coefficient of
variation within each time point was 12%. B) An average of 2,202 proteins were
detected in each sample. C) Across all five time points, 1,474 proteins were
detected in all samples.
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Chapter 3: Exploring the in vivo interacting targets of 2-cys
peroxiredoxin Tsal under zinc deficiency

ABSTRACT

Zinc is a critical structural and/or catalytic cofactor of many proteins. Zinc deficiency is a cellular
stress that generates oxidative stress and induces the unfolded protein response. Zinc-deficient
yeast cells have evolved mechanisms to overcome this stress such as inducing a zinc-responsive
2-cys peroxiredoxin Tsal that also functions as a chaperone. In this report, I confirmed that Rpd3,
a class I histone deacetylase highly conserved from yeast to mammalian cells, has a small pool of
apoprotein that lost its zinc cofactor in zinc-replete cells but a significantly larger pool in deficient
cells. I also confirmed Rpd3 interacts with Tsal in both zinc-replete and deficient cells by using a
proximity-based BiolD essay and a pull-down analysis, thus confirming Rpd3 as a novel in vivo

Tsal target.

INTRODUCTION

Zinc is a critical structural and/or catalytic cofactor of many proteins. One prominent class of zinc
proteins is enzymes that modify histones, such as DNA methyltransferases, histone
acetyltransferases, histone deacetylases and other histone modifiers. In yeast, zinc often serves as
structural cofactor (e.g. Sir2, Hst1-4, Esal, etc) or serve as both catalytic and structural cofactor
(e.g. Rpd3, and Hos1-3) of these histone modifiers. Among these enzymes, Rpd3, a class I histone
deacetylase has attracted much attention as it is highly conserved from yeast to mammalian cells
(HDAC1,2,3, and 8) and has been shown to regulate transcription, cell cycle arrest adaptive
response, replication origin firing, macro-autophagy and adaption to various stress'™. In yeast,

Rpd3 uses one zinc atom per monomer and accumulates to ~ 3000 copies in synthetic defined (SD)
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media and ~ 4000 copies in zinc-replete cells. The expression of Rpd3 gradually increases to ~6000

copies in zinc-deficient cells based on our proteomics analysis from Chapter 2.

Recently, the involvement of Rpd3 complexes in diverse stress responses has been studied. Rpd3
is the catalytic core of HDAC complexes Rpd3L, Rpd3S and Rpd3u and deacetylates the lysine
residues of various proteins including the core histones (H2A, H2B, H3 and H4). The three Rpd3
complexes seem to regulate a diverse and yet distinct of cellular functions. For example, Rpd3L
appears to localize more at the promoters to activate genes such as interacting with Hog1 to activate
genes that respond to high osmolarity stress in yeast®. Rpd3L is also involved in regulating cells
adaption to heat shock response’. Rpd3p is a unique yeast Rpd3 complex that was characterized
by Baker et al. It contains only three subunits including Rpd3, Snt2 and EcmS5. It was proposed to
be a central complex that connects cell signaling and chromatin remodeling to respond to a variety
of cellular stress such as oxidative stress. Cells lacking Snt2 or Rpd3 are resistant to hydrogen
peroxide treatment, and Rpd3u subunits seem to be enriched at promoters of H>O»-responsive
genes®. Another interesting finding suggests that in response to starvation stress, Drosophila Rpd3
accumulates in the nucleolus and form foci in a dose-dependent manner, enriches at the rRNA
promoters to activate TRNA synthesis and increases protein expression of autophagy-related
proteins to resist starvation®. All these studies suggest a role of Rpd3 in yeast and other organisms

in assisting cells to adapt to various stresses.

Although critical, little research has been done in directly connecting zinc loss of histone
modifying enzymes such as Rpd3 to their protein-protein interactions, and/or other downstream

effects during zinc deficiency. Zinc deficiency is a unique cellular stress that features oxidative
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stress and unfolded protein response'®!!. The zinc-responsive peroxiredoxin Tsal appears to be
central to both stresses. Background knowledge of Tsal was introduced in Chapter 2 so it will
not be repeated here. It has been shown that Tsal has chaperone activity and foci co-localized with
Hsp104-GFP disaggregase were observed in zinc-deficient cells lacking Tsal'!"'2. However, the
identity of these foci remained unknown. Results from Chapter 2 of this thesis indicated the
accumulation of apoproteins in zinc-deficient yeast cells. Therefore, I hypothesized that the Tsal
protein chaperone is critical in preventing aggregation of unmetalated zinc apoproteins as zinc is
important in protein folding. In this chapter, I aim to explore and identify novel in vivo targets of

the Tsal chaperone.

RESULTS

The solubility of some zinc proteins depends on the Tsal protein.

To identify potential targets of the Tsal chaperone, we used fluorescence microscopy to screen
GFP-tagged alleles of ~100 of the most abundant zinc proteins for those that form foci specifically
in actively growing, zinc-deficient tsalA cells. To obtain the list of zinc proteins that only
aggregate due to zinc deficiency, we excluded several proteins that form foci in both zinc-deficient
medium and in stationary phase where cells run out of glucose (data not shown). To validate that
the zinc proteins aggregate on their own, rather than as an artifact caused by the presence of the
C-terminal GFP tag, we also performed fluorescence microscopy on N-terminal RFP-tagged
alleles of ~10 remaining zinc proteins. After excluding the proteins that only form foci with the
GFP tag, we obtained a list of four zinc proteins that form bright foci, suggesting reduced protein

solubility and increased aggregation, specifically in actively growing, zinc-deficient cells lacking
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Tsal (Fig. 1A). These four proteins are Ncel03, Carl, Bdhl, and Rpd3. Ncel03 is a carbonic
anhydrase that catalyzes the reversible reaction where CO» is converted to HoCO3. Ncel03 uses
one catalytic zinc per monomer and is thought to supply bicarbonate to key metabolic pathways in
the yeast cell'®. Carl binds one zinc of unknown function and is an arginase that is involved in the
first step of urea cycle where arginine is converted to ornithine'#. Bdh1 is a highly abundant (R,R)-
butanediol dehydrogenase that uses two zinc atoms functioning as both catalytic and structural
cofactors of the enzyme'. Rpd3 is the catalytic core of HDAC complexes Rpd3L, Rpd3S and
Rpd3pu in yeast. It uses one zinc per monomer and deacetylates the lysine residues of various

proteins including the core histones (H2A, H2B, H3 and H4)’.

To test whether these foci form from insoluble aggregated proteins, we used Hsp104-GFP, a heat
shock protein that functions as a disaggregase that untangles aggregated proteins, as a marker to
overlay with the RFP-tagged zinc proteins. Indeed, RFP-Ncel103 and RFP-Carl foci colocalized
with Hsp104-GFP, suggesting that the foci formed by these zinc proteins are insoluble aggregates
(Fig. 1B). Overall, the above results indicated that solubility of zinc proteins, Ncel03, Carl, and
possibly Bdh1l and Rpd3, depends on Tsal. Prior to publication of this work, colocalization of
Bdhl1 and Rpd3 with Hsp104-GFP will be required to test this hypothesis of insolubility for those

two proteins.

BiolID analysis shows that Tsal interacts with Rpd3 in vivo.

To test the hypothesis that Tsal is preventing aggregation of unmetalated zinc apoproteins,
potentially Ncel03, Carl, Bdhl and Rpd3, through its chaperone function, I investigated the

protein-protein interaction (PPI) in vivo between Tsal and these four zinc proteins. Tsal was
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proposed to act like small heat shock proteins as a “holdase”-type chaperone that keeps its unfolded
target from further aggregating'?. Therefore, the rationale behind establishing PPI is that Tsal has
to physically interact with its zinc apoprotein target to prevent it from aggregating. To test for
physical PPI in vivo, I used the proximity-based BiolD assay which uses a mutant version of biotin
ligase (BirA*) from Escherichia coli as “bait” to “fish out” interacting or neighboring proteins!®.
Fusing Tsal with BirA* enables the fusion protein to biotinylate potential Tsal interacting targets
in vivo, which will be captured with a high-affinity streptavidin agarose resin and then be enriched
by elution and analyzed by immunoblotting. To establish the experimental conditions that ensure
successful elution of Tsal interacting targets, I titrated the optimal concentration of biotin to be
supplemented to the growth media, tested different constructs of the fusion protein for their ability
to biotinylate neighboring proteins(BirA*-Tsal vs Tsal-BirA*), tested the protein abundance level
of BirA* control and BirA*-Tsal fusion protein, and determined the optimal elution methods for

BiolD analysis in yeast cells (data not shown).

The results showed that among the four targets that formed foci in zinc-deficient tsalA cells, only
the class I histone deacetylase Rpd3 was confirmed as a potential interacting target of the Tsal
chaperone as there is significantly higher abundance of biotinylated Rpd3 in #sa /A cells expressing
BirA*-Tsal, compared to the BirA* control alone (Fig. 2A, lower panel, lane 3 and 7). This result
remained highly significant (Fig. 2C) after quantifying biotinylated Rpd3, normalizing with total
biotinylated peptides (shown in upper panel of Fig. 2A), and then normalizing the ratio with Rpd3
protein abundance from zinc-replete and zinc-deficient cells, respectively (Fig. 2B). I also
confirmed the results in various strains with different genetic backgrounds using a native Rpd3

antibody. To further investigate whether Tsal is directly interacting with Rpd3 per se, rather than
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other proteins within Rpd3 complexes, I picked two shared subunits Umel and Sin3 of Rpd3L and
Rpd3S’. As shown in Figure 2D (lower panel), neither Umel-HA nor Sin3-HA showed
significantly different biotinylated peptides between tsalA cells expressing BirA*-Tsal and cells
expressing BirA* control alone. This result suggests that Tsal specifically interacts with Rpd3 and

not other proteins in the Rpd3-containing complexes.

Next, I sought to determine which function of Tsal is required to interact with Rpd3. Tsal has two
critical cysteines Cys48 and Cys171. When Tsal functions as a classic peroxidase, H>O; oxidizes
the catalytic cysteine (or peroxidatic cysteine) Cys48 to sulfenic acid, then a second cysteine
Cys171 from another Tsal monomer will resolve the sulfenic acid by forming a disulfide bond!”.
The chaperone function of Tsal requires hyperoxidization of Cys48 to sulfinic acid, which enables
Tsal to oligomerize into a stacking “donut”-shaped higher molecular structure with enhanced
chaperone activity!'®. Newer research also indicates that in addition to the active peroxidatic active
site, a YF motif located at the C-terminus of Tsal is important to sense the peroxide level in the
cellular environment!®?°, Tsal alleles lacking the YF motif are resistant to hyperoxidation and

therefore lack chaperone function?!.

I fused five mutant alleles of Tsal on the N-terminus of BirA*. Based on the current literature,
C48D and C48E are two mutants that can mimic Tsal with enhanced chaperone activity'’, the
C171S mutant that mimics Tsal with no peroxidatic activity, the C48S mutant abolishes both
chaperone and peroxidase activities of Tsal'!, and the AYF mutant is correlated with reduced
chaperone activity??. The results showed that mutating the key sites and regions of Tsal reduces

the abundance of biotinylated Rpd3, compared to the wild-type of Tsal (Fig. 2E and 2G). There
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was no significant level of detectable biotinylated Rpd3 from zinc-replete cells expressing these
different Tsal mutants (data not shown). In zinc-deficient cells, biotinylated Rpd3 from all six
mutants can be clearly observed in the Anti-Rpd3 blot (Fig.2E lower panel), quantification of
these biotinylated Rpd3 were shown in Fig. 2G. An interesting observation is that although AYF
mutant has less protein abundance (data not shown), it biotinylates relatively more total peptides
(Fig. 2E, lane 6). Whether these observations suggest that there is less interaction between Rpd3
and the C48D and C48E, more interaction between AYF mutant allele of Tsal is unknown by
BiolD analysis alone. Further experiments, such as pulldown analysis using these different mutants,
and experiments that differentiating Tsal functions are needed to confirm the results from Figure

2F and 2G.

Overall, although it remains unclear whether Tsal prevents the aggregation of the target proteins
through its chaperone function, the BiolD analysis (Fig. 2) supports the hypothesis that Tsal is

physically interacting with Rpd3, rather than other Rpd3 complex proteins in vivo.

Pull-down analysis confirms that Tsal interacts with Rpd3 in both zinc-replete and zinc-

deficient cells in vivo.

To further test whether Tsal interacts with Rpd3, I performed a pull-down analysis. I fused the
maltose-binding protein (MBP) to the C-terminus of wild-type Tsal and its C171S mutant, used
amylose resin to capture any proteins that interact with Tsal-MBP (or MBP alone), and a maltose-
containing elution buffer to obtain eluates that were analyzed by immunoblotting. Based on the
results, it appears that the interaction between Tsal and Rpd3 is not extensive and could very likely

be a transient interaction (data not shown). By fusing MBP with C171S mutant in this experiment,
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it allowed me to create a “trap” that can capture transient PPI between Tsal and Rpd3 as C171S
mutant cannot resolve the oxidized Cys48 so it forces Tsal to form disulfide bond with other

proteins®®.

Figure 3A showed that I detected high molecular weight proteins (above 120 kDa) forming only
in tsalA cells expressing Tsal-MBP C1718S and not in the wild-type cells expressing MBP control
(Fig. 3A, upper left panel). Adding 100 uM hydrogen peroxide seemed to create more cross-linked
species with even higher molecular weight that run above the blotted area of the gel. These high
molecular weight proteins disappeared after treating the same eluates with DTT, indicating they
are oxidatively linked species. The results also showed that cross-linked proteins were detected in
both zinc-replete and zinc-deficient cells, with more intense bands showing in zinc-replete cells
(Fig. 3A, upper left panel, first 4 lanes). This is partially consistent with the observation where |
was not able to detect Rpd3 at its regular molecular weight (~49 kDa) in zinc-deficient cell lysates
in this experiment (Fig. 3A, lower left panel, last four lanes) and therefore was unable to visualize
the cross-linked proteins in zinc-deficient eluates as clear as in zinc-replete cells. Another key
observation is that there is higher amount of regular-sized Rpd3 in tsalA cells expressing Tsal-
MBP C1718S, despite the protein expression level of Rpd3 being the same (Fig. 3A, lower left
panel, first four lanes) and the pull-down efficiency remains similar (Fig. 3A, upper right panel).
Due to the constraints of the blot size and due to the unknown nature of the molecular weight of
the cross-linked species, I was not able to quantify their relative abundance. I was also unable to
normalize the increased Rpd3 in eluates to its abundance after reducing the eluates with DTT as I

could not accurately quantify total Rpd3 protein abundance in zinc-deficient cell lysates.
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To test whether the cross-linked species are indeed Rpd3-Tsal complexes, I performed another
experiment including rpd3A cells expressing Tsal-MBP C1718S as a negative control. While the
cross-linked species were not visible on the eluate blot in this experiment due to not enough total
protein obtained from the lysates (Fig. 3B, upper left panel), there was a significant difference in
reduced eluates (Fig. 3B, upper right panel) in both zinc-replete and zinc-deficient cells. With
rpd3A cells expressing Tsal-MBP C1718S as a negative control, we confirmed that these bands are
indeed Rpd3 protein. After normalizing the abundance of reduced Rpd3 to its protein abundance
(Fig. 3B, lower left panel), including the ones dissociated from the cross-linked species from DTT
treatment, I observed a ~5.5 fold increase of eluted Rpd3 in zsalA cells expressing Tsal-MBP
C171S validating that Tsal is interacting with Rpd3 in zinc-replete cells. However, I was still
unable to detect any expression of Rpd3 at its native size in zinc-deficient cells (Fig. 3B, lower left
panel) therefore unable to get a quantification from zinc-deficient cells. Judged by the band
intensity comparison between lane 4 and lane 5 in Figure 3B (upper right panel), I infer that there

is also an increase of eluted Rpd3 in zinc-deficient tsalA cells expressing Tsal-MBP C1718S.

Overall, the MBP pull-down analysis demonstrated that Tsal interacts with Rpd3 in both zinc-
replete and zinc-deficient yeast cells. However, whether there is more Tsal-Rpd3 interaction in

zinc-replete or zinc-deficient cells remains unknown.

In vivo NEM/PEG-maleimide analysis shows that Rpd3 apoprotein is present in Zinc-replete

cells but accumulate significantly more in zinc-deficient cells.

To test the hypothesis that the Tsal chaperone is critical in preventing aggregation of unmetalated

zinc apoproteins, I sought to assess the zinc metalation status of Rpd3 in vivo in zinc-replete and
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zinc-deficient yeast cells. The technique of NEM/PEG-maleimide analysis was the same as
discussed in Chapter 2. Rpd3 is a class I histone deacetylase that is highly conserved from yeast
to mammalian cells. It contains 10 cysteines. Although none of the cysteines are directly involved
in zinc binding, there are two cysteine residues that are located close to the zinc site and thus their
accessibility to NEM modification could be changed by zinc metalation status. Without NEM or
PEG modifications, Rpd3 from either zinc-replete or deficient cells was detected just above ~49
kDa on immunoblots (Fig. 4A, lane I and 2). With denaturation and PEG-maleimide treatment,
Rpd3 proteins migrate at ~100 kDa, which corresponds to the addition of five PEG moieties (Fig.
4A, lane 3 and 4). There is higher expression of Rpd3 in zinc-deficient cells, an observation
supported by previous immunoblotting and proteomics data from Chapter 2, which explains why
the bands in lanes 2 and 4 are more intense than bands in lanes / and 3 from zinc-replete cells (Fig.
4A). When cells were transferred from zinc-replete to zinc-deficient media for 4, 8, and 14 hours,
they were treated with NEM in vivo prior to PEG-maleimide treatment in vitro at each time point.
The results showed changing sensitivity to NEM when cells were transferred from zinc-replete to
zinc-deficient media, detectable primarily by the intensity change in unmodified and 1x PEG
modified bands (Fig. 4A, lane 5-8). This indicates that as cells become more zinc deficient, there
is increased sensitivity to NEM. However, different from Fbal aldolase (Chapter 2), there is no
dramatic decrease of fully PEG modified Rpd3 (5x PEG in Fig. 4A). The background band
(indicated by the * in Fig. 4A) further complicated the interpretation of Rpd3 apoprotein bands
versus fully-metalated bands. Overall, the quantified time-course NEM/PEG-maleimide analysis
of Rpd3 showed that there are some Rpd3 apoproteins with changed conformation present even in
zinc-replete cells, while there is at least 2-fold more Rpd3 apoproteins accumulating in cells after

8 hours in zinc deficiency.
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To further assess whether the conformation change observed for the wild-type Rpd3 was due to
change of zinc binding in vivo, a mutant with histidine zinc ligand at position 188 mutated to
alanine (H188A) was generated. This mutant has been shown to be unable to bind zinc and has
little to no deacetylase activity?*. This H188A mutant showed no significant change in sensitivity
to NEM as the bands showed no intensity changes as cells became increasingly zinc deficient (Fig.
4C, lane 5-8). There were also very little 4XPEG and 5xPEG shown on the immunoblot, indicating
there were no conformation changes when cells expressing Rpd3-H188A transferred from zinc-
replete to zinc-deficient medium. These results suggest that loss of zinc binding was the cause

behind the conformation changes observed in Figure 4A.

Rpd3 apoprotein stability may be partially dependent on Tsal in zinc-deficient cells.

To explore the downstream consequence(s) of Tsal-Rpd3 interaction, Rpd3 protein accumulation
with or without Tsal were investigated. The hypothesis being addressed was that if Tsal is
interacting with Rpd3 as a chaperone, the abundance of Rpd3 might decrease in a tsa/A mutant as
a result of protein degradation. Likewise, the HI88A ligand mutant would accumulate to lower
levels than the wild-type protein and be more sensitive to the absence of Tsal. rpd3A and
rpd3Atsal A cells were transformed with plasmids expressing wild-type Rpd3, H188A mutant
allele of Rpd3, or an empty vector (pFL38). Cells were grown in either zinc-replete or deficient
medium for at least four generations, harvested and protein extracted with the TCA method. The
same amounts of total protein (100 pg) were loaded and Rpd3 (wild type or HI88A) abundance
was analyzed using the native Rpd3 antibody and quantified (Figure 5). The results showed that

there was at least 3-fold less HI88A mutant protein expressed (Fig. SA, lane 3-4, and 9-10)
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compared to wild-type Rpd3 (Fig. 5A, lane 1-2, and 7-8) regardless of zinc-status and the presence
of Tsal. Furthermore, there is no significant difference in H188A mutant level in zinc-replete cells
with or without Tsal. This indicates that the decreased expression of HI88 A mutant is mostly due
to the fact that HI88A cannot bind zinc and zinc is critical to its stability. However, the presence
of Tsal might play a small, but significant, role in stabilizing Rpd3 apoproteins in zinc deficiency
specifically as H188A mutant showed a further 2-fold less expressed in zinc-deficient tsalA cells

(Figure 5B).
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DISCUSSION AND FUTURE DIRECTIONS

In this chapter, I tested the hypothesis that the Tsal chaperone is critical in preventing aggregation
of unmetalated zinc apoproteins. Our lab first performed a genetic screen with fluorescence
microscopy of GFP-tagged alleles of ~100 most abundant zinc proteins to see which proteins form
insoluble aggregate foci without Tsal specifically in actively growing, zinc-deficient yeast cells.
Contrary to expectations, we found very few zinc proteins that formed aggregates in zinc-deficient
cells. The four proteins that did aggregate were NcelO3 (carbonic anhydrase), Bdh1((R,R)-
butanediol dehydrogenase), Carl (arginase) and Rpd3 (histone deacetylase) (Figure 1). It is worth
noting that the formation of insoluble aggregate foci without Tsal is not direct evidence to
establish Nce103, Bdhl, Carl and Rpd3 are Tsal chaperone targets as there are many other factors,
such as oxidative stress, factors that disrupt protein translation/folding, that might influence the
formation of insoluble aggregate foci®®. For example, the absence of Tsal could further disrupt the
redox environment of zinc-deficient yeast cells, thus affecting the expression, activities or
locations of other heat shock proteins that potentially function as direct chaperones of zinc proteins
induce or prevent them from forming insoluble aggregates. Therefore, it was important to test

whether the four zinc proteins physically interact with Tsal to be its chaperone targets.

I next assessed the protein-protein interaction (PPI) between Tsal and the four zinc proteins
(Ncel03, Bdhl, Carl and Rpd3) using an in vivo proximity-based protein-protein interaction
analysis, BioID'6. BiolD analysis uses a mutant version of Escherichia coli biotin ligase BirA.
Mutated BirA* (R188G) biotinylates specific lysine residues of any proteins that come within the
proximity of BirA* (i.e. ~10 nm) and thus can be used as an in vivo tool for labeling interacting

proteins. By fusing BirA* to the N-terminus of Tsal, proteins that interact with Tsal will be
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biotinylated, captured by the high-capacity streptavidin resin and eluted with a biotin-containing
elution buffer. Although the inventors of BiolD cautioned that BiolD alone cannot determine
whether a protein is definitely interacting with the “bait” without other methods (e.g. yeast two
hybrid, or pull-down assays) to confirm its results, there are many benefits of BiolD. BiolD creates
a covalent bond between biotin and the target protein in vivo, so it could capture the weak transient
PPI and could endure the downstream purification process which makes BiolD a very sensitive in
vivo PPI screening tool. Critics of BiolD also argue that if a specific protein X showed changed
biotinylation level in zinc-replete or zinc-deficient cells, it could either mean that protein X has
changed interaction with Tsal or it could also mean that protein X has undergone a conformation
change leading to different number of lysine residues being exposed to and modified by BirA*.
While this is a legitimate concern in interpreting data, we can rule out the second possibility, i.e.
conformation change induced biotinylation change, by including a BirA*-only control in the
experiment. If there is significant increased biotinylated protein X in cells expressing BirA*-Tsal,
but not in cells expressing BirA* only, it can be concluded that protein X is specifically interacting
with Tsal. The influence of protein conformation changes on biotinylation of protein X should
only be considered when we are comparing biotinylated protein abundance between zinc-replete
and zinc-deficient cells. For example, two Tsal target candidates, Carl and Bdhl, were not
considered interacting with Tsal as there were similar number of biotinylated peptides
(biotinylated Car1-GFP, and Bdh1-GFP) in eluates from zsalA cells expressing BirA*-Tsal and
its wild-type control expressing BirA* only (data not shown). GFP tag alone was shown to be
significantly more biotinylated in zinc-deficient tsa/A cells. FLAG-, RFP-, HA- tagged Ncel03
were also tested by BiolD analysis but neither FLAG-Ncel03, RFP-Ncel03, nor Ncel03-HA

showed changed biotinylation level (data not shown). Therefore, Nce103-GFP was also ruled out
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as interacting with Tsal by BiolD analysis (data not shown). Rpd3 was the only one among the
four zinc proteins that showed to be specifically interacting with Tsal, as Rpd3 is highly

biotinylated only in tsalA cells expressing BirA*-Tsal (Fig. 2A-C).

Next, I confirmed the Tsal-Rpd3 interaction with a classic pull-down analysis (Fig. 3A-B). By
fusing maltose-binding protein to the C-terminus of Tsal and by using the C171S mutant allele of
Tsal, I was able to create a “trap” that captures the transient interaction between Tsal and Rpd3
in both zinc-replete and zinc-deficient cells. There were visible high molecular weight cross-linked
species, that disappear after DTT treatment, in zsalA cells expressing Tsal-MBP C171S but not
in wild-type cells expressing MBP control (Fig. 3A). There were less cross-linked species in zinc-
deficient cells expressing Tsal-MBP C171S. That was partially due to there was very little
detectable Rpd3 in the crude lysate samples, which was aliquoted from the total protein lysate
loaded onto the amylose resin. This suggests that the degree of enrichment of Rpd3 from lysate to
eluate could be significantly higher in zinc-deficient cells, considering that I did observe Rpd3 in
reduced eluates (Fig. 3B, upper right panel, lane 4 and 5). It remains unknown why I did not detect
Rpd3 in zinc-deficient cell lysates, as previous immunoblots from protein extracted using TCA
method and data from proteomic analysis in Chapter 2 all show that Rpd3 is 1.5-fold more
abundant in zinc-deficient cells compare to in zinc-replete cells. One problem that remains to be
solved is whether Tsal is directly interacting with Rpd3 or indirectly interacting with Rpd3 due to
interaction with other subunits in Rpd3 complexes. There are three characterized Rpd3 complexes:
Rpd3L, Rpd3S and the Rpd3u®26. While all three Rpd3 complexes play critical roles in the cell
such as heat stress, transcriptional regulation, and mediating oxidative stress etc, they each have a

set of subunits’. Rpd3L and Rpd3S both include many distinctive subunits but they share two
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subunits, Umel and Sin3. I performed BiolD using cells simultaneously expressing Umel-HA or
Sin3-HA and BirA*-Tsal/ BirA* alone. The results showed no difference between biotinylated
Umel-HA or biotinylated Sin3-HA between cells expressing BirA*-Tsal or BirA* alone,
suggesting that there is no specific interaction between Sin3 and Tsal or Umel and Tsal (Fig.
2D). Because I did not confirm these results using MBP pull-down assay, I am unable to rule out
the possibility of Tsal interacting with either Rpd3L or Rpd3S. It is also possible that Tsal is
interacting with a subunit from Rpd3u. Rpd3u complex only has two subunits, Snt2 and Ecm5
whose protein expression is relatively low (~ 1000 copy per cell in rich medium) — our proteomics
data was not able to detect either of them. For any readers who are interested in investigating the
interaction between other Rpd3 complex subunit with Tsal, Snt2 would be a great candidate for
future studies. Snt2 is a zinc protein that binds six zinc atoms per monomer, and its structural zinc
sites use cysteine as exclusive ligands. It could be very likely that Tsal is interacting with Snt2,

and Rpd3u complex, to mediate oxidative stress or oxidative signal in zinc-deficient yeast cells.

To test whether Rpd3 is an apoprotein in zinc-deficient cells, I used NEM/PEG-maleimide analysis.
The quantified time-course NEM/PEG-maleimide analysis of Rpd3 showed that there is a small
pool of Rpd3 apoproteins with changed conformation present even in zinc-replete cells, while there
is at least 2-fold more Rpd3 apoproteins accumulating in cells after 8 hours in zinc deficiency.
Although I observed increased reactivity with NEM in cells at 4, 8, and 14 hour of zinc deficiency
marked by increased intensity of unmodified or 1XPEG modified bands, there is little change of
the fully PEG modified (4xPEG and 5x PEG) Rpd3 bands (Fig. 4A). This does not necessarily
suggest that majority of Rpd3 is not in apo form. There might be other reasons that need to be

explored to explain why there was little change in 4xPEG and 5xPEG bands in Figure 4A. Some
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preliminary data have shown that it is very likely the Rpd3 apoproteins in zinc-deficient cells were
oxidized (Figure S1). When treated with or without DTT, the fully PEG modified (5xPEG) bands,
especially from zinc-deficient cells, migrated down and created a smear on the immunoblot (Fig.
S1, lane 8 of left panel and lane 4, 8 of right panel). Exactly which cysteines of Rpd3 were being
oxidized that caused such differences (= DTT) is unknown. Future experiments that couple Rpd3
activity assay, zinc binding status and cysteine mutation could be useful to provide a whole picture
of the oxidation status of Rpd3 or Rpd3 apoproteins. One question arises from the time-course
NEM/PEG-maleimide analysis is that why is there Rpd3 apoprotein in zinc-replete cells? This
echoes back to the question I raised in the introduction chapter (Chapter 1): what signal induces
apoprotein? Apparently, zinc loss caused by insufficient supply of zinc atoms in the cells is not
the only reason that induces apoprotein formation, at least not in the case of Rpd3. A time-course
NEM/PEG-maleimide analysis coupled with proteomics could offer an insight to see the scale of
apoproteins in zinc-replete cells but it is worth noting that each protein has a different sensitivity
to NEM (concentration and treatment time) which can further complicate the experimental design.
One possible explanation for Rpd3 apoprotein accumulation is that important zinc proteins, such
as transcription factor p5S3 in mammalian cells, are constantly cycling between apo- and metalated-
form, or cells keep a small pool of apoprotein at all times. Once zinc deficiency stress increases,
more zinc proteins are trapped in the apo-form and thus serve as signaling cue for cells to adopt
other ways to adapt to different level of zinc deficiency. This small pool of apoproteins could also
be a way cells take as a precaution to “sense” rapid change of zinc levels in the environment so
they can react rapidly. Another explanation is that during zinc-replete conditions, cells use this
pool of apoproteins as a “fine-tuning” tool to regulate gene expressions and other critical cellular

functions. When zinc becomes scarce, other transcriptional regulation mechanisms are activated
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to work together with the accumulation of apoproteins to control the downstream cellular pathways.
This idea can be supported by the evidence that Rpd3 regulates ZRT'/ transcription alongside Zapl

transcription factor?’.

The next question is what is the purpose of Tsal-Rpd3 interaction? The interaction between Tsal-
Rpd3 could have an immediate effect on the protein abundance of Rpd3, as well as modulating
Rpd3 and/or Tsal activity. I tested the indirect effect of Tsal on the protein abundance of Rpd3
and its apoproteins in zinc-replete and zinc-deficient cells (Fig. 5). The results show that there is
a small but significant effect of Tsal on the protein abundance of both wild-type Rpd3 and the
apoproteins (HI88A ligand mutant of Rpd3) in zinc-deficient cells not in zinc-replete cells. This
result can be explained through the small % of Tsal-Rpd3 interaction. Considering the results from
the pull-down analysis (Fig. 3A, upper left panel), most of Rpd3 being pulled down is at its native
size (~ 49kDa) with few bands showing cross-linked high molecular weight. This seems to suggest
that Tsal is only interacting with a small pool of Rpd3, which is consistent with the small but
significant effect on Rpd3 protein abundance here. For readers who are interested in exploring the
other immediate consequences of Tsal-Rpd3 interaction, measuring Rpd3 activity with an activity
assay will be an interesting experiment to do. There was some evidence that HDACS8 (an Rpd3-
like class I HDAC) enzyme activity can be modulated by a redox-switch that oxidizes two key
cysteines in vitro®®. Based on the preliminary data that Rpd3 is more oxidized in zinc-replete cells,
it could be possible that the oxidation is regulating Rpd3 activity through the Tsal-Rpd3
interaction. To test this possibility, one must establish that (1) Rpd3 is indeed oxidized, and there
is a difference in Rpd3 oxidation in zinc-replete and deficient cells, (2) identifying the cysteines

being oxidized could also help design mutation experiments to further demonstrate that Tsal is the
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protein that is directly oxidizing Rpd3, and (3) there is a change in Rpd3 activity between zinc-
replete and deficient cells. On the other hand, the interaction between Tsal and Rpd3 could
potentially affect acetylation status of Tsal as well. In a cell culture study using human cell lines,
absence of HDACG6 (a class | HDAC) was shown to increase the abundance of acetylated PrxI and
PrxI1?°. Both Prx I and Prx II are a 2-cys peroxiredoxins but PrxI is an ortholog of Tsal. The
increase of acetylated PrxI allows cells to resist higher level of H,O, treatment as well as allowing
PrxI to resist hyperoxidation therefore resisting to oligomerize?®. Changing the acetylation status
of PrxI has been associated with several neurodegenerative diseases that feature protein
aggregation, but the location and molecular functional consequence of lysine acetylation needs to
be considered®?. However, more work needs to be done to test this hypothesis of acetylation

regulating peroxiredoxin functions.

The downstream functional effects of Rpd3-Tsal interaction could be multiple as both histone
deacetylases and peroxiredoxins have been recognized as critical hubs of cellular activities.
Specifically related to zinc biology, the potential downstream effect of Rpd3-Tsal interaction is
to “fine-tuning” ZRT'1 gene expression. ZRT'1 encodes the high affinity zinc uptake transporter and
is highly induced in zinc-deficient cells?!-32. Zrt1 expression is regulated transcriptionally by Zap1.
Under zinc deficiency, the Zap1 transcription factor binds to the zinc-responsive elements (ZREs)
located in the promoter of ZRTI to activate its transcription so cells can take up zinc efficiently?'.
However, it has been shown in a genome-wide study that Rpd3 represses ZRT transcription:
deletion of Rpd3 led to a 9-fold increase of ZRTI mRNA in rich media®?. The mechanism of how
Rpd3 repress ZRT1 transcription has also been discovered; Rpd3 activates long cryptic unstable

transcripts that prevent Zap1 binding to ZREs and thus efficiently shuts down ZRT'I transcription
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in zinc-replete cells?’. It will be interesting to see how Rpd3 apoproteins and the H188A ligand

mutant affect ZRT' transcript level using Northern blotting.

Another critical question that remains to be solved is that what role does Tsal play in interacting
with Rpd3? Results from the BiolD analysis seem to suggest that there are no significant
differences of Tsal-Rpd3 interaction between different Tsal mutants, i.e. C48D, C48E, C171S,
AYF, or C48S, of Tsal (Figure 2E and 2G). Given the limitations of the BioID analysis, an MBP
pull-down analysis with these Tsal mutant alleles may help provide insight to this question. In
Figure 3, C171S mutant was used to create a “trap” to capture the transient interaction between
Tsal and Rpd3, and the results indeed showed that there were cross-linked species forming
between Tsal and Rpd3 in both zinc-replete and zinc-deficient cells expressing Tsal-MBP C171S
plasmid (Figure 3). Unfortunately, the other mutants of Tsal were not used in this experiment due
to limited time and capacity to grow large cultures in the same experiment. Another possible
explanation to my observations is that when and how does Tsal switch between its functions under
different physiological states remains unclear. For example, whether Tsal requires
oligomerization to function as a molecular chaperone is still being investigated. Since the
publication from Jang et al (2004), there has been a body of evidence showing that cysteine
hyperoxidation is required for Tsal to oligomerize and to switch molecular chaperone function.
However, this study was in vitro with citrate synthase as an artificial chaperone substrate'?. It has
been challenged by Teixeira et al. that a reduced, decameric 2-cys peroxiredoxin in a parasite
Leishmania infantum works as an efficient chaperone both in vitro and in vivo®*. It has also been
shown that phosphorylation, besides cysteine hyperoxidation, can shift 2-cys peroxiredoxins from

a peroxidase to a molecular chaperone?®®. More evidence will be needed to determine what structure
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Tsal adopts as a chaperone and that could help us to understand the nature of the Tsal-Rpd3

interaction.

To summarize, in this chapter, we first obtained evidence that Rpd3 forms insoluble protein
aggregates specifically in zinc-deficient zsalA cells. Then I confirmed Tsal is physically
interacting with Rpd3 in both zinc-replete and deficient cells, with possibly more Rpd3 in zinc-
deficient cells. This interaction is consistent with the observation that Rpd3 has a small pool of
apoproteins in zinc-replete cells but has significantly more apoproteins accumulating in zinc-
deficient cells. Although not being able to directly pinpoint chaperone role of Tsal to the
interaction between Tsal and Rpd3, the work from this chapter adds a new in vivo interacting

target of Tsal for future study.
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EXPERIMENTAL METHODS

Strains and growth conditions- Yeast were grown in synthetic defined (SD), or low zinc medium
(LZM), as previously described31. LZM contains 20 mM citrate and 1 mM EDTA to buffer pH
and zinc availability. Glucose (2%) was the carbon source for all experiments. LZM + 0.3 uM
ZnCI2 was routinely used as the zinc-deficient condition in this chapter, and LZM + 100 uM ZnCl2
as the replete condition. The yeast strains used in this work were BY4742 (MATa his3 leu2 ura3

lys2), tsalA (MATa tsal::LEU2 his3 leu2 ura3 lys2), rpd3A (MATa tsal::KanMX4 his3 leu2 ura3

lys2), rpd3Atsal (MATa rpd3::KanMX4 tsal::LEU2 his3 ura3 lys2).

Protein extraction and immunoblotting- Yeast protein extracts were prepared for immunoblotting
with a TCA extraction protocol as previously described11. SDS-PAGE and immunoblotting was
conducted using a Li-Cor Odyssey infrared dye detection system as previously describedll.
Antibodies used were anti-Rpd3 (C-4, Santa Cruz Biotechnology, product# sc-398880), and anti-
Pgkl (Abcam product 22C5DS, lot # GR166098). IR 680 dye-labeled secondary anti-mouse
antibody (product 680LT, lot # C30605-02), and IR 800 dye-labeled secondary anti-rabbit

antibody (product 800CW, lot # C50512-05) was obtained from Li-Cor.

Plasmid constructions- All plasmids were constructed by homologous recombination in yeast.
Plasmids expressing Tsal and its mutant (C48S, C171S, C48D, AYF), Rpd3-H188A mutant were
constructed based on previous published work. Plasmids expressing Sin3 or Umel with a triple
repeat of the hemagglutinin antigen (HA) epitope fused to the C-terminus were constructed by
PCR-amplification of the Umel (or Sin3) coding DNA sequence fused to the HA tags and

terminator of the low copy episomal plasmid YCp-ZRC1-HA digested with Hpal and EcoRI. The
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Umel fragment was amplified with oligonucleotides (5'-
CACGACGTTGTAAAACGACGGCCAGTGAATTCCATGAGGTATGCACGAAGTGG-3")
and (5-TAGCCCGCATAGTCAGGAACATCGTATGGGTAACTTTTGGCAGCTCCAACC-
3. The Sin3 fragment was amplified with oligonucleotides (5'-
CACGACGTTGTAAAACGACGGCCAGTGAATTCAGGTTTCCCAACGTGTGGTC-3") and
(5'-TAGCCCGCATAGTCAGGAACATCGTATGGGTATTGAATCTTAGCCCCCTTGTCT-

3.

BiolD analysis- To identify the in vivo targets of Tsal, BiolD analysis developed by Roux et al
(Roux et al 2013). 30 mL cultures of yeast were grown in biotin-free zinc-replete (LZM + 100 uM
ZnCl2) or zinc-deficient (LZM + 0.3 uM ZnCl2) condition supplemented with a final
concentration of 10 ug/L biotin in the growing cultures. After harvest, cells were centrifuged
immediately and equal volume (0.5 mL) of ice-cold 20% TCA were added, centrifuged again to
remove supernatant and pellets stored at -80 °C for further processing. Protein was extracted using
a TCA extraction protocol and redissolved in buffer A (200 mM Tris base, 1% SDS, 1 mM EDTA).
Equal quantity of proteins (2mg total) were prepared using a SB buffer (50 mM Tris-CI pH, 100
mM NaCl, 0.1% Tween 20, 0.1% SDS, 1 mM EDTA, and 1mM DTT). High-capacity streptavidin-
agarose beads (Thermo Fisher Scientific, product #20357) were aliquoted to 75 uL beads/1mg total
protein onto a column (Thermo Scientific, Pierce Centrifuge Column, 0.5mL, product# 89868)
and washed using the SB buffer. Protein samples were loaded on the column, samples were
incubated at room temperature for 1-2 hours. After incubation, each column capturing biotinylated
proteins were washed with SB buffer twice, and eluates extracted by adding 75 uLL Extraction

Buffer (1X SDS-PAGE buffer + 5 mM biotin +BME), heated at 102°C for 15 minutes and repeat
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the same elution process again for maximum elution efficiency. Eluates were analyzed by

immunoblotting with different antibodies indicated above.

Pull-down analysis- To confirm the interacting targets of Tsal, maltose-binding protein (MBP)
pulldown analysis was performed. 150 to 200 mL cultures of yeast were grown n zinc-replete
(LZM + 100 uM ZnCl12) or deficient (LZM + 0.3 uM ZnCl2) medium to log phase (A595 0.3-0.4)
and harvested by centrifugation. Cells were washed with ice cold water + 1 mM EDTA. Pellets
could be frozen at -80 °C for further processing. Pellets (fresh or frozen) were resuspended with
0.5 mL ice cold zinc-free lysis buffer containing 20 mM Tris-Cl pH 7.5, 200 mM NaCl, 5%
Glycerol, 1% Triton X-100, 1 mM PMSF, 10 mM NEM in 100% ethanol, 5 uM MG132 and 1X
yeast protease inhibitor cocktail in DMSO solution (Sigma-Aldrich, product #P8215). Cells were
vortexed for 10 minutes at 4 °C, and then spun at top speed (14k rpm) at 4 °C for 10 minutes.
Supernatant were transferred to a new tube as lysate. Lysate were normalized to the same protein
concentration (~ 10 ug/ul) and an aliquot was taken for Rpd3 protein abundance analysis.
Amylose resin were prepared and washed five times using a wash buffer containing 20 mM Tris-
Cl pH 7.5, 200 mM NaCl, 5% Glycerol, 1% Triton X-100, 1 mM PMSF, I mM NEM in 100%
ethanol, 2.5 uM MG132 and 1X yeast protease inhibitor cocktail in DMSO solution. A total of 10-
14 mg of lysate were loaded to the column (Bio-Rad Bio-spin disposable chromatography column,
product #732-6008) and the columns were inserted into collection tubes (Falcon 8 mL round
bottom tube, product #35-2027). Lysates were incubated for 5 minutes at 4 °C and then spin down
at 250 X g (~ 750 rpm). Columns capturing MBP interacting proteins were washed 10 times with
wash buffer to reduce the background proteins. Flowthroughs were collected for troubleshooting.

After sufficient washes, 120 uL of elution buffer (wash buffer + 10 mM maltose) were added to
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the column and eluates obtained. 4X Protein Sample Loading Buffer (Li-Cor, product # 928-40004)
were added to the eluates 4 volume, and proteins denatured at 37 °C for an hour. Eluates were

analyzed by immunoblotting with different antibodies indicated above.

NEM/PEG maleimide analysis- To identify cysteine residues showing zinc-dependent reactivity
with N-ethylmaleimide (NEM) in vivo, 5 ml cultures of yeast were grown in zinc-replete (LZM +
100 uM ZnClI2) or deficient (LZM + 0.3 uM ZnCl2) medium to log phase (A595 0.3-0.4) and
harvested by centrifugation. Cells were washed twice with ice-cold 1 x PBS + 1 mM EDTA and
resuspended in 5 ml PBS + 1 mM EDTA. A solution of 1 mM NEM (specifically tested to
optimally react with Rpd3) in 100% ethanol was added to 5 ml of cells to give a final concentration
of 0.05 mM NEM. For a negative control, the same volume of 100% ethanol was added to an
identical aliquot of cells. After 10, 20, or 30 min incubation at 30° with shaking, the cultures were
harvested by centrifugation and washed twice with 1 x PBS. Protein was extracted using the TCA
methodl1 and redissolved in buffer A (200 mM Tris base, 1% SDS, 1 mM EDTA). After
measurement of protein concentration (DC protein assay, Bio-Rad), aliquots of protein were
processed to modify cysteines with mPEG-2kDa (Sigma) as previously describedl1. Briefly,
aliquots of 500 g protein were treated with 20 mM DTT for 10 min at 65°C to reduce disulfide
bonds, then reprecipitated by adding 1/10 volume 100% TCA. Precipitated samples were
centrifuged and washed twice with acetone to remove TCA, then redissolved in buffer B (100 mM
Tris-Cl pH 7.4, 2% SDS, 1 mM EDTA) + 5 mM PEG-maleimide (mPEG). After overnight
incubation at 30°C, 10-30 pg of each protein sample was analyzed by SDS-PAGE and

immunoblotting to determine the degree of mPEG modification of cysteine residues. To determine
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the degree to which cysteines were normally oxidized in vivo (and thus unavailable for reaction

with NEM), some control samples were not treated with DTT prior to mPEG treatment.
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FIGURES

A

Overlay

RFP-Car1

Hsp104-GFP  Overlay
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Figure 1. Microscopy screening reveals foci of proteins in zinc-deficient zsa/A mutant cells.
A) tsalA cells expressing Ncel03-GFP, Carl-GFP, Bdh1-GFP, and Rpd3-GFP were grown in
zinc-deficient media for at least four generations, harvested at cell density around 0.4 Asos, and
formation of foci captured by fluorescence (GFP) microscopy (FL= fluorescence lighting, BF=
blank field) B) zinc-deficient #sa /A cells expressing RFP-Ncel103, RFP-Carl were shown to harbor
foci that co-localize with Hsp104-GFP disaggregase, a marker for insoluble protein aggregates.
This suggests that RFP-Nce103 and RFP-Carl have decreased protein solubility in zinc-deficient

tsalA cells that are actively growing.
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Figure 2. Rpd3 interacts with Tsal in vivo. A) BiolD proximity-based protein-protein interaction

analysis of cells of the indicated genotype expressing BirA*, a mutant form of biotin ligase that

biotinylates proteins that come into its proximity), and BirA*-Tsal. Zinc-replete (R) or zinc-

deficient (D) cells were harvested at cell density around 0.4 Asos, proteins extracted by the TCA

method and incubated with high-capacity streptavidin agarose beads, eluted with 5 mM biotin

containing elution buffer and analyzed by immunoblotting with different antibodies. Total

biotinylated peptides, and biotinylated Rpd3 detected by streptavidin (upper panel) and a native
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Rpd3 antibody (lower panel), respectively. B) Protein abundance of Rpd3 quantified by
immunoblotting. Left two bars are wild-type (BY4742) expressing BirA* and right two bars are
tsalA cells expressing BirA*-Tsal, grown respectively in zinc-replete (ZnR) or zinc-deficient
(ZnD) for at least four generations. The error bars indicate = 1 S.D (n = 3). C) Normalized
biotinylated Rpd3 abundance is a ratio calculated by dividing the intensity of biotinylated Rpd3 in
panel A (lower panel) with total biotinylated peptide (noted as “Normalization Region” in panel
A, upper panel), and then normalized with Rpd3 protein abundance to get the final normalized
biotinylated Rpd3. The error bars indicate + 1 S.D (n = 3). D) Wild-type (BY4742) cells
expressing BirA* and tsalA cells expressing BirA*-Tsalwere transformed with either Sin3-HA
or Umel-HA plasmids. Cells were grown, harvested, and lysates processed the same method as in
panel A. Biotinylated Sin3-HA and Umel-HA were detected by anti-HA antibody (lower panel).
E) Wild-type (BY4742) cells expressing BirA* and tsalA cells expressing BirA*-Tsalwere
transformed with vector alone, or with plasmids that express WT, C48D, C48E, C1718S, AYF, and
C48S mutant alleles of BirA*-Tsal. Cells were grown, harvested and lysates processed using the
same method as in panel A. Shown in the graph are only data from zinc-deficient cells.
Biotinylated Rpd3 detected respectively by a native Rpd3 antibody (lower panel). F, G) were

quantified and normalized the same way as panels B and C.
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Figure 3. Pull-down assay suggests that Rpd3 interacts with Tsal in both zinc-replete and
zinc-deficient cells. A) Wild-type (BY4742) expressing Maltose-Binding Protein (MBP) and
tsalA cells expressing Tsal-MBP C171S mutant were grown in zinc-replete or zinc-deficient

media for at least four generations. Cells were harvested at cell density around 0.4 Asos and treated

with or without 100 uM H>O> for 5 minutes, lysed, and the same amount of total lysate proteins
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loaded on amylose resin and eluted with 10 mM maltose containing elution buffer. Cross-linked
products between Tsal and Rpd3 were analyzed in non-reduced eluates by immunoblotting with
a native Rpd3 antibody (upper left panel). Total non-reduced eluates were analyzed with an MBP
antibody (upper right panel) and total protein abundance of Rpd3 was analyzed in reduced lysates
(lower left panel). B) Wild-type (BY4742) expressing MBP, tsalA cells expressing Tsal-MBP
C1718S, and tsalA rpd3A cells expressing Tsal-MBP C171S were grown in zinc-replete or zinc-
deficient medium. Cells were harvested at cell density around 0.4 Asos lysed, peptides captured by
amylose resin and eluted with maltose-containing elution buffer. Lysates and eluates were

analyzed in the same way as discussed in panel A.
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Figure 4. In vivo time-course analysis of zinc binding status by Rpd3. A) NEM/PEG-maleimide
analysis of rpd3A cells expressing WT Rpd3 or an empty vector (-vec, pFL38). Zinc-replete (+, or
ZnR) or zinc-deficient (-, or ZnD) cells were treated with and without NEM, lysed, proteins
harvested, and then treated with or without PEG-maleimide. Unmodified and modified (1xPEG to
5xPEG-modified) forms of Rpd3 are indicated. The * denotes a background band detected by the
antibody. B) Quantification of the results in panel A (left 8 lanes). The ratios of unmodified + 1x
PEG-modified to 4x and 5x PEG-modified forms are shown and the error bars indicate £ 1 S.D (n
= 3). C) NEM/PEG-maleimide analysis of 7pd3A cells expressing H188A mutant allele of Rpd3

or an empty vector (-vec, pFL38). Cells were treated and samples analyzed as described in panel

A.
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Figure 5. Rpd3 apoprotein stability may be partially dependent on Tsal in zinc-deficient
cells. A) rpd3A cells, or rpd3Atsal A cells expressing WT Rpd3, H118A Rpd3 or an empty vector
(pFL38) were grown in zinc-replete (ZnR) or zinc-deficient (ZnD) medium for at least four
generations. Cells were harvested at cell density around 0.4 Ases, protein extracted and same
amount (100ug) of total protein loaded for immunoblotting analysis. Protein abundance of WT or
H188A form of Rpd3 was analyzed using a native Rpd3 antibody. Pgk1 was used as a control. B)

Quantification of the results in panel A. Error bars indicate = 1 S.D (n = 3).
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Figure S1. Rpd3 shows signs of oxidation in zinc-deficient cells. Wild-type (BY4742) cells

were cultured in zinc-replete or zinc-deficient medium. Cells were aliquoted and treated without

or with NEM for 10, 20 or 30 minutes, proteins extracted with TCA method, and then treated with

or without DTT prior to PEG-maleimide treatment. Unmodified and modified (1xPEG to 5xPEG-

modified) forms of Rpd3 are indicated. The * denotes a background band detected by the antibody.

Oxidized Rpd3 were shown as a smear in /ane § in the left panel, and lane 4 and 8 in the right

panel.



