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ABSTRACT

Iron (Fe) is an essential trace metal for all eukaryotes. Saccharomyces cerevisiae is an
excellent model organism to study eukaryotic iron metabolism. Much Fe enters the cytosol and
shuttles to the mitochondria for heme and iron-sulfur clusters biosynthesis. Little is known about
cytosolic iron. Circumstantial evidence suggests that cytosolic Fe is high-spin Fe'' but further
evidence is required to validate this. Cytosolic Fe flows not only into mitochondria but also into
vacuoles. They are acidic organelles that can store Fe under Fe-overload conditions. The
endogenous ligand of vacuolar Fe is proposed to be polyphosphate, but no direct evidence has
been shown. The main goal of this dissertation was to investigate the vacuolar and cytosolic Low-
Molecular-Mass (LMM) iron complexes in S. cerevisiae.

To characterize these complexes, vacuolar and cytosolic fractions were first isolated from
whole cells of yeast under low and high iron. LMM complexes were contained in flow through
solutions (FTSs) by passing vacuolar and cytosolic fractions through a 10 kDa membrane cut-off.
These FTSs were then loaded onto a LC size exclusion column interfaced to an ICP-MS.

The results of LMM metal complexes from vacuoles were described in Chapter 1. 29
batches of vacuoles were isolated from S.cerevisiae. Since ICP-MS can detect multiple elements
simultaneously, | found that nearly all iron, zinc, and manganese ions in the vacuolar FTSs were
present as LMM complexes. Phosphorus-detected peaks generally comigrated with metal-detected
speaks at 500 — 1700 Da, thus suggesting polyphosphate is the common ligand for metals stored
in the vacuoles. The binding of transition metals and vacuolar polyphosphate was further
demonstrated by the treatment with phosphatase, which resulted in the loss of LMM metal-bound

species.



The second aim was to study the speciation of cytosolic iron (Chapter I11). Iron with peaks
range from 700 — 1300 Da dominated. Cytosol from cells of different genetic knockout strains
were isolated and collected the FTSs to study the behavior of these Fe complexes. Interestingly, a
pool of copper LMM complexes were detected in the cytosol at 300 — 1300 Da under high copper

growth condition and disruption of copper homeostasis.



DEDICATION

For my parents, Khanh Duc Nguyen and Ninh Thi Kim Nguyen, who have worked very hard for
their entire life and made a lot of sacrifice to give me and my sister, Phuong Thuy Nguyen, the

best education that they did not have the opportunities to pursue.



ACKNOWLEDGEMENTS

| would like to thank my research advisor, Dr. Paul A. Lindahl for giving me the
opportunity to learn and do science in your laboratory. Thank you for your understanding, your
patience and your unlimited support to train me to be a scientific researcher. Thank you for your
extremely hard work ethics and infinite enthusiasm which have inspired me to love chemistry even
more and nurture my curiosity. Thank you for pushing me and believing in me so that | could do
my best during my time at Texas A&M University.

| also would like to thank all of my committee members. First of all, 1 would like to thank
Dr. Marcetta Darensbourg for your encouragement, spiritual support and wonderful lessons of
organometallic chemistry. Thank you for being such a great role model whom | deeply respect,
admire and want to grow up and become a person like you. | would like to thank Dr. Frank Raushel
for being such an excellent teacher who transformed enzymatic mechanisms to be interesting for
me learn and understand them better. 1 would like to specially thank Dr. Vishal Gohil for your
constructive criticism, suggestions and willingness to let me learn and work in your lab. Thank
you to Dr. Yohannes Rezenom at the Chemistry Mass Spectrometry Facility for your dedicated
assistance to help me obtain ESI-MS results. Thank you to Dr. Lisa Perez for being very patient,
friendly and supportive to teach me Marvin Sketch and Avogadro. Thank you to Dr. Roula
Mouneimne at the College of Veterinary Medicine & Biomedical Sciences for being very kind and
nice to help me obtain good confocal images of vacuoles. Thank you to Dr. Dennis Thiele at Duke
University for your helpful discussion to my research and your generous gifts of cuplA and

CUPI1R strains.



I would also like to thank the Lindahl lab members. Special thanks to Nathaniel Dziuba for
always being helpful and patient to teach me LC-ICP-MS. Thank you for not only being a
supportive labmate, a wonderful colleague but also being an invaluable friend of mine. Thank you
for always being by my side whenever | have difficulties. Thank you to Waseem Vali for teaching
me Madssbauer and your willingness to help me with heavy lab tasks. Thank you to Joshua Kim,
Raynelle Nash and Carmen Wiggin for giving me the opportunities to become your mentor so that
| can improve my teaching and communication skills. It was my great honor to mentor such
talented and hardworking students like three of you. Thank you to Rachel Shepherd for always
being friendly and sharing the same passion for cats just like me. Thank you to Hayley Brawley
for your dedication to keep the lab clean and organized.

In addition, I would like to thank my friend Ms. Sasha Chihak for being a great “essential
vitamin” helping me get through the tough time in grad school. I thank Dr. Charli Baker for being
such a wonderful person who was willing to teach me Western blots and giving me insightful
suggestions for my research projects.

Moreover, | would like to thank my parents and my sister, Phuong Thuy Nguyen, for
always being there to listen to me and encourage me to never give up. Thank you to my American
families, the Deffendall and the Turner for always loving and caring about me even though I am
so far away from you. | could not complete this degree without your endless support and love.

Last but not least, | would like to thank my undergraduate advisor, Dr. Kayla Green. Thank
you for being my academic mother who taught me bio-inorganic chemistry and made me fall in
love with the subject, who was the reason why | got accepted and went to TAMU, and who always

believed in me and motivated me to do my best. Thank you for everything you have done for me.

Vi



CONTRIBUTORS AND FUNDING SOURCES

Contributors:

This work was supervised by a dissertation committee consisting of Professors Paul
Lindahl, Marcetta Darensbourg and Frank Raushel of the Department of Chemistry and Professor
Vishal Gohil of the Department of Biochemistry and Biophysics.

The results for the LC calibration curve in Chapter Il (Figure 2.S1) was provided by Mr.
Nathaniel Dziuba.

All other work conducted for the dissertation was completed by the student independently.

Funding Sources:

Graduate study was supported by a teaching and research assistant fellowship from Texas
A&M University.

This work was also made possible in part by National Institutes of Health under Grant
Number R35 GM127021 and the Robert A. Welch under Grant Number A1170 to Professor Paul
Lindahl. The content is solely the responsibility of the authors and does not necessarily represent

the official views of the National Institutes of Health or the Welch Foundation.

vii



TABLE OF CONTENTS

ABSTRACT .t
DEDICATION ...t b ettt n e re e
ACKNOWLEDGEMENTS ...t
CONTRIBUTORS AND FUNDING SOURCES. ........ccoiiiiiiiiiceee s
TABLE OF CONTENTS ..o
LIST OF FIGURES ...t
LIST OF TABLES ...t
LIST OF SCHEMES. ...
CHAPTER I INTRODUCTION ..ottt

[PON TraffICKING. .. et
Copper TraffiCKING........ociiieee e re e
ZINC TIAFFICKING ... bbb
Manganese TraffiCKING ........couoiiiiiic e e
ODJECTIVES ettt bbb b bbbttt bbb
RETEIBNCES ..ottt bbb

CHAPTER Il ISOLATED SACCHAROMYCES CEREVISAE VACUOLES
CONTAIN LOW-MOLECULAR-MASS TRANSITION METAL
POLYPHOSPHATE COMPLEXES ...

SUMMIAIY ooeoiiie ittt ettt et e et e e bt e e st e e e st e e e s b e e e en bt e e enb e e e eR b e e e enb e e e nnbeeeneeeennes
a1 o [T T2 o ] o
Materials and METNOTS .......ccvviiiriii et e e e b e e e eree s
RESUITS e st e e r e e et e e s sa e e e e s e b eneseareaeeean
[T 1S3 [ PP
] o (T Lo PR
Supplemental INFOrMAtION .........cooiiiiii s

CHAPTER Ill  DETECTION OF LOW-MOLECULAR-MASS METAL
COMPLEXES IN THE CYTOSOL OF SACCHAROMYCES CEREVISIAE ............coc.....

viii

vii

viii

Xii

Xiii



SUMIMAIY ettt ettt ekt ekt e ek et e bt e e R b e e bt e s R bt e be e e Re e e ebe e embeenbeeembeenbeeanbeenneas 97
L1 (0T [ To3 1[0 ] [T 98
Materials and METNOGS ........ooooiuiiii e bae e s s sbeae e e 104
S ] | £ 110
[T Yo FSXS) [ T 124
] (] (=] (o= 128
CHAPTER IV CONCLUSION AND FUTURE WORK ......ocociiiiieecee e 134
(00 o1 11157 o] o 134
FULUIE WWOTK ...ttt ettt ettt s b e e s st b e e e s s bt e e e e s s bbeeeesaabbaeeessabeneeeaans 140
] (] (=] (o= 142



LIST OF FIGURES

FIGURE
1.1 Iron trafficking in SACCharomMyCes CEreVISIAL........cceviiveriririnieieiee e
1.2 Model of vacuole showing the dynamics of metal ions storage and mobilization....
1.3 Copper trafficking in Saccharomyces CereVviSIae..........ccovvruiiirnenienieeneeie e
2.1 Purity and integrity of isolated VaCUOIES............ccoovveiiiiiiiiiiccee e
2.2 Histogram of elemental concentrations in vacuolar extracts and FTSs...........c.c.......
2.3 Averaged iron-detected chromatograms of FTS from isolated vacuoles...................
2.4 Averaged phosphorus-detected chromatograms of FTS from isolated vacuoles.......
2.5 Chromatography traces of synthetic Fe''"polyphosphate .............cccccoceerieieiiicnnneee,
2.6 Effect of acid phosphatase on vacuolar FTS traces of batch 13. ...........ccccoceeiiiennns
2.7 Averaged zinc-detected chromatograms of FTS from isolated vacuoles ..................
2.8 Averaged manganese-detected chromatograms of FTS from isolated vacuoles .......
2.9 Averaged copper-detected chromatograms of FTS from isolated vacuoles..............

2.10 Copper and phosphorus-detected chromatograms of FTS from
isolated vacuoles of COX17A and CUPLA StrainS .......cccoeererererieneerienieniesie e siesieeeens

2.11 Hypothetical structure of a n = 12 metal:polyphosphate complex
With @ Mass Of Ca. 1400 Da. .......ccveieiieiiee e enne e

2.S1 Calibration curve of size exclusion COIUMN ........cccooiiiiiieiiie e
2.S2 Iron-detected chromatograms of vacuolar FTSS........ccccvviveiiiiiiicie e
2.S3 Phosphorus-detected chromatograms of FTS from isolated vacuoles.......................
2.54 Zinc-detected chromatograms of FTSs from isolated vacuoles..............cccceevveivennnns

2.S5 Manganese-detected chromatograms of FTSs from isolated vacuoles......................

X

Page

13

68

78



2.56 Overlaying of Mn and P for batch 13, 16, 17, and 18 at pH 8.5 mobile phase.......... 93

2.S7 Phosphorus-detected chromatograms of FTS from isolated vacuoles
from WT strain in the presence of phosphatase inhibitors cocktalil...............ccccc...... 94

2.58 Copper-detected chromatograms of FTSs from isolated vacuoles .............ccccceevenene 95

2.S9 Copper- and phosphorus detected chromatograms of FTS

from isolated vacuoles from cox17A and CUpIA CellS........cooovvveiviiiiieiieieccceee 96
3.1 Purity of the isolated CytoSOIC fraCtion ..........cccceveeiiiiriiecceee e 111
3.2 Purity of 6 isolated cytosol DatChes ... 111
3.3 Elemental analysis of isolated cytosolic fractions and

their FTSs under 1, 40 and 100 M Fe growth conditions............cccccevveieiicinennnne 113
3.4 Averaged iron-detected chromatograms from FTS of isolated cytosol..................... 115
3.5 Averaged copper-detected chromatograms from FTS of isolated cytosol................. 118
3.6 Averaged zinc-detected chromatograms from FTS of isolated cytosol..................... 119
3.7 Averaged manganese-detected chromatograms from FTS of isolated cytosol.......... 120
3.8 Averaged sulfur-detected chromatograms from FTS of isolated cytosol .................. 121
3.9 Averaged phosphorus-detected chromatograms from FTS of isolated cytosol.......... 122
3.10 Lability of cytosolic LMM complexes as demonstrated with an Fe-chelator ........... 123

Xi



LIST OF TABLES

TABLE Page
1.1 Proteins involved in Fe trafficking and that are discussed in this dissertation.......... 10
2.S1 Batches of Saccharomyces cerevisiae vacuoles isolation used in this study............. 87
3.1 Yeast strains used N thiS STUAY .........coiiiiiiiiiiiie s 105
3.2 Growth conditions of 38 isolated cytosol batChes ... 106

xii



LIST OF SCHEMES

SCHEME

1.1 General scheme of experimental approach .............ccccevvieieienciinennn

2.1 Mass range of transition metals LMM complexes in vacuoles................

3.1 Centrifugation steps for cytosol isolation after Dounce homogenization

Xiii



CHAPTER I

INTRODUCTION

Trace metals are indispensable for virtually all living organisms. Iron, copper, zinc, and
manganese in particular serve as cofactors for hundreds of enzymes required for cell growth and
survival (1) (2) (3). These metal cofactors are small, simple but versatile to enable difficult
chemistry due to their unique properties such as electron-donor/acceptor ability, multivalence
state, ligand selectivity with flexible coordination geometry and great mobility (4) (5) (6).
However, the toxicity of excess metals can be detrimental if cells fail to properly control a balance
between supply and demand (3) (7). Additionally, the number of available donor ligands in
biological systems is limited to oxygen, nitrogen, and sulfur (8) (9). So how do cells avoid
mismetallation and choose the correct metal to perform the desired role? How can the native metal
cofactor overcome displacement by other metal ions? What principles are followed to control the
selectivity and competition among different metals? What strategies are adopted to protect the
cells against potential lethality of metals?

Living organisms have developed a sophisticated system of metal regulation and
trafficking to maintain intracellular metal homeostasis. This includes three primary sub-processes:
[1] acquiring metal from the environment, [2] sensing the intracellular metal status, [3] distributing
metal ions for storage, utilization, and recycling (7) (10) (11). As a genetically tractable and
unicellular eukaryotic organism, the budding yeast Saccharomyces cerevisiae has been used
extensively to study trafficking and regulation of metal ions (12) (13).

The aim of this dissertation is to investigate the trafficking of iron, copper, zinc, and

manganese in the cytosol and vacuoles of Saccharomyces cerevisiae. We hope to gain a better
1



understanding of trafficking as well as the exquisite regulatory mechanisms used to control these

processes.

Iron Trafficking

Iron (Fe) is involved in a variety of metabolic processes including electron transport,
respiration, enzyme catalysis and DNA biosynthesis (14). The unique redox activity of Fe allows
it to function as an electron donor or acceptor by recycling between the ferrous (Fe'") and ferric
(Fe'" states. Due to this property, intracellular iron can catalyze the Haber-Weiss reaction (Eq.3),
which makes use of Fenton chemistry (EQ.2), to generate reactive hydroxyl radicals in the cells
(15).

Fe* + O, 2> Fe + O (Eq.1)

Fe* + H0, = Fe** + OH' + OH (Eq.2)

Net reaction: H0, + O = 0, + OH* + OH  (Eq.3)

Hydroxyl radicals (OH®). superoxide (O,~*) and hydrogen peroxide (H202) are reactive
oxygen species (ROS) which can be extremely toxic. High level of ROS can induce DNA damage,
enzymes inactivation and eventually cell death (16). The accumulation of iron, ROS and both is
linked to degenerative diseases, the immune response and cancer (17) (18).

Budding yeast has established complex regulatory mechanisms to survive despite
substantial fluctuations of nutrient iron availability. Primary subcellular compartments involved in
yeast iron metabolism include mitochondria, vacuoles, the cytosol, the nucleus and the plasma

membrane as shown in Figure 1.1 (19).
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Iron acquisition

Due to the high reactivity with oxygen, environmental Fe is usually found in biological
unavailable forms such as ferric hydroxide Fe(OH)s. Iron hydroxide with an oxidation state of 3+
has extremely low solubility with Ks, = 3 x 107 (20). Budding yeast has evolved with intricate
strategies to cope with this challenge and maximize iron acquisition under iron scarcity by 2
primary uptake mechanisms.

The first pathway, which is widely used in bacteria, fungi, and plants, utilizes siderophores
(21). These are small molecules that bind to ferric ions with high affinity to form six-coordinate,
octahedral complexes (22). For example, desferrioxamine, a hydroxamate-type siderophore
produced by several species of actinomycetes, has a complex formation constant of log f = 30.5
with iron (23). These iron-bound siderophore complexes are then captured by specific transport
systems on the plasma membrane, thus permitting ferric ions to be solubilized, imported and
utilized (24). Although S. cerevisiae do not synthesize their own siderophores, they can express 4
of the siderophore transporters Arnl, Arn2, Arn3, and Arn4 to capture the siderophores secreted
by other organisms (25). Once bound to siderophores, Fe can be either utilized as a substrate for
the ferrireductases Frel-3 on the plasma membrane or endocytosed (26). The endocytic vesicle of
Fe-bound siderophores is acidified to release Fe to the cytosol. Siderophores can be degraded or
accumulated in intracellular vesicles (27). This siderophore-mediated iron uptake mechanism is
promoted by a family of 3 cell wall mannoproteins called Fitl, Fit2, and Fit3 (facilitator of iron
transport) (28). The cell wall from yeast cells, which have transitioned to post-exponential growth
phase, can accumulate iron in a magnetically ordered form (29). Expression of Arn and Fit proteins

is induced under iron starvation by the Aft1/2-dependent iron regulon (30).



The second uptake mechanism requires metalloreductase activity supplied by a family of
Fre proteins. There are 7 Fre proteins in S.cerevisiae (31). All are heme-containing transmembrane
proteins utilizing NADPH as a reducing agent to convert Fe'"' to Fe!' (32). Fre1-3 localize to the
plasma membrane and labilize Fe'"' from either exogenous Fe source or ferric-siderophore importer
complexes (26). The resulting ferrous ions can then be transported to the cells via a high-affinity
or low-affinity importers.

The high-affinity transport systems involves a complex of Fet3 and Ftrl with a Kn = 0.2
uM for iron (33). Both of these proteins are controlled by Aftl transcription factor (34). They must
be synthesized simultaneously to be correctly targeted to the cell surface together as a complex
(35). The Fet3-Ftrl transport system is post-transcriptionally regulated by iron levels in the media.
Transcription of FET3 is down-regulated when cells are exposed to as little as 10 uM FeSOa.
Decreased protein levels are observed at higher Fe concentrations. Incubation of cells with 1 mM
FeSO4 causes 50% loss of Fet3 protein expression within 1 hour, and 80% loss within 2 hours (36).
As a multicopper oxidase, Fet3 depends on Cu (see below) and molecular oxygen to convert Fe'
to Fe"'. This enzyme is analogous to mammalian ceruloplasmin (37). Three ferrous ions are
oxidized in sequential fashion and the extracted electrons are stored in the protein. After the
oxidation of a fourth Fe'' the multicopper oxidase reduces molecular oxygen to water, thus
inhibiting the formation of free radicals (37). The reduction-oxidation reaction of Fet3 is shown as
follows: 4Fe** + 0O + 4H* 2 4Fe* + 2H,0. The transmembrane permease Ftrl
then binds to the ferric ions generated in this reaction, and transports them into the cells. Such
binding of Ftrl to Fe'"" is thought to give rise to the selectivity of Fet3/Ftrl system for transporting

iron over other transition metals (38).



In contrast, the low-affinity importers have a broad specificity towards a variety of
transition metals in addition to iron. One transporter, Fet4 has a Km of 35 uM with ferrous iron
(39). It can also transport copper, zinc, manganese and cadmium (40). Due to this property,
upregulation of Fet4 in the absence of the high affinity iron transporters results in overload metal
acquisition, thus diminishing metal resistance in yeast cells (41). Expression of Fet4 is also
strongly induced under hypoxic conditions by Rox1 (42). The other low-affinity iron transporter,
Smf1, is not oxygen-sensitive and primarily transports manganese (43). Smflp is an H*/transition

metal symporter which utilizes a pH gradient to drive iron and manganese uptake (44).

Mitochondria are the major “hubs” for iron trafficking

Nutrient Fe enters the cytosol and is trafficked primarily into the vacuoles and
mitochondria. Mitochondria are the ATP-generating sites where heme and iron-sulfur clusters
(ISC) are synthesized for the respiratory complexes and other important Fe-containing enzymes
(45) (46). Much cytosolic Fe flows into this organelle for use in those critical metabolic processes
via 2 transport systems: high-affinity transporters Mrs3/Mrs4 and low-affinity transporter Rim2.
All three reside in the mitochondrial inner membrane.

Mrs3 and Mrs4, which belong to the mitochondrial carrier family (MCF), are homologs of
vertebrate mitoferrinl and mitoferrin 2 (47). In low-iron media, deletion of MRS3 and MRS4 genes
causes loss of mitochondrial iron in frataxin-deficient cells (48), which results in decreased
biogenesis of ISC and heme proteins (49). This phenomenon has been further studied by Moore

and coworkers using Madssbauer spectroscopy to characterize the cellular iron-ome (50).

Mitochondrial iron from mrs3Amrs4A cells grown under iron-deficient respiring medium are



primarily present as an inaccessible form of Fe'!' nanoparticles, thus limiting the cell ability for
ISC and heme synthesis. mrs3Amrs4A mutants also grow slowly in iron-deficient respiring media
but recover to wild-type (WT) growth rate under iron-sufficient condition. The restoration of
growth implies the defects of heme and ISC biogenesis are rescued by the adequate supply of
nutrient iron, which is proved by Mdossbauer spectroscopy. Mitochondria from iron-sufficient
mrs3Amrs4A cells compose of ISC, heme, and non-heme high spin (NHHS) Fe'!' Mossbauer

signals as usually observed in mitochondria of healthy cells. Surprisingly, total intracellular iron
concentrations in these double mutants were found to be higher compared with WT cells regardless
of the nutrient Fe status. This indicates a failure of sensing iron status in the mrs3Amrs4A mutants,
implying a dysregulation of iron homeostasis (50).

Rim2 is also a member of MCF. Similar to MRS3/4 genes, the RIM2 gene was discovered
as a multicopy suppressor to rescue the respiratory defects of mrs2 null mutant (51) (52). This
nuclear gene is required for proper cell growth and mitochondrial DNA replication. The substrate
of Rim2 was unknown until 2006 when pyrimidine triphosphates were identified to be transported
into mitochondrial matrix via Rim2 in exchange for the export of pyrimidine monophosphates to
the cytosol (53). Yoon and coworkers subsequently showed that Rim2 is also involved in
mitochondrial iron metabolism by serving as a back-up for Mrs3/4 (54). Overexpression of Rim2
in WT and mrs3Amrs4A cells increases heme and ISC synthesis. Depletion of Rim2 in the absence

of Mrs3 and Mrs4 is associated with reduced heme synthesis in vitro (54), but not in vivo (55).
While Froschauer et al. concluded that iron transport activity of Rim2 required pyrimidine
nucleotides (55), recent work of Knight and coworkers demonstrated that 2 point mutations at the

substrate binding sites of Rim2 had nonoverlapping effects on iron and pyrimidine transport, thus



implying Rim2 transport activities of these 2 substrates occur independently with separate
mechanisms (56).

The driving force of iron transport by Mrs3/4 and Rim2 depends on media Fe'
concentration and pH gradient (56) (57). Little is known about the chemical nature of the Fe
complexes recognized by these carrier proteins. Based on the basket-shaped structures of
mitochondrial carrier proteins (58), the Fe substrates of Mrs3/4 are speculated to be small enough
to fit and pass through the narrow channels of these transporters (59). Low-Molecular-Mass
(LMM) complexes are the ideal candidates satisfying this requirement (60). A LMM iron complex
with an appoximate mass of 580 Da (Fesso) repeatedly found in mitochondiral extracts may serve
such role (61). Fesgo was not observed in mitochondria isolated from respiring mrs3Amrs4A cells
grown in iron-deficient media but recovered under iron-sufficient condition (50). This pool of
Fesso was also characterized by Mdssbauer to yield a NHHS Fe'' signal (62). Treatment of intact
mitochondria with a membrane-permeable chelator was found to inhibit ISC assembly (63). This
result is consistent with the Mdssbauer signal of Fesgo, suggesting its role as a feedstock for ISC

synthesis and that it is likely transported via Mrs3/4.

Intracellular iron sensing and regulation

As the focal point of iron trafficking, mitochondria exert a strong influence on whole-cell
iron metabolism. In addition to producing hemes and ISC, mitochondria export a poorly
characterized “X-S” species that is essential for the molecular mechanism of iron regulation. This
species is hypothesized to be translocated to the cytosol by an ATP-binding cassette (ABC)
transporter Atm1 in the mitochondrial inner membrane (64). The chemical structure of X-S is still

controversial. The crystal structure of Atml proposes X-S to be glutathione or glutathione
8



persulfide (65). Using transportomics approach with mass spectrometry, Schaedler and coworkers
concluded that glutathione trisulfide (GS-S-SG) was the substrate of Atm1 (66). On the contrary,
Cowan suggests that X-S composes an Fe>S, cluster coordinated with four glutathiones as
exoligands (67). Recent work by Pain and coworkers reveals that Atm1 exports 2 different sulfur-
containing species. One of them is called Sin¢ with a mass in the range of 500 — 1000 Da. Sint Is
produced by the mitochondrial ISC assembly machinery and then exported to the cytosol for tRNA
modification (68). The other species is an Fe-S intermediate, which might be related to Cowan’s
glutathione-coordinated iron-sulfur cluster (69).

The mysterious X-S species exported by Atml has attracted interest for the past two
decades due to its suggested role as a means of communication between mitochondria and the
cytosol (70). X-S is produced in proportion to the mitochondrial Fe/S cluster assembly activity,
and this is central for the cell’s ability to respond to different iron conditions. Aftl and Aft2 are
activated in response to Fe deficiency, while another transcription factor Yap5 is activated in
response to iron Fe sufficiency (71) (72). Under low iron conditions, Aft1/2 stay in the nucleus
and bind to the promoter site to activate the iron regulon of approximately 20 Fe-related proteins
(73) (74). Iron uptake is stimulated since Aftl induces the expression of the plasma membrane Fe
importer genes FET3/FTR1 and FET4, a family of metalloreductase genes FRE1-3, and the cell
wall mannoprotein genes FIT1-3 (75). Fe is also mobilized from a different subcellular
compartment called vacuoles where excess Fe is stored (see below). The shuttling of Fe from the
vacuoles to the cytosol is induced by the upregulation of the vacuolar metalloreductase Fre6 and
two vacuolar Fe exporters Fet5/Fthl and Smf3 (76).

In response to iron overload condition, Aftl is first exported out of the nucleus via Msn5,

then it is inhibited by Fe>S> cluster-binding complexes formed by Grx3 and Grx4 along with two
9



Protein Subcellular localization Function Regulation
Arnl Plasma membrane, Ferrichrome siderophore transporter Aftlp
endosome
Arn2/ Tafl Unknown TAFC siderophore transporter Aftlp
Arn3/ Sitl Plasma membrane, Hydroxamate siderophore transporter | Aftlp
endosome
Arn4/ Enbl Plasma membrane Enterobactin siderophore transporter Aftlp
. Mannoprotein,
Fitl Cell wall facilitator of Fe-siderophore transport Aftlp
. Mannoprotein,
Fit2 Cell wall facilitator of Fe-siderophore transport Aftlp
. Mannoprotein,
Fit3 Cell wall facilitator of Fe-siderophore transport Aftlp
Frel Plasma membrane Ferric/ cupric reductase Aftlp
Fre2 Plasma membrane Ferric/ cupric reductase Aftlp
Fre3 Plasma membrane Ferric/ cupric reductase Aftlp
Fet3p Plasma membrane Multicopper oxidase Aftlp
Ftrl Plasma membrane Ferric permease Aftlp
Fet4 Plasma membrane Low-affinity Fe' transporter Qf)tiﬂ,)Afth,
Smfl Plasma membrane Divalent mgtal transporter,
Nramp family
Mrs3 Inner mitochondrial High-affinity Fe transporter Aftlp
membrane
Mrs4 Inner mitochondrial High-affinity Fe transporter Aftlp, Aft2p
membrane
. Inner mitochondrial Low-affinity Fe transporter,
Rim2 Lo X
membrane pyrimidine nucleotide transporter
Cccl Vacuolar membrane Fe transporter YapSp
Fre6 Vacuolar membrane Ferric/ cupric reductase Aftlp
Fetb Vacuolar membrane Multicopper oxidase Aftlp
Fthl Vacuolar membrane Ferric permease Aftlp
Smf3 Vacuolar membrane Divalent mgtal transporter, Aftlp. Aft2p
Nramp family
Grx4 Cytosol Monothiol glutaredoxin Yap5p
Tywl Endoplasmic reticulum Fe/S protein required for wybutosine Yapsp

modified tRNA synthesis

Table 1: Proteins involved in Fe trafficking and that are discussed in this dissertation.
Information is extracted from references 30, 71, and 74.
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cytosolic proteins Fral and Fra2 (77) (78) (79). At the same time, the high iron regulator Yap5 is
activated via binding with an Fe,S; cluster to turn on the transcription of a vacuolar Fe importer
gene CCC1 and Fe-S cluster binding protein genes GRX4 and TYW1 (72) (80) (81). Thus, cells can
be protected from Fe toxicity since excess cytosolic Fe is shuttled via Cccl and stored in the
vacuoles (82). Table 1.1 summarizes all of the proteins required for iron trafficking and that are

discussed in this dissertation (30) (71) (74).

Vacuoles as the storage and recycling site for iron

Despite the important role of vacuoles as mediators of Fe homeostasis, little is known about
the speciation and ligands of vacuolar iron. Yeast vacuoles are comparable to the mammalian
lysosomes; thus, the vacuolar lumen has an acidic pH and a variety of hydrolases (83). The acidity
of vacuolar compartments is crucial for cell growth, which maintained by a number of vacuolar
proton translocating V-ATPases (84). They are multisubunit enzymes composed of two functional
domains: the cytoplasmic V1 sector participating in ATP hydrolysis and the membrane-bound Vo
sector functioning in proton translocation (85) (86). Acidification of vacuoles is indispensable for
a number of cellular processes including protein sorting and degradation, membrane trafficking,
zymogen activation, and also transport of small molecules such as metal ions (87) (88) (89) (90).
The organelle serves to detoxify Fe, other toxic metals, and metabolites. Figure 1.2 represents the
role of vacuoles in storing, detoxifying and mobilizing cellular transition metals. Defects in any
subunit of the yeast V-ATPases (vma mutant) result in enzyme dysfunction, which is linked to
vacuolar alkalinization and disruption of overall cellular pH homeostasis (91) (92). Loss of V-

ATPase activity inhibits the delivery of copper to apo-Fet3p, part of the high-affinity iron transport

system (93) (94) (95). Interestingly, vma2A cells induce an iron deprivation signal, which results
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in overaccumulation of intracellular iron despite the activation of Aftl (96). This is the first
evidence bridging pH homeostasis and iron-regulatory pathways, emphasizing the critical role of
vacuoles in cellular Fe metabolism.

Vacuoles store Fe in cells grown under Fe-rich conditions. 85% of Fe is transported into
the vacuoles via Cccl, which is mainly controlled by the Yap5-dependent iron regulon (82) (97).
CCCL1 transcription is also activated by the low-glucose sensor Snfl and two stress factors Msn2
and Msn4 (98). The remaining ~15% of vacuolar Fe transport is mediated by End4-dependent
endocytosis (82).

Once Fe is imported into the vacuolar lumen, it has been proposed ferric ions coordinated
(poly)phosphate due to the oxidizing environment of the vacuole and high abundance of
phosphate/polyphosphate (99). At the same time, vacuoles can serve as a reservoir for Fe to help
cells survive under Fe-poor conditions (19). When Aft1/2-dependent regulon is active under low
iron condition, mMRNA-binding proteins Cth1/2 are expressed to degrade CCC1 mRNA (80). In
addition, the metalloreductase Fre6 is also upregulated by Aftl to reduce Fe'"' back to Fe'!, which
is then mobilized to the cytosol via two pathways: the low-affinity transporter Smf3 and the high-
affinity transporter Fet5-Fth1 (100) (101) (102). The export mechanism of vacuolar Fe by these 2
systems is similar to the metalloreductase Frel-mediated Fe uptake pathway on the plasma
membrane.

Extensive genetic and biochemical studies on iron-related genes and proteins have mapped
out the general scheme of iron acquisition and storage of yeast vacuoles (103) (104). However,
the chemical and molecular details of iron trafficking and regulation of vacuolar Fe are not fully
understood. For that reason, significant biophysical methods have been utilized to characterize and

detect different types of Fe centers within entire yeast cells and isolated organelles. Méssbauer
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Figure 1.2: Model of vacuole showing the dynamics of metal ions storage and mobilization
(adapted from references 85, 104, 113, and 144). Nutrient metals also enter the vacuoles via
endocytosis. Polyphosphate (polyP) chains are synthesized on the membrane, a Mn-dependent
process, and are imported simultaneously. Under static conditions, this is balanced PolyP
degradation as catalyzed by phosphatases Ppnl and Ppn2. Cytosolic Fe' and Mn' ions enter
vacuoles via Cccl (and Cos16 for Mn), while Zn" ions enter via Zrcl and Cotl. Nutrient metals
also enter vacuoles via End4-dependent endocytosis. Fe' ions become oxidized once they enter
the vacuole. Fe'"" ions are mobilized by Fre6-dependent reduction; the resulting Fe' ions are
exported via Fet5/Fthl and Smf3. Zn'"" ions are exported via Zrt3 on the vacuolar membrane.
Metallothionein Cupl is a cytosolic protein that stores copper.
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spectroscopy is a powerful tool in such analysis. Cockrell et al. discovered that vacuolar Fe exists
in an equilibrium between a non-heme high spin (NHHS) Fe'"'-polyphosphate species, which is
dominant at pH ~ 5, and supramagnetic Fe'"'-oxyhydroxo nanoparticles, which are dominant at pH
~ 7 (105). The vacuolar iron Mdssbauer spectrum was simulated assuming a magnetically isolated
S = 5/2 iron with rhombic symmetry. The hyperfine counpling constant A value of -230 kG
suggests Fe'' is coordinated with hard oxygen donors in octahedral symmetry. The conversion
between (NHHS) Fe''-polyphosphate and Fe'"-oxyhydroxo nanoparticles is reversible and pH-
dependent. However, the number of species and the chemical composition of vacuolar Fe''-
polyphosphate complex remains unresolved.

Inorganic polyphosphates (polyP) are linear polymers of orthophosphate residues linked
by phosphoanhydride bonds. They are ubiquitous in most subcellular compartments, but primarily
accumulate in the vacuoles of yeast cells (106). Phosphate transport and uptake into the vacuoles
decrease with increasing pH (107). The yeast polyP polymerase or vacuolar transport chaperone
(VTC complexes) on the vacuolar membrane synthesizes polyP from ATP (108). In concert with
the synthesis, VTC translocates the growing chain of polyP into the vacuolar lumen to prevent the
toxicity of polyP accumulation in the cytosol. This transport is also driven by the vacuolar pH
gradient (108). Thus, it is not surprising that vma2A mutants are defective in polyP synthesis (109).
It will be exciting to further investigate whether this is a coincidence or an actual cause-and-effect
relationship between the reduced vacuolar polyP concentration and the enhanced level of cellular
iron in vma2A cells.

Once inside the vacuoles, polyP can be hydrolyzed in the middle of the chain by an
endopolyphosphatase called Ppnl (110). Unexpectedly, the final products of Ppnl are

triphosphates and orthophosphates, thus implying that exopolyphosphatase activity can also occur
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(111). In 2017, another endopolyphosphatase in the vacuolar lumen was discovered. Ppn2 belongs
to the PPP-superfamily of metalloproteases, requiring zinc ions for activity (112). Together, polyP
polymerase and phosphatases regulate vacuolar phosphate concentrations and chain length. Stored
polyP can be mobilized to the cytosol under phosphate scarcity via the Pho91 transporter (113)
(114).

Phosphate and polyphosphate have been suggested to be ligands for Fe'"" due to their high
concentrations in the vacuoles and strong binding constant of polyphosphate with Fe''' (106) (115).
The bond angles of O-P-O and P-O-P from literature as 132°, 117° respectively suggest is that
polyP can bind to Fe as a bidentate ligand on the equatorial plane (116) . Rosenfeld and colleagues
also showed the effect of phosphate accumulation on cellular metal ion homeostasis (117). All
these pieces of evidence provide more insights to further investigate the chemical composition of

vacuolar Fe'!'-polyphosphate species and its regulation.

Cytosolic iron as the Labile Iron Pool (LIP)

Vacuolar Fe almost certainly originates from the cytosol. Many details of cytosolic Fe
regulation and trafficking also remains unclear. Park et al. discovered that cells grown under
adenine-deficient minimal media contain a high concentration of NHHS Fe' (118). Neither
mitochondria nor vacuoles isolated from such cells contained this species, suggesting that this
NHHS Fe'' species are located in the cytosol. The exact ligand environment of cytosolic Fe has not
been resolved.

Greenberg, G. R. and Wintrobe, M. M. in 1946 coined the term “labile iron pool” or LIP

to describe a pool of non-transferrin bound iron in the blood complexed by LMM organic chelators
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with low Fe affinities (119) (120). Labile iron pools in the cytosol have been studied by incubating
live intact cells with custom-designed fluorescence-based chelator probes (121). These probes
penetrate the cell membrane to bind the iron centers that constitute the LIP. This coordination of
metal ions will change the fluorescence properties of the probes so that the concentration of the
LIP can be measured from the fluorescence intensity. However, enhancing or quenching of the
fluorescence intensity of these probes requires the dissociation of endogenous ligands from the
iron center (122). This is a major disadvantage since the native ligand environment dictates
important chemical properties of the LIP. Also, nonspecific binding with other metals such as Cu
and Zn can occur once the fluorescence probes enter the cells. The required Kp of a fluorescence
chelator probe to bind iron in the LIP is unknown. A stronger binding probe might chelate more
Fe overestimating the LIP size, while a weaker binding probe will underestimate it (122). Figueroa
and colleagues demonstrated the poor specificity and selectivity of small molecule fluorescence
dyes that have been extensively used to quantify intracellular Ca?* and Zn?* concentrations (123).
Their work indicates that Ca2* and Zn?* binding dyes yield fluorescence responses that are not
unique to the recognition of particular labile metals. These dyes also show broad interaction with
other metals such as Cu and Fe. This further shows that using fluorescent chelator probes is not
the best method to quantify labile metal pools in living cells.

Another common approach to measure cytosolic Fe is using a genetic LacZ reporter of
certain cytosolic Fe metalloenzymes such as IRP-1 or the Fe regulon Aft1/2 (100). Kaplan used
the cytosolic gentisate 1,2-dioxygenase (GDO) assay to quantify cytosolic Fe concentration based
on the following rationale (81). The Fe binding site of GDO is solvent-accessible. Also, GDO has

a relatively low affinity for iron since it binds Fe with only 3 His residues (124). GDO activity can
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be measured using gentisate as a substrate. Again, this is an indirect method to quantify cytosolic
Fe concentration. Thus, the ligand environment of cytosolic Fe species remains unknown.

Hider and Kong have proposed glutathione that is the primary ligand for the cytosolic
labile iron species. Based on the affinity constant and high concentration of glutathione (GSH) in
the cytosol, they proposed that cytosolic Fe is primarily coordinated to the sulfur ligand of
glutathione (125). However, this model is only based on the relative concentration of glutathione
and the redox potential in the cytosol. There is no direct experimental evidence for such species in
the cytosol. Together, the exact chemical composition of the cytosolic Fe complexes is not well-
characterized. To address these deficiencies, we aimed to detect such species in the vacuole and

cytosol and characterize their properties.

Copper Trafficking

Iron homeostasis also depends on copper (Cu). Diseases relating to iron deficiency such as
ataxia, reduced hematocrit, and mitochondrial malfunction link with decreased intracellular copper
(126) (127) (128). Cu is an essential trace element that forms the most stable complexes according
to the Irving-William series: Mn"" < Fe''< Co'" < Ni'' < Cu'" > zn'' [127]. Due to this property, Cu
is tightly regulated to be distributed to appropriate subcellular compartments or proteins for
utilization and storage. By this way, free Cu ions are limited to spontaneously bind with solvent-
exposed sulfur ligands, thus minimizing protein mismetallation (1). Figure 1.3 represents major
trafficking pathways of intracellular copper in S.cerevisiae (128) (130) (131).

Nutrient copper in the oxidized form Cu" is transported into the cell via the low-affinity
system Fetdp (132). The high affinity transport system of copper requires metalloreductase activity

supplied by Frel, since Ctr proteins are only selective for the reduced form Cu' rather than Cu"
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(133) (134). S.cerevisiae cells encode two plasma membrane Ctr proteins, Ctrl and Ctr3. Along
with Frel, Ctrl/3 transporters are induced by the Macl transcription factor in response to low
copper (135). Ctrl and Ctr3 possess methionine and cysteine-rich N-terminal domains,
respectively, to concentrate Cu' at the transmembrane pore (133) (136) (137) (138). Recent crystal
structure reveals Ctrl adopts a trimeric-ion like architecture, in which the methionine triads serve
as selectivity filters for cuprous ions over other divalent metals (139). Cu' is permeated through an
enlarged central cavity formed by tilted transmembrane helices TM 1 and 2. The C-terminal tail
then acts an intracellular gate for ion passage and transfers Cu to cytosolic Cu chaperones and
proteins (139). Ctr2 is another Ctr member in budding yeast, which mediates the shuttling of
copper ions from the vacuolar lumen back into the cytosol (140). Copper is thought to be stored
as Cu' ions in vacuoles, and then reduced to Cu' by Fre6 prior to export via Ctr2 (141). It is
unknown how Cu enters the vacuoles for detoxification (141).

Yeast cells express Cu-buffering proteins and chaperones as another defense mechanism
against potential Fenton-like chemistry of free Cu'. All of these proteins are upregulated under
high Cu condition by the Acel transcription factor (142). Two metallothioneins, Cupl and Crs5
are abundant in the cytosol to buffer free Cu' Each metallothionein can bind up to 8 cuprous ions
in a trigonal coordination geometry with thiol ligands of cysteine residues (143) (144) (145). The
other copper-buffering agent is the copper-zinc superoxide dismutase Sod1, which plays a role in
sequestering cytosolic Cu as well as protecting the cells from oxidative stress (146). Cu is delivered
to Sod1 via direct protein-protein interaction with the cytosolic chaperone Ccs (147) (148) (149).

A similar strategy of metallochaperone-mediated transport is applied to deliver Cu to the
secretory compartment, where Cu is installed into the multicopper oxidase apo-Fet3 of the high

affinity iron importer. Thus, Fet3 activity is a useful reporter of copper trafficking to the secretory
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Figure 1.3: Copper trafficking in Saccharomyces cerevisiae
(adapted from references 131, 135, and 142).
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pathway (93) (94) (95). First, an 8kDa chaperone Atx1 binds to cytosolic Cu' and directs it to an
integral membrane Cu' -transporting ATPase, Ccc2 (150) (151) (152). This protein is localized in
the Golgi apparatus and conserved from bacteria to human (153). Deletion of CCC2 gene
negatively impacts Fet3 activity, leading to iron deficiency (93) (154). In addition to Ccc2, loading
of Cu onto apo-Fet3 requires 2 other factors. One of them is the acidification of post-Golgi vesicles.
This process depends on a functional V-ATPase/H* pump as well as a CLC chloride (CI") channel
Gefl localized in the post-Golgi compartment (94) (155). Gefl generates an influx of CI™ anions
to counterbalance the accumulation of protons as a result of acidification (155). CI" ions may
function as an allosteric effector for copper insertion into apo-Fet3 (156). The binding of Cu'to
Fet3 is also shown to be promoted by potassium ions. Thus, Khal as a K*/H* transporter is
necessary for the compartmentalization of K* in the trans-Golgi network to enable proper copper
metalation of Fet3 (157).

In contrast with the secretory compartment, the Cu trafficking mechanism to the
mitochondria is not well characterized. Mitochondria are the “power house” of the cells where
cytochrome c oxidase (COX) or complex IV of the respiratory chain localizes. COX catalyzes the
reduction of oxygen to water coupling with proton translocating activity (158). It requires 3 copper
atoms and 2 heme groups for function (159). Defects in COX protein assembly or copper
metalation result in mitochondrial diseases in humans such as hypertrophic cardiomyopathy (160)
(161). Mrs3/4 and Rim2 can transport copper into the mitochondria in addition to iron (55) (57).
Whether this is the primary trafficking pathway of Cu to this organelle is elusive. Cobine proposes
the majority of mitochondrial copper is non-proteinaceous, low molecular weight and kinetically
labile. This pool is called Cu-L which displays anionic properties and resists to protein digestion

(162). They suggest that Cu-L enters via Pic2 into the mitochondrial matrix as a feedstock for
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metalation of COX (163). Fluorescent-chelator probes have also been utilized to detect this labile
pool of copper, but failed to give any information about its concentration or its identity (164). The

chemical nature of Cu-L still remains mysterious after 15 years of discovery.

Zinc Trafficking

Approximately 9% of metalloenzymes in S.cerevisiae contain zinc (Zn) as cofactors (165).
Zapl is the main transcription factor regulating the expression of many genes that involve in
homeostatic and adaptive responses to zinc deficiency (166). Two Zn'-specific transporters, Zrt1
and Zrt2, are controlled by Zapl (167) (168). Fet4 and Pho84 are the low-affinity Zn transporters.
Expression of PHO84 does not depend on zinc status, but Fet4 is induced under zinc limiting
conditions (166). Once zinc is transported into the cells, over half of the metal is located in
vacuoles (169). Zinc is imported into these organelles by Zrcl and Cotl transporters on the
vacuolar membrane, and exported through Zrt3 (170) (171) (172) (173). In Zn-deficient cells, Zrt3
expression increases while Cotl is degraded. In zinc-replete cells, Zrt3 is degraded (171) (174).
Besides storing and sequestering zinc, vacuoles help regulate a zinc-dependent alkaline
phosphatase (Pho8) located in the organelle (175). Pho8 is metallated and activated by Zn ions in
the vacuole (176). The metallated Pho8 catalyzes the hydrolysis of phosphate from various

phosphorylated substrates to facilitate the recycling of monophosphates (177).

Manganese Trafficking
Manganese is well-known to play a crucial role in oxidative stress protection. Much interest
focuses on the manganese-containing superoxide dismutase Sod2 in the mitochondria. Under high

Mn'! conditions, two Nramp proteins, Smflp and Smf2p transporters are degraded in the vacuoles.
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When Mn'" levels are low, these proteins localize to the plasma membrane (43) (101) (178). It is
unclear how cells sense intracellular Mn'" concentrations to control and mobilize this protein
localization. One of the main pathways of intracellular manganese trafficking is the Golgi
apparatus. This compartment acquires manganese via Pmrl, a P-type Ca'' and Mn' —transporting
ATPase (179). Manganese and calcium are transported by Pmr1 are essential for proper trafficking
of polypeptides entering the secretory pathway (180) (181) (182). Manganese ions also traffic to
vacuoles via both Cccl and Cos16/ Perl transporters (183) (184). Mutations in either protein
render cells sensitive to nutrient manganese, probably because high cytosolic manganese levels
are intoxicating (185) . Yeast cells respond to manganese toxicity by increasing the rate of polyP
synthesis and by decreasing polyphosphatase activities ; both responses serve to increase the
average length of polyP chains (186) (187). This diminishes toxicity, perhaps by increasing the
capacity for manganese to coordinate to polyP chains in the vacuole (187). Whole-cell ENDOR
spectra indicate that manganese is coordinated to both orthophosphate and polyP in WT yeast cells

(188). However, the cellular location of such complexes within the cell was not established.

Objectives
This dissertation aims to detect, isolate, and characterize the Low-Molecular-Mass (LMM)
metal complexes (primarily Fe) from vacuoles and the cytosol of S. cerevisiae. Fe species in these
two subcellular compartments are proposed to be weakly-coordinated LMM complexes with a
molecular mass less than 10 kDa, The lability of these complexes allows the cells to easily access
and direct Fe to the appropriate subcellular compartments for utilization. Moreover, LMM
complexes are responsive to different intracellular Fe “quota”, and can potentially be used as an

internal Fe sensor. The liquid chromatography (LC) size exclusion column interfaced with an
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online inductively coupled plasma mass spectrometer (ICP-MS) was the primary biophysical tool
used in this study. This setup allowed the LMM complexes of interest to be separated intact based
on size and their chemical nature to be characterized further with other methods. Moreover, ICP-
MS is an analytical technique with a detection limit of 1 part per billion (10°), permitting precise
quantification of low metal concentrations in biological samples.

The general scheme of experimental approach for this dissertation is illustrated in Scheme
1.1. The first step was to isolate the vacuolar and cytosol fractions from whole cells of yeasts.
After that, the LMM complexes of each of these subcellular fractions were collected as a flow
through solution of a 10 kDa nitrocellulose membrane cutoff in an amicon stirred cell. This flow
through solution was run through the LC-ICP-MS. A portion of the LC eluent was split to the ICP-
MS for detection of different Fe species. The area, eluent volume, and linewidth of all ICP-MS
peaks were quantified. The column was calibrated such that apparent molecular masses could be
determined from eluent volumes of standards. The detector response was calibrated to estimate the
concentrations of each observed species.

Iron chromatograms are our main focus. However, we are also interested in analyzing data
of other biologically-relevant metals including Cu, Zn, Mn and nonmetals such as S, P since
collecting these extra datasets requires little additional effort. This helps us understand better the
interplay between the trafficking pathways of different trace metals in living cells. This
experimental approach using the LC-ICP-MS system set up the basis to investigate the trafficking
mechanism of metal ions on the molecular level from the cytosol to two major organelles: the

mitochondria and the vacuoles.
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CHAPTER II
ISOLATED SACCHAROMYCES CEREVISIAE VACUOLES CONTAIN LOW-

MOLECULAR-MASS TRANSITION-METAL POLYPHOSPHATE COMPLEXES *

Chapter 1l is a reprint of a published paper on Metallomics which I was the first author. |
prepared all of the figures and obtained all of the experimental results except the LC calibration
curve (Figure 2.51). Mr. Nathaniel Dziuba maintained the LC-ICP-MS instrument, trained me on
the instrument and obtained the LC calibration curve. We thank Dr. Dennis Thiele (Duke
University School of Medicine) for the cup A strain and helpful discussion. We thank Dr. Vishal
Gohil (TAMU Department of Biochemistry and Biophysics) for the cox!7A strain. | appreciate
Dr. Charlie Baker and Ms. Natalie Garza from the Gobhil lab for their help with Western blots, and
Dr. Roula Barhoumi Mouneimne (TAMU Department of Veterinary Integrative Biosciences) for

her assistance with the confocal microscopy.

* Reproduced by permission of The Royal Society of Chemistry and Trang Q. Nguyen, Nathaniel
M. Dziuba and Paul A. Lindahl. (2019) Isolated Saccharomyces cerevisiae vacuoles contain low-
molecular-mass transition-metal polyphosphate complexes, Metallomics. 11, 1298-1309. DOI:
10.1039/CO9MT00104B. Copyright 2019 The Royal Society of Chemistry.
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Summary

Vacuoles play major roles in the trafficking, storage, and homeostasis of metal ions in fungi
and plants. In this study, 29 batches of vacuoles were isolated from Saccharomyces cerevisiae.
Flow-through solutions (FTS) obtained by passing vacuolar extracts through a 10 kDa cut-off
membrane were characterized for metal content using an anaerobic liquid chromatography system
interfaced to an online ICP-MS. Nearly all iron, zinc, and manganese ions in these solutions were
present as low-molecular-mass (LMM) complexes. Metal-detected peaks with masses between
500-1700 Da dominated; phosphorus-detected peaks generally comigrated. The distribution of
metal:polyphosphate complexes was dominated by particular chain-lengths rather than a broad
binomial distribution. Similarly treated synthetic Fe'"-polyphosphate complexes showed similar
peaks. Treatment with a phosphatase disrupted the LMM metal-bound species in vacuolar FTSs.
These results indicated metal:polyphosphate complexes 6-20 phosphate units in length and
coordinated by 1-3 metals on average per chain. The speciation of iron in FTSs from iron-deficient
cells was qualitatively similar, but intensities were lower. Under healthy conditions, nearly all
copper ions in vacuolar FTSs were present as 1-2 species with masses between 4800-7800 Da.
The absence of these high-mass peaks in vacuolar FTS from cuplA cells suggests that they were
due to metallothionein, Cupl. Disrupting copper homeostasis increased the amount of LMM
copper:polyphosphate complexes in vacuoles (masses between 1500-1700 Da). Potentially
dangerous LMM copper species in the cytosol of metallothionein-deficient cells may traffic into

vacuoles for sequestration and detoxification.
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Introduction

Vacuoles are acidocalcisome-like organelles found in fungi and plants (1) (2) (3) (4). These
acidic structures are related to endosomes and lysosomes in humans, and are used in endocytosis,
secretory trafficking, autophagy, and metabolite recycling. Vacuoles in S. cerevisiae cells grown
to stationary phase in media buffered at pH = 6 have a pH of 6.2 (5). The pH gradient with cytosol
drives the import of metal ions into the organelle (3), allowing vacuoles to store essential metals
1) ) (7) (8) (9) (10) (11) and sequester toxic metal ions that would otherwise engage in
deleterious cellular reactions (12) (13).

Iron fits in both of these categories; it is essential for cell growth and can generate reactive
oxygen species via Fenton-based reactions (14). Some cellular iron enters vacuoles through the
Cccl protein located on the vacuolar membrane (15) (16). Some extracellular iron enters vacuoles
through endocytosis (15). Vesicular fluid-phase endocytic transport to and from vacuoles plays a
major role in metal homeostasis (17). Vacuoles concentrate nutrient metal ions in the environment
for eventual delivery to the cytosol.

Iron in vacuoles can be mobilized and exported to the cytosol through specific iron-export
proteins on the vacuolar membrane. These include the Fet5:Fthl ferroxidase:permease complex
and the Nramp protein Smf3 (18) (19) (20). The ultimate concentration of vacuolar iron is
controlled by opposing rates of iron import and export.

These organelles are oxidizing relative to the cytosol, and so iron is typically stored as Fe'"!
rather than Fe'' (9) (20) (21) (22) (23). EPR spectra of isolated vacuoles exhibit a g = 4.3 signal
indicating high-spin S = 5/2 Fe'"' ions with rhombic symmetry. Fe''ions in vacuoles must be

reduced to Fe'' prior to export to the cytosol. This process is controlled by ferrireductase Fre6 (20).
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An important aspect of vacuolar metabolism involves polyphosphate (polyP) ions, linear
polyanionic polymers of phosphate units linked by phosphoanhydride bonds (24). WT yeast cells
contain 25-42 mM orthophosphate (Pi) and 23-250 mM polyP (concentration given in terms of
phosphate units) (6) (25). Most polyP ions are located in vacuoles (26).

Preassembled polyP chains cannot be imported into vacuoles (3). Rather they must be
synthesized on the vacuolar membrane and inserted ratchet-like into the lumen (3) (26) (27). Once
in the lumen, polyP chains can be hydrolyzed by vacuolar phosphatases Ppnl and Ppn2 (28). Ppnl
has both exopolyphosphatase and endopolyphosphatase activities. Activity requires manganese or
magnesium ions (26). Ppn2 is exclusively an endophosphatase that is activated by zinc (29). Both
enzymes are delivered to the vacuole via the multivesicular body pathway in which proteins are
packaged into luminal vesicles that fuse with vacuoles and release their contents (30) (31).

The length of polyP chains (defined in terms of residues n) depends on the carbon and
nitrogen source in the growth medium, as well as on metal ion availability (5) (32) (33) (34).
Reported values of n include 7, 15, 20, and 60-100 (5) (17) (33) (34). In the presence of high
concentrations of metals, n reportedly increases to 45-75, ~200, and >300 (3) (17) (34). Each
internal Pjresidue has a mass of 79 Da; thus, polyP chains with n = 7-100 units have masses
between 600-8000 Da.

The high concentration of polyP in vacuoles and the strong binding of Fe'"" to polyP chains
(35) (36) led Raguzzi et al. to hypothesize that F!!' ions must be coordinated to polyP in vacuoles
(9). Supporting this, Mossbauer spectra of intact vacuoles reveal high-spin S = 5/2 Fe'!' ions whose
spectra can be simulated using parameters expected for coordination to hard-oxygen ligands like
polyP (21) (22). Moreover, spectra of authentic Fe'' —polyP in acidic pH are nearly

indistinguishable from those of intact vacuoles. Fe'"' —oxyhydroxide nanoparticles form when Fe'"
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—polyP solutions are adjusted to high pH similar to those observed spectroscopically in some
batches of isolated vacuoles (21) (22).

Vacuoles are also involved in the trafficking, storage, and regulation of other metal ions
such as zinc, manganese, and copper (1) (6) (8) (10) (11) (36). Importers and exporters for zinc
and manganese are known. Copper enters vacuoles through an unknown mechanism but exits via
membrane-bound Ctr2 (37) (38). Copper is thought to be stored as Cu''ions in vacuoles, and then
reduced to Cu' by Fre6 prior to export (20) (38) (39).

Here, we have detected and partially characterized low-molecular-mass (LMM) iron, zinc,
manganese and copper complexes from isolated vacuoles using a liquid chromatography system
located in a refrigerated anaerobic glove box and interfaced with an online inductively coupled
plasma mass spectrometer. Using this LC-ICP-MS system, we provide new additional evidence
that most of these metal species in vacuoles are indeed present as metal-polyP complexes, with
particular chain lengths dominating. Under healthy conditions, most copper ions in vacuolar
extracts were present as high-molecular-mass (HMM) species (primarily or exclusively bound to
metallothionein, Cupl) whereas in cells lacking Cupl, significant amounts of copper ions were
coordinated to polyP chains. Implications of these results for cellular metal metabolism are

discussed.

Materials and Methods
Cell growth
Saccharomyces cerevisiae strains W303 wild type (MATa, ura3-1, ade2-1, trpl-1, his3-
11,15, leu2-3,112; ATCC), cuplA (MAT o, trpl-1, gal-l, metl3, canl, cuplS, ura3-50,

Ade—His—cuplA::ura3), and cox17A (Mat a, his341, leu2A0, met1540, ura340, cox17:: HphMX4)
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were used in this study. The background for cuplA cells was MAT «, trpll-1, gal-l, metl3, canl,
cupls, ura3-50, Ade—His— whereas that for cox17A cells was BY4741. WT cells were typically
grown in 500 mL of either complete synthetic medium (CSM) or minimal medium (MM). cuplA
and cox17A cells were grown in 1 L of CSM. The composition for MM included 2% (w/v) glucose,
0.5% (w/v) ammonium sulfate, 0.17% (w/v) modified YNB lacking copper and iron (MP Bio), 20
mg L uracil, 20 mg L ! histidine, 50 mg L™ tryptophan, 100 mg L ! adenine, and 100 mg L
leucine. CSM composition is similar to MM with the exceptions of using 6% (w/v) glucose and
replacing most of the specific amino acids with the Yeast Synthetic Drop-out Medium
Supplements (Y1376, Sigma-Aldrich). The growth medium was typically supplemented with 10
uM CuSOs and either 1 or 40 uM °°® Fe''citrate. Starting with a single colony on YPAD plates,
50 mL (for WT strain) or 100 mL (for cuplA and cox17A strains) of precultures were grown in
either CSM or MM at 30 °C for 24-48 hours. Cells were then inoculated into either 500 mL or 1
L of CSM or MM in a 2.8 L baffle flask and grown at 30 °C and 130 rpm. WT cells were harvested
either at mid-exponential phase (ODgoo = 0.8 £ 0.1 for MM) or early stationary phase (ODegoo = 3.0
+ 0.1 for MM and ODegoo = 8.5 = 0.1 for CSM). cup1A and cox17A cells were harvested at ODsoo
=5 and 8, respectively. Typical yields were 13 £+ 2 g of wet cell pellet. Additional conditions for

individual batches of isolated vacuoles are listed in Table 2.51.

Isolation of vacuoles

Vacuoles were isolated using the protocol of Li et al. (15) with some modifications for
large-scale batches. Harvested cells were washed (centrifuged at 4000 x g for 5 min, supernatant-
disposed, and pellet resuspended) 3 times with 5 mL of Buffer A (1 mM EDTA, 1.2 M sorbitol,

and 200 mM KP;, pH =7.4) per g wet-pellet, followed by 3 additional washes with DI water. Cells
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were suspended in 5 mL of Buffer B (5 mM TCEPS, 100 mM Tris, pH = 7.4) per g wet cell mass.
After 30 min incubation at 30 °C, cells were centrifuged and resuspended in 10 mL of Buffer C
(0.6 M sorbitol, 10 mM KPj, pH =7.4,) per g of wet cells. PMSF was added to a final concentration
of 8 mM. In addition, 3 mg of 200 KU-lyticase (Sigma Aldrich) per g wet cells were dissolved in
1 mL of Buffer C, and quantitatively transferred to the cell suspension. The initial OD600
(immediately after adding lyticase) was measured by mixing 10 pL of cell suspension with 990 puLL
of water. Once ODsoo Was 10-20% of the initial value, the suspension was centrifuged at 2200 x
g for 5 min. Spheroplasts were gently resuspended in 3.5 mL of pre-chilled 15% Ficoll in Buffer
D (200 mM sorbitol, 20 mM PIPES, pH = 6.8), and transferred to a prechilled 16 x 102 mm
polypropylene ultracentrifuge tube (Beckman Coulter). A suspension of diethylaminoethyl dextran
(DEAE-Dextran, Sigma-Aldrich) was prepared fresh in Buffer D (1-4 mg solid per mL of Buffer
D), and was added to the spheroplast suspension to a final concentration of 200 pg mL ™. The
suspension was incubated for 3 min on ice followed by 5 min at 30 °C. The resulting subcellular
fractionate was chilled on ice and overlaid first with 3 mL of 8% Ficoll, then 4 mL of 4% Ficoll,
and finally 0% Ficoll to fill the tube to within 5 mm of the top. All Ficoll solutions were prepared
in Buffer D and kept on ice. After centrifugation at 110000 x g for 90 min with Beckman Coulter
SW 32 Ti rotor in an Optima L-90K Ultracentrifuge, the vacuoles were collected at the 0—4%

Ficoll interphase with a plastic disposable pipet (trimmed at the orifice to ~3 mm OD).

Western blotting
Protein concentrations were quantified by Pierce™ BCA Protein Assay Kit (Thermo
Scientific™). Whole cells protein extract and vacuolar fractions were run on a NuPAGE™ 10%

Bis—Tris protein gel (Invitrogen™). Separated proteins were transferred to PVDF membranes
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using a Trans-Blot transfer cell (Bio-Rad). Membranes were blocked with 5% milk dissolved in
Tris-buffered saline with 0.1% Tween (TBST-milk) for 1 h at RT before incubating with primary
antibodies overnight at 4 °C. All primary antibodies were prepared in TBST-milk at the following
dilutions: 1:2000 of anti-CPY antibody for vacuole/late endosome marker (Life Technologies, A-
6428), 1:1000 of anti-ALP antibody for vacuole marker (Abcam, ID3A10), 1:2000 of anti-Kar2
antibody for endoplasmic reticulum marker (Santa Cruz Biotechnology, sc-33630), 1:2000 of
anti-PGK antibody for cytosol marker (Life Technologies, H0460) and 1:1000 of anti-porin
antibody for mitochondria marker (Thermo Fisher, 16G9E6BC4). Goat anti-rabbit IgG HRP-
conjugated secondary antibody was from Santa Cruz Biotechnology (clone sc-2004) and goat anti-
mouse IgG HRP-conjugated secondary antibody was from Invitrogen (clone G-21040). Both
secondary antibodies were used at 1:5000 dilution for 1 hour at RT. Clarity™ Western ECL
Substrate (Bio-Rad) was added, and images were obtained (FujiFilm LAS-4000 mini) witha 15 s

exposure using the precision mode of chemiluminescence setting.

Confocal microscopy

A 2-well Lab-Tek™ Chambered Borosilicate Coverglass (Fisher Scientific) was coated
with 20 mL of 0.1% (w/v) poly-L-lysine solution (Sigma Aldrich) for 30 min and dried in air
overnight. A stock solution of 10 mM green fluorescent Yeast Vacuole Membrane Marker MDY -
64 dye (Fisher Scientific) was prepared by dissolving 1 mg of solid in 260 uLL of DMSO. Aliquots
of 4 uL were frozen in liquid nitrogen, stored at —20 °C in the dark. Freshly isolated vacuoles (20—
50 pL) were gently mixed, affording a final dye concentration of 10 uM. The mixture was
incubated at RT for 5 min. Fluorescent stained vacuoles were then applied to the coated coverglass

and imaged with a Zeiss LSM 780 confocal microscope at TAMU Department of Veterinary
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Integrative Biosciences using an excitation wavelength of 451 nm and emission wavelength of 497

nm.

Preparation of Fe'''- polyphosphate

0.5 mg/mL of sodium polyphosphate (Acros Organics) was prepared in Buffer D and
passed through an Ultracel regenerated cellulose 10 kDa NMWL membrane (EMD Millipore)
using an Amicon® EMD Millipore Stirred Cell (Model 8003, 3 mL). To 10 mL of the resulting
flow-through solution (FTS) was added 270 mg of FeClz.6H20 (Sigma Aldrich). The resulting 100
mM FeCl3 stock solution was serially diluted using polyphosphate FTS to yield 5, 10, 25, and 50

uM of FeCls in 0.5 mg/mL polyphosphate.

Preparation of vacuolar FTS and LC-ICP-MS chromatography

2-2.5 mL of isolated vacuolar extract (in Buffer D, obtained from the 0-4% Ficoll
interface) were treated with 2% (v/v, final) Triton X-100 and passed through a 10 kDa cut-off
membrane (EMD Millipore) using the stirred cell described above. Almost 90% of the vacuolar
extract passed through the 10 kDa membrane in ca. 1 h. The FTS (150 or 500 pL) was loaded onto
a dipeptide size-exclusion (SEC) Superdex™ Peptide 10/300 GL column (GE Life Sciences)
connected to an Agilent 1260 Bioinert quaternary pump (G5611A). A flow rate of 0.35 mL/min
was used with the mobile phase of either 20 mM (NH4)HCO3, pH = 8.5 or 20 mM (NH4)OAc, pH
= 6.5. The SEC column was calibrated such that apparent molecular masses could be estimated
from eluent volumes of standards (Figure 2.S1). LC-ICP-MS parameters, column cleaning

procedure, and molecular mass calibration have been described (40).
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Vacuolar FTS treatment with acid phosphatase

1.5 mg of lyophilized acid phosphatase powder (P1146-50UN, Sigma-Aldrich) was
dissolved in 525 uL of DI water. Vacuolar FTSs from batches 13 and 14 were mixed with the
resulting acid phosphatase solution in a 1: 1 v/v ratio and incubated at 37 °C for 3 h. The resulting

solution was injected onto the LC using a mobile phase with pH 8.5.

Elemental analysis

Elemental concentrations were measured as described (40). Briefly, vacuolar extract and
vacuolar FTSs of 4 independent batches were separated into 50 pL quadruplicates using 15 mL
polypropylene screw-top vials. 400 puL of trace-metal-grade 70% w/v nitric acid (Fisher Scientific)
was added to each vial. Vials were sealed with caps and electrical tape, then incubated at 85 °C
for ca. 15 h. Each replicate was diluted with 7.55 mL of high-purity trace-metal-free double-
distilled-deionized water. Samples were analyzed using ICP-MS (Agilent 7700x) in He collision
mode. ICP standards were prepared from customized stock solutions (Inorganic Ventures), 5%
w/v final concentration of trace-metal-grade nitric acid, and double-distilled-deionized water to

generate calibration curves for each element.

Results
Twenty nine batches of vacuoles were isolated
After density-gradient ultracentrifugation, the organelle congregated at the 0-4% Ficoll
interphase (Figure 2.1, panel A, arrow). Western blots of soluble extracts of whole cells and

isolated vacuolar lysates from this interface revealed that the organelle was significantly purified
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(Figure 2.1, panel A) but also contaminated with endoplasmic reticulum (ER) and cytosol. No
contamination from mitochondria was evident.

We evaluated the integrity of isolated vacuole batches using confocal fluorescence
microscopy. Samples were treated with a fluorescent dye that localized to vacuolar membranes.
Images revealed intact membranes (Figure 2.1, panel B). Vacuoles were distributed in size, ranging
from 1-3 um in diameter. Unidentified contaminating small punctate structures were also evident.

Due to the limited quantities, we did not determine absolute metal ion concentrations in
isolated organelle batches. Rather, we determined the ratio of metal concentrations (nM) of
vacuolar extracts and FTSs to the overall protein concentration (mg/mL) of the vacuolar extract
([proteins]avyg = 0.5 = 0.1 mg/mL, n = 6). FTSs are the portion of soluble vacuolar extracts that
passed through a 10 kDa cut-off membrane and contained LMM species. The average
concentration-ratios of iron, zinc, copper and manganese in our FTSs and in soluble vacuolar
extracts (Figure 2.2) indicate that nearly all of the considered metal ions in vacuolar extracts are
present as LMM complexes.

Ratios of [metal]/[protein] for Fe and Mn in vacuolar suspensions were similar to previous
results (21), especially for iron. The current [copper]/[protein] ratio was similar to the previous
low-concentration group. The current [zinc]/[protein] ratio was 5-times lower than previous while
the [phosphorus]/[protein] ratio was 3-times higher. Absolute concentrations in isolated vacuoles
were previously determined to be: [Pvac] = 14 £ 9 mM; [Fevac] = 220 + 100 uM; [Znvac] = 160 £
120 uM; [Cuvac] = 30 = 30 uM (low group); [Mnyac] = 1.7 + 0.6 uM; [protein] = 6.3 mg/mL (21).
Some iron probably leached from vacuoles during isolation. Current P:Fe:Zn:Cu:Mn ratios

were 10:1:0.12:0.11:0.02; previous ratios were 64 :1:0.73:0.14:0.01.
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Iron-detected chromatograms of vacuolar FTS exhibit several LMM species

FTSs were passed down a size-exclusion chromatography column designed for optimal
resolution of small peptides. We initially used a mobile phase of ammonium bicarbonate at pH 8.5
but later used ammonium acetate at pH 6.5. All of the elemental chromatograms of vacuolar FTS
from WT cells are the average of individual traces that were categorized by the growth medium
(complete synthetic media CSM vs. minimal media MM), growth phase at harvest (exponential
vs. stationary phase), and the pH of the mobile phase. See Table 2.S1 for all conditions. Individual
chromatograms associated with Figure 2.S3, 2.S4, 2.S7-2.S10 are shown in Supplemental
Information.

Chromatography traces of FTSs from cells grown on MM and harvested in exponential and
stationary phases exhibited three major iron-containing peaks with estimated masses of 1400,
1100, and 700 Da (Figure 2.3, top 2 traces). We will refer to the species affording these peaks as
Fe1400, Fe1100, and Fezoo. Masses were estimated from calibrated migration rates of known metal
complexes and small metalloproteins under the same column conditions; we assume an uncertainty
in mass of +25%. Traces of FTSs from MM-grown cells harvested at stationary phase were more
reproducible than those harvested during exponential phase, but major peaks were routinely in the
same chromatographic region (700-1400 Da). More diverse peaks were observed using FTS from
vacuoles isolated from cells grown on CSM and harvested during stationary phase (Figure 2.3,
middle 2 traces). The particular peaks observed depended on the pH of the mobile phase. At pH
8.5, major peaks were at 1700, 1400, 800, and 500 Da; at pH 6.5, they shifted to higher masses
(2200, 1700, and 1200). Peaks of greater masses were evident in some traces. In summary, virtually
all of the iron present in vacuolar extracts was present in LMM forms. These included ca. 8 LMM

iron species, with apparent masses ranging from 2200-500 Da. There was some batch-to-batch
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Figure 2.1: Purity and integrity of isolated vacuoles (reprinted from reference 41).
A, centrifugation tube after density gradient step of the isolation procedure. The white band at the 0%:4%
Ficoll interface (arrow) was collected and called the isolated vacuole fraction. A Western blot of whole
cells and the corresponding isolated vacuolar fraction is shown; 8 pg proteins were loaded into each lane
(n=2) (41).
B, Confocal microscopic image of isolated vacuolar fraction (n = 2) (41).
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variability, and species with higher masses were stabilized when the mobile phase of the
chromatography column was slightly acidic.
Two batches were supplemented with 1 rather than 40 uM Fe in CSM. The speciation of

iron in these batches was similar to that in batches grown with 40 uM iron; however, the intensities
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Figure 2.2: Histogram of elemental concentrations in vacuolar extracts and FTSs (n = 4) (reprinted
from reference 41).
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Figure 2.3: Averaged iron-detected chromatograms of FTS from isolated vacuoles (reprinted from
reference 41). MM-exp, average of traces obtained from MM-grown cells harvested under exponential
conditions; MM-sta, average of traces obtained from MM-grown cells harvested under stationary
conditions; CSM-8.5, averages of traces from CSM-grown cells using pH 8.5 mobile phase. CSM-8.5 low,
same but for cells grown on 1 (rather than 40) uM Fe'" citrate; CSM-6.5 and CSM-6.5 low, same but using
pH 6.5 mobile phase (41).
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of the peaks were lower (Figure 2.3, bottom 2 traces). This was almost certainly due to the lack of
iron in vacuoles under nutrient iron-limited conditions. The intensity and position of zinc,
manganese, and copper peaks from the same batches were similar to the corresponding peaks in

iron-replete batches (see below), and they served as internal standards.

Phosphorus-detected chromatograms of FTS include phosphate and polyphosphate species

Vacuolar FTSs obtained from cells grown on CSM and harvested during stationary phase
exhibited numerous phosphorus-detected chromatography peaks (Figure 2.4). The dominant peak
migrated in accordance with an apparent mass of 500 Da. This peak represented 90-95% of the
overall phosphorus-based intensity in these chromatograms. Sodium phosphate eluted at the same
elution volume (Figure 2.S3, Supplemental Information). This was initially disconcerting since the
mass of the HoPOs— ion is 97 Da, substantially lower than 500 Da. However, small highly charged
ions migrate through standard Sephadex-based gel columns at rates that deviate from those
expected, due to interactions between the mobile ions and the fixed charges within the column
medium and/or due to the effects of different hydrodynamic volumes (41). Based on these
considerations, we tentatively assigned the 500 Da peak to a mixture of phosphate ions and short
(n = 6-8) polyP chains.

Our primary interest was in the lower-intensity higher-mass phosphorus-based peaks. An
expanded view of chromatograms of vacuolar FTS was obtained from cells grown on MM and
using the LC column equilibrated at pH 8.5. This view revealed peaks at 1400, 1100, and 700 Da
(Figure 2.4). For cells grown on CSM, the equivalent chromatograms were similar but the main
peak was shifted to 500 Da. Minor peaks at 2200 and 1700 Da are also evident. Using a mobile

phase of pH 6.5, the peak at 1100 Da dominated the polyP region (Figure 2.4, trace CSM-6.5).
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We tentatively assigned all of these peaks to polyP chains. In many batches, unresolved
low-intensity phosphorus-based absorption was also evident between 9000-1700 Da (Figure 2.S6,
Supplemental Information). This absorption, which is only evident by magnifying the plots and
excluding the Psoor700 peaks, suggests that there is a low intensity broad statistical distribution of
polyP chain lengths underlying higher-intensity peaks corresponding to particular polyP lengths.

We considered that some polyP chains hydrolyzed during isolation; this would explain the
dominance of the 500 Da peak (as Pi). However, two batches isolated in the presence of
phosphatase inhibitors cocktail did not yield significant changes in the intensities or elution
volumes of our phosphorus-based chromatograms (Figure 2.S7, Supplemental Information),

suggesting that degradation during isolation was not a major problem.

Evidence for iron:polyP complexes in vacuoles

Iron and phosphorus peaks comigrated in most batches. For example, using pH 8.5 mobile
phase, iron and phosphorus peaks at 1700, 1400, 1100, and 500 Da comigrated. At pH 6.5, these
same elements approximately comigrated at ca. 1200 Da. There were also unresolved minor
phosphorus peaks in the region between 2200-1200 Da that comigrated with iron peaks. Iron and
phosphorus peaks did not always comigrate, probably because the concentration of phosphorus
was so much higher than the metal; thus the majority of observed polyP chains lacked iron and
these would not comigrate.

Based on these results, we hypothesized that the comigrating peaks arose from Fe'"'-polyP
coordination complexes with masses between 1700-500 Da. One caveat was that with a mobile
phase at pH 6.5, iron did not comigrate with the P; peak at 500 Da.

The possibility that we were observing Fe'"-polyP complexes prompted us to prepare
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Figure 2.4: Averaged phosphorus-detected chromatograms of FTS from isolated vacuoles (reprinted
from reference 41). Trace labels are as in Figure 2.3 (41).
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synthetic Fe''-polyP complexes and examine their LC properties. Commercially purchased
sodium polyP was incubated with FeClz and passed through the 10 kDa cut-off membrane using
the same procedure used to prepare vacuolar FTSs. Synthetic FTS was chromatographed as above,
affording the traces shown in Figure 2.5 which included iron peaks with approximate masses of
1400, 1200, and 900 Da. Phosphorus-based traces also showed peaks in this region, albeit not
always perfectly comigrating. The experiment was performed three times with similar results
within the displayed region. When FeCls was injected onto the column in the absence of polyP,
only an iron-detected peak corresponding to a mass of 24 000 Da was observed (Figure 2.5 inset).
This peak was probably due to nanoparticle aggregates. Some of the added iron probably adsorbed
onto the column and was not detected. A control sample of polyP alone also did not exhibit any
Fe-detected peaks in the LMM region (Figure 2.5). However, LC traces from polyP samples that
had been incubated with FeCls at increasing concentrations exhibited increasingly intense iron
peaks between 1400-900 Da (Figure 2.5). No peaks at or near 24 000 Da were present. Two other
experiments showed similar results (data not shown). We tentatively conclude that the iron and
phosphorus peaks observed here arose from particularly stable Fe''-polyP complexes with
apparent masses of 1400, 1200, and 900 Da. This supports our hypothesis that the comigrating Fe
and P peaks observed in the same region of the chromatograms of the FTSs of vacuolar extracts
arose from Fe'''-polyP complexes of similar composition.

FTSs of vacuolar extracts arose from Fe''-polyP complexes of similar composition.
Complexes of particular masses were most evident in contrast to a broad binomial distribution of
Fe''-polyP complexes. The observed complexes must be either particularly stable or
biosynthesized at higher levels.

If these peaks from vacuolar FTS arose from iron:polyP complexes, we reasoned that
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but at an earlier elution volume. The pH of the mobile phase was 8.5 (41).
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treating vacuolar FTS with acid phosphatase ought to disrupt the complexes. The control trace for
such an experiment (prior to treatment) exhibited iron peaks at 1400, 700, and 500 Da and
phosphorus peaks at 1400 and 500 Da (Figure 2.6, Fe-pre and P-pre). Minor unresolved broad
phosphorus-based peaks in the HMM region (ca. 5500 Da) were also observed. After treatment
with acid phosphatase, the LMM iron peaks disappeared as iron peaks in the HMM void-volume
region increased (Figure 2.6, Fe-post). After treatment, the resulting phosphorus-detected trace
exhibited an intense peak at 500 Da, stronger than in the control, and the peaks at 5500 Da and
1400 Da were gone (Figure 2.6, P-post). We conclude that the FTS of vacuoles contain iron:polyP
complexes with masses between 1400-500 Da, and that iron ions were released when the polyP
chains were hydrolyzed by the phosphatase, generating Pi that contributed at 500 Da. The released

iron aggregated to exhibit the void peak in the Fe-post trace.

Vacuoles also contains LMM zinc and manganese complexes

Zinc-detected chromatograms of vacuolar FTSs exhibited peaks at apparent masses
between 1500-1200 Da (Figure 2.7). Znigo and Znisgo dominated when the mobile phase was pH
8.5 whereas Zn1200 dominated at pH 6.5. Zinc peaks were generally more intense from batches that
had been supplemented with zinc acetate in the growth medium (Figure 2.S4, Supplemental
Information). These peaks were also affected by phosphatase treatment (Figure 2.6, Zn-pre vs. Zn-
post) indicating that they also arose from zinc:polyP complexes. Most zinc ions eluted at the void
volume after treatment, again suggesting aggregation. Curiously one peak (Zni400) remained after
phosphatase treatment suggesting a different coordinating ligand. Zinc ions in vacuoles have been
suggested to bind to glutamate and citrate (42).

The corresponding manganese-detected traces showed more variability than other metals
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Figure 2.6: Effect of acid phosphatase on vacuolar FTS traces of batch 13 (reprinted from reference
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in terms of masses and intensities (Figure 2.8). Most traces exhibited peaks between 1700-1300
Da but some exhibited peaks with masses between 9600-4700 Da. Using a mobile phase pH of
8.5, LMM species dominated (especially Mnzaoo for cells grown in MM, and Mnz13oo and Mnzsoo
for cells grown on CSM). Using a mobile phase of pH 6.5, HMM species between 9600-4700 Da
were evident. Broad low-intensity manganese and phosphorus absorption above 3000 Da were
also evident (Figure 2.S6, Supplemental Information). Assuming that this absorption reflects polyP
chains of all possible lengths, manganese appears to bind randomly to this distribution (more so
than other elements). Supplementing the growth medium with MnCl> had no noticeable effect on
the intensities of the LMM Mn species. Mn peaks were also sensitive to phosphatase treatment
(Figure 2.6) suggesting that they (including the HMM species) arose from manganese:polyP

complexes.

Vacuolar FTS contains both HMM and LMM copper species

Copper-detected traces of FTS exhibited both high- and low-molecular mass features, with
relative intensities affected by the growth medium. Chromatograms of vacuolar FTS from cells
grown on MM (Figure 2.9) contained a high-mass peak at ca. 7800 Da as well as a LMM peak at
1400 Da. Cui00 Was absent in the CSM-based traces. Traces from cells grown on CSM were
dominated by peaks with masses between 7800—4800 Da. Low-mass peaks between 1400-600 Da
were generally present but of minor intensity relative to the higher-mass peaks. Using a mobile
phase pH of 6.5, copper-detected traces of vacuolar FTS were dominated by two HMM copper
species at 6400 and 4800 Da (Figure 2.9), whereas at pH 8.5, the major species was at 7800 Da.
Cug7soo remained in vacuolar FTSs treated with acid phosphatase (Figure 2.6, bottom panel), Cuzsoo

remained in vacuolar FTSs treated with acid phosphatase (Figure 2.6, bottom panel), suggesting
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that this species is not polyP-based.

We considered that one or both of the HMM copper species with masses of 7800-4800 Da
was either Cupl or Cox17. Cupl is a ~6600 Da cytosolic copper-storage metallothionein protein
(43). Cox17 is a ~7900 Da mitochondrial copper-binding protein that traffics copper to
cytochrome c oxidase (44). To examine these possibilities, we isolated vacuoles from cuplA and
cox17A cells that had been grown on CSM and harvested during stationary phase. CUplA cells
grew slower than normal and reached an ODsoo of only ~5 (WT cells typically reach an ODeoo of
7-8). The resulting chromatogram of the FTS from cox17A cells in one batch was devoid of
Cu7800 (Figure 2.10, panel A). The equivalent chromatogram from another batch contained a peak
at ca. 7800 Da but the intensity was less relative to vacuoles from WT cells. The results using
vacuolar FTS from cupl1A cells were more definitive, in that the HMM copper species observed in
WT batches was absent in each of the four batches examined (Figure 2.10, panel B). We conclude
that the high- mass Cu peak is composed of Cupl. The deletion of Cox17 may exhibit pleiotropic
effects that involve high-mass Cu peaks.

Relative to typical WT copper-based chromatograms, the FTS from cuplA and cox17A
vacuoles contained more intense copper features in what we call the “true” LMM region (2000—
500 Da) where proteins are unlikely to be coordinating ligands. The copper ions in this region
appear to be coordinated to polyP chains as evidenced by comigrating phosphate-based species of

similar masses (1700 and 1500 Da, see Figure 2.10 green lines).

Discussion
The vacuoles play major roles in the trafficking and homeostasis of metal ions in fungi and

plants. This includes the dynamic storage and recycling of essential metal ions as well as the
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sequestration of what would otherwise be toxic metal ions. Despite these important roles, few
mechanistic details are known regarding these processes. One reason is that vacuoles are difficult
to purify, especially in the large quantities required for the biophysical, bioinorganic, and
bioanalytical analyses that could tease-apart many of these details. In this study, we report a robust
large-scale isolation method along with the first chromatographic characterization of the metal
ions bound to polyphosphate in these organelles.

We first isolated vacuoles from cells grown exponentially on minimal media, but found
that yields and reproducibility were better using cells grown on complete synthetic media and
harvested in early stationary phase. Perhaps this is because vacuoles complete their biogenesis and
morph into a single large structure during early stationary phase (45). Even under these optimized
conditions, we were unable to purify vacuoles completely; Western blot and confocal microscopic
analyses showed some contamination of ER and cytosol — but not mitochondria. Thus, our batches
should be viewed as highly enriched in vacuoles but with minor cytosol and ER contamination.
The contamination was not a severe problem for our iron-related studies because most cellular iron
is either in vacuoles or mitochondria; the iron concentrations in ER and cytosol are lower. ER and
vacuoles are involved in the receptor-mediated sorting pathway of soluble vacuolar hydrolases
(46).As a result, it may not be possible to completely separate these two organelles. Due to these
concerns and the lability of low-molecular-mass metal complexes, we decided to isolate a large
number of batches and search for reproducible patterns. Rather than selecting one “representative”
chromatogram for presentation, we present many traces and their averages to allow readers to
assess for themselves the degree of reproducibility obtained. We regard this as laying the
foundation for establishing the metal-related biochemistry associated with these delicate and

intransigent organelles.
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Our LC results provide the strongest evidence to date that most of the iron, zinc, and
manganese ions (and some copper ions) in vacuoles are coordinated to polyP chains. Previous
investigators used thermodynamic arguments based on the known strong coordination of these
metal ions to polyP anionic chains in conjunction with the presence of high concentrations of iron
and polyP in vacuoles to speculate that vacuoles contain such complexes. Previous studies from
our lab focused on the spectroscopic properties of the iron in vacuoles which suggested the
presence of Fe'"-polyP complexes. The behavior of vacuolar iron with variations of pH were also
similar to those of authentic Fe'"'-polyP complexes. The current study is the first to examine the
metal and phosphorus content of isolated vacuoles using liquid chromatography.

Our results indicate that all of the four investigated metals in vacuoles are present in low-
molecular-mass forms within vacuoles that migrate according to masses ranging from 10 000—500

Da (see following scheme 2.1).

Fe Fe Fe Fe Fe Fe Fe Fe

P P P P

7n Zn
Mn Mn Mn
Cu Cu Cu Cu
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Approximate Molecular Mass (Da)

Scheme 2.1: Mass range of transition metals LMM complexes in vacuoles (reprinted from
reference 41).
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Many (but not all) of the observed LC peaks comigrated with phosphorus, supporting the
presence of metal:polyphosphate complexes in these organelles. Treatment with polyphosphatase
disrupted these complexes, supporting this assignment. There were numerous instances in which
the metals comigrated with each other, suggesting that multiple metals either bind to the same
chain or to different chains of about the same length.

The length distribution of polyP chains in our samples was not primarily binomial. Rather,
chains of 6-20 units long dominated, suggesting that these lengths were either especially stable or
produced at especially high rates. We cannot explain these preferences but they must reflect the
steady-state distribution resulting from opposing polyP synthesis and degradation processes.
Metals may also preferentially bind to and/or stabilize chains of particular lengths e.g. due to
chelation effects.

We calculated the molar ratio of phosphorus to iron, zinc, manganese and copper in the
vacuolar FTS, and determined the percentage of each due to particular peaks in representative
chromatograms. In most traces, the dominating Psoo700 peak represented 90-95% of the
phosphorus in the sample. The LMM Fe species represented 80% of the iron in the sample. Thus,
the P/Fe ratio for the LMM peaks should be roughly 10: 1. This implies that one iron ion is
coordinated, on average, to an n = 10 polyP chain. For a given polyP chain, one or two metal ions
should be bound on average. The drawing in Figure 2.11 represents a hypothetical metal-bound
polyP chain.

Gerasimaite et al. reported that polyP was degraded during vacuolar isolation (31) and we
considered that a similar phenomenon occurred here — i.e. a significant portion of the polyP may

have hydrolyzed during our vacuolar isolation. However, our experiments in which phosphatase
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Figure 2.11: Hypothetical structure of a n = 12 metal:polyphosphate complex with a mass of ca. 1400
Da (reprinted from reference 41). Metals are presumed to bind as chelates to a floppy chain. It is statistically
unlikely that all four metal ions coordinate, as drawn, to a single chain of this length. No particular
stereochemistry is implied. 2D and 3D structures were generated using MarvinSketch
(https://chemaxon.com/products/marvin) and Avogadro (https://avogadro.cc/), respectively (41).
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inhibitors were included during vacuolar isolation did not support this. Also, the masses of LMM
metal:polyP species observed suggests polyP chain lengths in the same range as has been observed
in previous studies. Trilisenko et al. reported an average polyP chain length (at pH 8.2) in isolated
vacuoles of 5 = 2 (47). They also found that 96% of phosphorus in isolated vacuoles was PolyP,
with the remaining 4% present as Pi. The dominant phosphorus-detected peaks with approximate
masses of 500—700 Da that we observe may arise from a mixture of short (n = 6-8) polyP chains
and P;j.

Most copper ions in isolated vacuoles were present as 1-2 species with masses of 7800—
4800 Da. These Cu peaks did not disappear after phosphatase treatment suggesting that they were
not due to polyP complexes; we suspect that they are protein-bound and include Cupl. The
situation may be different for the HMM manganese species, which migrated at the void volume
after treatment with polyphosphatase. This suggests that high-mass manganese polyP complexes
can form.

Whether the detected Cupl copper protein was present within vacuoles or in the cytosol
contaminants of our batches is unknown. We favor the former possibility because the HMM copper
species in our chromatograms were intense and present in nearly all batches; this is not the typical
behavior of contaminants in which wide variations in peak intensities would be expected.

Few copper ions in vacuolar FTSs from WT cells grown on CSM medium were present as
nonproteinaceous LMM species. However, the proportion of LMM copper increased significantly
in samples from cuplA and cox17A cells; this proportion also was higher in WT cells grown on
minimal medium. We hypothesize that dysregulation of copper homeostasis caused by the absence
of Cupl and Cox17 (or by growth of WT cells on minimal media) resulted in higher concentrations

of aqueous copper ions, which were ultimately trafficked into vacuoles and bound to polyP for
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sequestration and detoxification. Gray and Jakob have suggested that the coordination of copper
ions to polyP suppresses the tendency of copper to participate in Fenton-type reactions (48). We
hypothesize that the proportion of copper present as LMM nonproteinaceous species is either
related to the degree of copper dysregulation or to a lack of copper chaperones or storage proteins.

Our major foci for this study were iron and copper speciation in vacuoles, but we also
probed zinc and manganese. Under most conditions of this study, isolated vacuoles contained 8
times more iron than zinc and 50 times more iron than manganese. Although some batch-to-batch
variations were observed, it is clear that most of the zinc and manganese ions coordinate to polyP
chains. The majority of vacuolar LMM complexes of zinc and manganese were found to bind to
polyP between 1400-1300 Da. One or more of these LMM zinc species may be used to metallate
Pho8 alkaline phosphatase. Qiao et al. showed that metallating alkaline phosphatase Pho8
depended on vacuolar zinc importers Zrcl and Cotl implying that vacuolar zinc is installed in apo-
Pho8 (49).

With this foundation laid, further advances in understanding the important role of these
organelles in the cellular biology of metals should be forthcoming. We are interested in probing
the redox properties of iron in vacuoles and exploring the trafficking of vacuolar iron to and from
other cellular compartments including cytosol and mitochondria. The effect of nutrient phosphorus
levels and the vacuolar polyphosphatases on the metal and polyP content of vacuoles might also
be revealing. We attempted to isolate vacuoles under low Pi medium to investigate the effect on
the storage capabilities of transition metals. Unfortunately, our yields were insufficient for LC
analysis. It may be useful to study vacuoles isolated from genetic strains in which vacuolar polyP

levels are altered or in which another metallothionein (CRS5) is deleted.
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Supplemental Information

Batch | Strain Medium | Harvest Non-default [M]
01 WT MM Stationary
02 WT MM Stationary
03 WT MM Stationary
04 WT MM Stationary
05 WT MM Exponential
06 WT MM Exponential
07 WT MM Exponential
08 WT MM Exponential
09 WT MM Exponential
10 WT CSM Stationary 40 uM Cu; 200 UM Zn; 40 uM Mn
11 WT CSM Stationary 40 uM Cu; 200 UM Zn; 40 uM Mn
12 WT CSM Stationary 20 uM Cu; 100 uM Zn; 20 uM Mn
13 WT CSM Stationary
14 WT CSM Stationary
15 WT CSM Stationary
16 WT CSM Stationary
17 WT CsSM Stationary
18 WT CSM Stationary
19 WT CsSM Stationary 1uM Fe
20 WT CsSM Stationary 1uM Fe
21 WT CSM Stationary 20 uM Cu; 100 puM Zn; 20 pM Mn
22 coxl7A | CSM Stationary 20 uM Cu; 100 uM Zn; 20 uM Mn
23 coxl7A | CSM Stationary 20 uM Cu; 100 uM Zn; 20 uM Mn
24 cuplA CSM Stationary
25 cuplA CSM Stationary
26 cuplA CSM Stationary
27 cuplA CSM Stationary
28 WT CSM Stationary
29 WT CsSM Stationary
Table 2.S1: Batches of Saccharomyces cerevisiae vacuoles isolation used in this study

(reprinted from reference 41). Final supplemented metal concentrations are given in pM. Default
supplemented Fe, Cu, Zn, and Mn concentrations were 40, 10, 0, and 0 UM, respectively (41).
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Figure 2.S1: Calibration curve of size exclusion column (reprinted from reference 41).
Best-fit line was Log (Molecular Mass, Da) =-1.0529x(V./V,) + 5.4287 where V. and V, are elution volume
and void volume, respectively. The void volume was determined to be 14.94 mL using Blue Dextran (Fisher
Scientific). The correlation coefficient R? was 0.9607. The molecular masses of standards used for
calibration curve were from a previous study (66): cytochrome ¢ Saccharomyces cerevisiae (12,384 Da),
insulin (5,777 Da), cyanocobalamin (1,355 Da), ADP (427 Da), and AMP (327 Da) (41).
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Figure 2.52: Iron-detected chromatograms of vacuolar FTSs (reprinted from reference 41).
A, Vacuolar FTSs from cells grown in minimal media containing 40 uM Fe'" citrate and harvested during
stationary (B1 — B4) and exponential (B5 — B9) phases. The mobile phase pH was 8.5. Some trace intensities
were multiplied by the indicated factor. Numbers above vertical dashed lines indicate approximate mass in
Da for species at that elution volume (41).
B, Vacuole FTSs from cells grown in synthetic complete medium supplemented with 40 uM Fe'" citrate
and harvested in stationary phase (B10 — B20). Vacuolar FTS of B19 and B20 were prepared in the same
way but the media was supplemented with 1 uM Fe'" citrate. The mobile phase pH was 8.5 (41).
C, Vacuole FTSs prepared as in B with 40 (B10 — B18) or 1 (B19 — B20) uM Fe'" citrate. The mobile phase
pH was 6.5 (41).

89



6x10"~ NU(E' ':000 700 A 12x10’ i 7‘.’0 B 14x10" = 1700 500 C
o, il 2 700 1] P | 2200:; IE‘|
(7] 3 0 : ] i H
g —~—— e A H 200 I5\
.(-:' i~ 81 [ H \' [H .
§ 5+ 04{x01 st 810 /“r.____i_ AN S §\ B0
! ; oWy 3 |
S 3 i\ e -F :
x02 AV S 1 01 | ig : X
& 82 i A 104 i i ’;
S 4 - 5';0,3 AA i\ 812 A,;,“.L' ) ll HI
B b e g 3 A\ :
2 i £\ . | 32\ 812
X; 8 01 £ O 3 81 T e P <
o : Vi
3~ 3 S J o3
- 1 - B4 AL 3 ]
o — —- WiV i 3 |
o ] g oy \_.:/!I \
3 - _ oL B1E — s\ U 1\ B21
@ \ . :
2 2 x3 B “- ] BiE N P :
a x3 , - : Giio
P il ; - | 7\
3 oe TR N | B A |
3 £ i e —t A : \____B1}
2 L I 87 29508 i 1S 2+ P i -
@ B R S - B9
Q S 4 S B9 T ¢ H
& ol 1N 89 A 3 M = I— s S SR 820
N v ) e R S B = v T T T T 1
25 30 35 40 45 25 30 s 0 45 25 30 35 40 45

Elution Volume (mL)

Figure 2.S3: Phosphorus-detected chromatograms of FTS from isolated vacuoles (reprinted from
reference 41).

A, Vacuolar FTSs from cells grown in minimal media containing 40 uM Fe'" citrate and harvested during
stationary (B1 — B4) and exponential (B5 — B9) phases. The mobile phase pH was 8.5. Some trace intensities
were multiplied by the indicated factor. Numbers above vertical dashed lines indicate approximate mass in
Da for species at that elution volume (41).

B, Vacuole FTSs from cells grown in synthetic complete medium supplemented with 40 uM Fe'" citrate
and harvested in stationary phase (B10 — B20). Vacuolar FTS of B19 and B20 were prepared in the same
way but the media was supplemented with 1 uM Fe'" citrate. The mobile phase pH was 8.5 (41).

C, Vacuole FTSs prepared as in B with 40 (B10 — B18) or 1 (B19 — B20) uM Fe'" citrate. The mobile phase
pH was 6.5 (41).
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Figure 2.54: Zinc-detected chromatograms of FTSs from isolated vacuoles (reprinted from reference
41).

A, Vacuolar FTSs from cells grown in minimal media containing 40 uM Fe'"" citrate and harvested during
stationary (B1 — B4) and exponential (B5 — B9) phases. The mobile phase pH was 8.5. Some trace intensities
were multiplied by the indicated factor. Numbers above vertical dashed lines indicate approximate mass in
Da for species at that elution volume (41).

B, Vacuole FTSs from cells grown in synthetic complete medium supplemented with 40 uM Fe'" citrate
and harvested in stationary phase (B10 — B20). Vacuolar FTS of B19 and B20 were prepared in the same
way but the media was supplemented with 1 uM Fe'" citrate. The mobile phase pH was 8.5 (41).

C, Vacuole FTSs prepared as in B with 40 (B10 — B18) or 1 (B19 — B20) uM Fe'" citrate. The mobile phase
pH was 6.5 (41).
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Figure 2.S5: Manganese-detected chromatograms of FTSs from isolated vacuoles (reprinted from
reference 41).

A, Vacuolar FTSs from cells grown in minimal media containing 40 uM Fe'"" citrate and harvested during
stationary (B1 — B4) and exponential (B5 — B9) phases. The mobile phase pH was 8.5. Some trace intensities
were multiplied by the indicated factor. Numbers above vertical dashed lines indicate approximate mass in
Da for species at that elution volume (41).

B, Vacuole FTSs from cells grown in synthetic complete medium supplemented with 40 uM Fe'" citrate
and harvested in stationary phase (B10 — B20). Vacuolar FTS of B19 and B20 were prepared in the same
way but the media was supplemented with 1 uM Fe'" citrate. The mobile phase pH was 8.5 (41).

C, Vacuole FTSs prepared as in B with 40 (B10 — B18) or 1 (B19 — B20) uM Fe'" citrate. The mobile phase
pH was 6.5 (41).
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Figure 2.S6: Overlaying of Mn and P for batch 13, 16, 17, and 18 at pH 8.5 mobile phase (reprinted
from reference 41).
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Figure 2.S7: Phosphorus-detected chromatograms of FTS from isolated vacuoles from WT strain in
the presence of phosphatase inhibitors cocktail (reprinted from reference 41).

10 mM stock of phosphatase inhibitors cocktail (abcam, ab201113) containing imidazole, sodium fluoride,
sodium molybdate, sodium orthovanadate, and sodium tartrate dihydrate was added to all buffers of
vacuoles isolation procedure at a final concentration of 1 mM starting from the spheroplasting step and
during the collection of vacuolar FTSs (n = 2) (41).

94



810 1803 1400 10’ 00 10 0 1haro' g
\/\’_ - #9500 1200 4300
= —ly) / B “ 4 B EE + » / \’L B0
3 A i A:
AP e W - 18
4= 3 A= e 2
8 — A__.—, 63 i ! . B
~— i 1 7:!7\ \
3 — /
2 2\—-—— _A_ nt \ | \ \\_ -4
s ] —_— 1203 I 7\ S il v e
& A i
& el HL B5 ¥ 43 i fﬁl
o ‘ P
= !
=) 4 -/\_—_L_/\__Li i A A J
& f B B it S [x03 ,/ 813
& N Y Bz i '
= l’L 24u 08, ' - 13 ! iy Nx
§ | ) s
od. =/ N J\-'—-—'_ g | I S S S s

2 5 R n 40 an 20 n » 3B 40 a 0 N ¥ % 0 L=

Elution Volume (mL)

Figure 2.58: Copper-detected chromatograms of FTS from isolated vacuoles of WT strain (reprinted
from reference 41).

A, Vacuolar FTSs from cells grown in minimal media containing 40 uM Fe'"" citrate and harvested during
stationary (B1 —B4) and exponential (B5 — B9) phases. The mobile phase pH was 8.5. Some trace intensities
were multiplied by the indicated factor. Numbers above vertical dashed lines indicate approximate mass in
Da for species at that elution volume (41).

B, Vacuole FTSs from cells grown in synthetic complete medium supplemented with 40 uM Fe'" citrate
and harvested in stationary phase (B10 — B20). Vacuolar FTS of B19 and B20 were prepared in the same
way but the media was supplemented with 1 uM Fe'" citrate. The mobile phase pH was 8.5 (41).

C, Vacuole FTSs prepared as in B with 40 (B10 — B18) or 1 (B19 — B20) uM Fe'" citrate. The mobile phase
pH was 6.5 (41).
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Figure 2.S9: Copper- and phosphorus detected chromatograms of FTS from isolated vacuoles from
cox17A and cuplA cells (reprinted from reference 41).

Panel A is cox17A and Panel B is cuplA. See Table S1 for other details. Vacuolar FTSs of B22 - B27 were
analyzed with the mobile phase of pH 8.5
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CHAPTER Il
DETECTION OF LOW-MOLECULAR-MASS METAL COMPLEXES IN THE CYTOSOL

OF SACCHAROMYCES CEREVISIAE

My contribution to this project was isolating cytosol from yeast cells of different genetic
knockout strains. | prepared FTSs, obtained all LC-ICP-MS chromatograms and conducted
elemental analysis of the isolated cytosolic fractions and their FTSs. | also designed the
experiments, prepared figures and analyzed data.

Our lab was grateful to obtain the following yeast genetic strains: vma2A and mrs3A mrs4A
strains from Dr. Andrew Dancis (University of Pennsylvania), ccclA strain from Dr. Diane Ward
(University of Utah), cuplA and CUP1R strains from Dr. Dennis Thiele (Duke University), cox17A strain
from Dr. Vishal Gohil (Texas A&M University) and fet3A strain from Dr. Danish Khan (Stanford

University).

Summary

Cytosol has been speculated to contain a pool of labile low-molecular-mass (LMM) metal
complexes, which may involve in trafficking, signaling and other critical intracellular metabolic
processes. Thirty eight batches of cytosol were isolated from Saccharomyces cerevisiae. Their
Flow-through solutions (FTS) were collected by passage through a 10 kDa cut-off membrane and
detection using an anaerobic liquid chromatography system coupled with an online ICP-MS. Iron
chromatograms of cytosolic FTSs from wild type cells exhibits 4 major species with apparent
masses between 700 — 1300 Da. Increasing the iron concentration in the growth media by 40 times

only caused a 2-fold increase in the concentration of iron LMM complexes in the cytosol.
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Interestingly, increased copper supplementation increased the concentration of LMM cytosolic
copper complexes with masses between 300 — 1300 Da. A similar pool of copper complexes was
also observed in cytosolic FTSs of genetic knockout strains which involved in copper
dysregulation. Zinc and manganese LMM complexes were present in the cytosol at lower
concentrations than iron. High zinc supplementation in the media upregulated the metallothionein
Crs5, but not any LMM zinc complexes. Phosphorus-detected chromatograms were dominated by
peaks at 700 — 800 Da, with minor peaks at 900 — 1500 Da. Sulfur chromatograms only contained
one major species at 1000 Da. Phosphorus and sulfur peaks comigrated with iron, copper, zinc and
manganese peaks at 700 — 1300 Da. Treatment with 2, 2’-bipyridine chelated perturbed the
migration of all LMM cytosolic metal-containing species thus demonstrating the lability of these

metal pools.

Introduction

The concept of a labile iron pool (LIP) in cells was introduced by Jacobs in 1977 and
expanded by Williams a few years later (1) (2). They proposed, based on the available evidence,
that cells contain nonproteinaceous, kinetically labile, low-molecular-mass (LMM) Fe'' complexes
that are involved in iron trafficking, storage, and/or regulation. They predicted that these
complexes, erroneously called “free” metals, are toxic and generate reactive oxygen species (ROS)
such as hydroxyl radicals via Fenton chemistry. They and others argued that these labile LMM
metal complexes should be present at low concentrations so as to minimize any potential damage
to the cell (3).

These early researchers also emphasized the difficulty of distinguishing physiologically

relevant complexes from artifacts generated during cell lysis and sample preparation. This
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difficulty stems from the well-known lability (i.e. rapid ligand exchange rates) of the complexes.
Isolating and characterizing dynamically changing species has been, and continues to be, a major
unsolved challenge. Indeed, the LIP has been compared to the Loch Ness monster, “only to
disappear from view before its presence or indeed its nature can be confirmed” (4). Thirty-five
years later, a recent review concludes that “the molecular nature of the labile iron
pool...(remains)...one of the least well understood aspects of iron cell biology" (5).

Cabantchik and coworkers developed a powerful strategy to investigate the beast; they
loaded intact cells with the membrane-permeable fluorescent chelator probe calcein, a derivative
of fluorescein whose fluorescence quenched upon iron binding (6). Cells were subsequently
incubated with a stronger chelator (e.g. 2,2’-bipyridine, phenanthroline, or salicylaldehyde-
isonicotinoyl-hydrazone SIH) which caused dequenching of the probe as iron dissociated and
bound to the stronger chelator. The extent of fluorescence-recovery allowed the concentration of
the LIP to be calculated. This strategy has become a popular and powerful method to quantify the
LIP (3). Cabantchik reported an LIP concentration in the cytosol of K562 human cells (called
cLIP) between 0.2 — 0.5 uM (7). Petrat and coworkers first reported a cytosolic LIP concentration
of 10 £ 3 uM in isolated rat hepatocytes — values reflecting ca. 1.6% of total cellular iron (8) .
Using Phen Green SK as a probe, they later reported 1 - 3 uM for the cytosolic LIP in cultured rat
hepatocytes (9). Epsztejn et al. reported ca. 1 - 2 uM in a similar study (10).

Hider and coworkers developed another approach to studying the LIP, namely using
thermodynamic binding strengths along with solubility properties and known concentrations of
various potential ligands to predict the types of complexes that constitute the LIP.
Fe'(glutathionate)1(H20)s currently leads the list (11). Since the oxidation state of iron in the

cytosol is almost certainly Fe'' (12), Lewis bases in the cytosol that coordinate Fe'"' but not Fe'' at
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physiological pH are not good candidates; this excludes amino acids, ATP/ATP, inositol
phosphates, and 2,5-dihydroxybenzoic acid. Citrate binds Fe'' but not strong enough to prevent
autoxidation to Fe'"'. In contrast, glutathione (GSH) is present in millimolar concentrations in the
cytosol, it binds Fe'' strongly, and its antioxidant properties serve to maintain the Fe'' state (13).

Copper is also essential for cellular function, and like iron, is also potentially damaging to
the cell. However, the mechanism of copper trafficking is thought to be different from that of iron
in exclusively involving proteinaceous copper chaperones. O’Halloran and Culotta argued that
cells do not contain “free” copper (“free” is an ambiguous term that could mean aqueous,
chelatable, mobile, nonproteinaceous, or LMM) (14). Over the next 2 decades, this conclusion —
that copper is exclusively passed from one protein chaperone to the next without involving a labile
LMM copper pool - has become consensus (15).

Copper is imported via Ctrl (among others) on the plasma membrane, affording the Cu!
state in the cytosol (16). Some cytosolic Cu' binds Atx1, a chaperone which delivers copper to
Ccc2, a P-type ATPase transporter on the trans-Golgi membrane. Some cytosolic Cu' binds Ccs1,
a cytosolic chaperone that installs copper into superoxide dismutase, and some bind the two
metallothioneins Cupl and Crs5. These proteins sequester and store cytosolic copper, and serve as
a copper buffer.

How cytosolic Cu' is delivered to mitochondria for import into the copper-containing
respiratory complex cytochrome c oxidase during its assemble is a decades-old puzzle, as no
chaperone for this process has been identified. Cox17 localizes to both the cytosol and
mitochondria, prompting Glerum et al. to suggest that it was the sought-after chaperone (17).
However, Winge and coworkers showed that this was unlikely, because anchoring Cox17 to the

mitochondrial IMS did not prevent cytochrome ¢ oxidase from being metallated. Cox17 is a copper
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chaperone that functions in the mitochondrial IMS to deliver copper to two other chaparones (Scol
and Cox11) that ultimately metallate Cua and Cusg sites (18). The form(s) of copper that enters the
cell and metallates Atx1, Ccsl, Cupl/Crs5, and Cox17 has (have) not been identified.

There actually is some evidence for a “labile copper pool” (LCP). Fahrni and coworkers
obtained evidence for such a pool using copper-specific fluorescence-based chelator sensors (19).
They found that copper is bound exceedingly tightly to the LCP (Kp ~ 8 aM) and that the ligands
of this pool are probably thiols (but not GSH). The concentration of the LCP appears to increase
transiently after cells are exposed to copper salts (e.g. 150 uM CuCly>) in the growth medium. In
these situations, copper rapidly enter cells, generating LCPs located mainly in mitochondria and
Golgi (20). Also relevant is that the phenotypes of cells lacking copper-chaperones (e.g. Cox17,
Sco2 and Coab6) can be rescued by exposing them to high concentrations of copper salts (17) (21)
(22). Although the molecular basis for this has not been established, the implication is that the
expanded LCP can substitute for unknown copper protein chaperones.

Zinc is found in nearly 600 eukaryotic proteins (23) and thus plays a major role in cellular
metabolism. No zinc chaperones have been identified and it seems unlikely that each Zn-
containing protein employs a specific chaperone for metallation (24). The concentration of
nonproteinaceous labile LMM Zn in the cytosol of mammalian cells (called the labile zinc pool or
LZP) is exceedingly low (25); estimates are in the hundreds of pM (26). Given the volume of a
cell, this translates into less than 1 “free” Zn atom per cell averaged over time and space. Such low
concentrations are apparently required to avoid mis-metallation in cells (Zn generally binds to
protein sites tighter than do other metals). Somehow LZPs have been detected using either

synthetic fluorescence-based probes or genetically-encoded FRET based sensors (26).
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Yeast cells contain two major Zn importers on the plasma membrane, Zrtl and Zrt2, and
their expression is controlled by the transcriptional regulator Zapl which is sensitive to the LZP.
Some cytosolic Zn from the LZP is transported to the ER (Zhfl) and Golgi (Cis4 and Zrg17) for
use in the secretory pathway. Other cytosolic Zn is bound to a buffer, proposed to be
metallothioneins (27). In this case, aqueous Zn can be present at pM concentrations but be in
equilibrium with a buffer at much higher concentration (uM). In Bacillus subtilis (and perhaps
other gram-positive bacteria), the buffer is bacillithiol which is present at ~ 1 mM concentration
(28). In Zn-shock experiments (adding 1-10 uM Zn salts to Zn-starved cells), chelator-sensitive
Zn within the cell increases quickly and significantly, and then declines (29). This behavior
suggests an expandable pool of mobile Zn ions in the cell, similar to the situation with copper.

Manganese ions constitute the active sites of numerous enzymes. Mn enters cells via
various transporters, including DMTL1, ZIP, SLC39A14, and Calcium channels (30). Cytosolic
Mn'"ions are imported into the Golgi via SPCA1 and into lysosomes via ATP13A2. A significant
proportion of Mn ions in cells exist as LMM complexes (30). The total Mn concentration in the
cell, including both protein-bound and the labile manganese pool (LMP), is in the tens of uM. Mn"
ions have inherently low binding affinities toward most ligands and so it has been difficult to
develop fluorescence-based probes that are Mn-selective (29). EPR, ENDOR, and ESEEM
spectroscopies of intact cells have been more productive in investigating the LMP (31). Complexes
of the LMP are coordinated by waters, phosphate and polyphosphate groups, carbonates, citrates,
and histidines. Cells use compartmentalization to control which metal is metallated. In this way,
Mn can metallate proteins that would otherwise be metallated by metals that bind more tightly
(13). In mammalian cells, the low level of cytosolic Mn (10" M) is achieved by the action of

membrane-bound ATPases which direct Mn'! to the Golgi apparatus and mitochondria. Under
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these conditions Mn" does not bind glutathione (11). Whether Mn chaperones deliver Mn to the
active site of enzymes in the cytosol are unknown. When cells are exposed to high concentrations
of Mn, excess Mn is found in the Golgi (29).

Metal-sensitive fluorescence-based chelators are the most popular means of detecting and
characterizing labile metal pools in cells. Their main advantage is the ability to penetrate the
membranes of intact cells without disrupting them. This avoids the concern, voiced by Jacobs and
Williams 40 years ago and echoed ever since, that disrupting the cell and preparing extracts might
alter the LMPs and create artifacts (31). Unfortunately, the chemical identity of these complexes
remains unknown - due to the chelator-based approach. The fluorescence properties of these
probes change in the presence of LMPs exactly because the chelators rip the metal from the
complex(es) of interest. In essence, artifactual metal complexes are intentionally generated as the
endogenous ligands, whose identities are sought, become permanently lost in the cellular milieu.

Another related problem with the chelator-based approach is that the detected
concentration of the LMPs depends on the specific chelator used, the concentration of the chelator,
the exposure time, the temperature of the reaction etc.; in contrast, the inherent concentration of
LMPs should be independent of experimental conditions. Also, chelators are not perfectly specific
for a particular metal or complex, and there is no guarantee that a chelator will exclusively detect
metals that are part of the LMP — e.g. they might remove metals from protein sites (33).

Here we employ a chromatography-based method to characterize these labile metal
complexes, in which such complexes are not destroyed but can be isolated and ultimately
characterized by powerful downstream analytical methods. Towards this end we have installed a
bioinert LC in an anaerobic glove box allowing the separation of LMM metal complexes within

extracts of cells or cell compartments. The eluent from the column is split, with a portion flowing
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to a fraction collector for downstream analytical characterization and the remainder flowing to an
in-line ICP-MS for metal ion detection. Our objective was to detect, catalog, and characterize
LMM metal complexes in the cytosol of budding yeast S. cerevisiae. We report the detection of
numerous LMM metal complexes but have only begun to chemically identify such species. This

study lays the foundation for their eventual chemical characterization.

Materials and Methods
Cell growth
The yeast strains used in this study are listed in Table 3.1. All strains were grown in 2 L
of minimal medium (MM) except for cuplA cells which were grown in 1 L of complete synthetic
media (CSM). The composition for MM and CSM has been described (34). Cells were harvested
at early-exponential phase ODsoo = 0.6 + 0.2 for MM and ODeoo = 3.0 £ 0.1for CSM. Additional

conditions for individual cytosolic batches are listed in Table 3.2.

Isolation of cytosol

Harvested cells (typically 4 — 5 grams of wet pellet) were washed 2 times with 1 mM
EDTA, pH ~ 8 and followed by 2 additional washes with DI water. Five mL of liquid was used
per gram of wet pellet. Cells suspension was centrifuged at 4,000 x g for 5 min. All buffers and
solutions were chilled in an ice bath. Washed cells were suspended in 5 mL of Buffer A (10 mM
of dithiothreitol in 100 mM Tris, pH = 9.4) per g wet cell mass. After 10 min incubation at 30°C,
cells were centrifuged and brought to a refrigerated nitrogen-atmosphere glovebox (Mbraun
Labmaster, 4°C, ~ 2 ppm of O2) where cytosol was isolated following the protocol of Herrera et

al. with some modifications (35). Starting from this point, all buffers (B and C) were degassed on
104



Strain Genotype Source

W303 wild type | MAT a ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 Dancis Lab
MAT o ade2-1 his3-1,15 leu2-3,112 trpl-1 ura3-1 i

fet3A Afet3: kanMX4 Danish Khan

ccclA MAT o ade2 canl his3 leu2 trpl ura3 Acccl ::HIS3 Ward Lab

mrs3A mrs4A Z/[n’jrz ;x _ 21;;3—2:;?;}%2532-3,112 trpl-1 ura3-1 Dancis Lab
MAT o ade2-1 his3-1,14 leu2-3,112 trp 1-1 ura3-1 .

vma2A Avmal-: HIS3 Dancis Lab

CoX17A MAT a his3A1 leu2A0 metl1 SA0 ura3A0 cox17::HphMX4 | Gohil Lab
MAT o trp1-1 gall metl3 canl cuplS ura3-50 Ade™ His’ .

cuplA Acupl=:URA3 Thiele Lab

CUPIR MAT a trpl gallA his3-532 adel-100 leu2-3 leu2-112 Thiele Lab

CUPI1R

Table 3.1: Yeast strains used in this study.
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Supplemented Metal

Strain Concentrations (nM) Media NRl(Je[)r:?cea rt :Sf
Fe Cu Zn

W303 1 10 0 MM 8
W303 40 10 0 MM 4
W303 100 10 0 MM 4
W303 40 0 0 MM 2
w303 40 50 0 MM 5
W303 40 10 100 MM 2
fet3A 100 10 0 MM 4
ccclA 40 10 0 MM )
mMrs3A mrs4A 40 10 0 MM 2
vmazA 40 10 0 MM 2
cox17A 40 10 0 MM )
CuplA 40 10 0 CSM 2
CUPI1R 40 10 0 MM 2

Table 3.2: Growth conditions of 38 isolated cytosol batches.




a Schlenk line to make them anaerobic before contact with cells. Cells were resuspended in 5 mL
of Buffer B (0.6 M sorbitol, 10 mM KP;, pH = 7.4) per g of wet cells in the presence of 10 mM
PMSF. In addition, 0.5 mg of 100 KU/g - Zymolyase (Amsbio, 120493-1) per g wet cells were
freshly dissolved in 1 mL of Buffer B, and mixed well with the cell suspension. A 1-mL sample
of the cell suspension was collected to monitor spheroplasts formation. The cells suspension and
its 1 mL aliquot were removed from the glovebox in a sealed centrifuge bottle and incubated at
30°C for 15 min. The initial ODgoo (immediately after adding Zymolyase) was measured by mixing
10 pL of cell suspension with 990 pL of water. Once the ODgoo Was decreased to 30% of the initial
value (usually after 15 min), the suspension was centrifuged at 2,200 x g for 4 min and brought
back to the glovebox where the supernatant was discarded. The spheroplast pellet was resuspended
in a six-fold volume excess of Buffer C (10 mM Tris-MES, 0.1 mM MgCl», 12% Ficoll, pH ~ 6.8).
The resulting suspension was divided in half. Each half (15-17 mL) was loaded one-at-a-time into
a 40 mL Kimble® Dounce tissue grinder and fractionated with a glass pestle A (clearance 0.0030-
0.0060 inches) for 10 strokes. The resulting homogenate was transferred to a centrifuge bottle,
sealed, removed from the glovebox, and centrifuged at 1,000 x g for 15 min. The bottle was
returned to the glovebox, the supernatant was transferred to a clean centrifuge bottle, which was
sealed, removed from the box, and centrifuged at 15,000 x g for 30 min. The bottle was returned
to the glove box and the process was repeated, except that the supernatant was transferred to 3 of
16 x 76mm polycarbonate bottles (Beckman Coulter, 355603) that fit a 70.1 Ti Fixed-Angle
Titanium rotor (Beckman Coulter). After assembling the outer jackets, the sealed tubes were
removed from the box to be centrifuged at 112,000 x g for 60 min. Bottles were brought back to
the box. The supernatant was transferred to 2 clean sealed polycarbonate tubes, , removed from

the box, and centrifuged at 185,000 x g for 150 min. At the end of this spin, the tubes were brought
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back to the box where the supernatant was collected as the isolated cytosolic fraction. The top lipid
layers and pellets were discarded. Scheme 3.1 summarizes all of the centrifugation steps to collect

the isolated cytosolic fraction after the Dounce homogenization.

5 1,000 x g 15,000 x g 112,000 x g 185,000 x ¢

ounce 5 = = * 5. *> S

homogenate  for 15 min for 30 min for 60 min . for150min ¢ tosolic
\'\* \"4, "‘y \\r ";a:'. on
P Py Py, & T4z 000 P & T1as 000

Scheme 3.1: Centrifugation steps for cytosol isolation after Dounce homogenization.
S: supernatant, P: pellet, T: top layer. The subscripts represent the centrifugation speed of each step.

Western blotting

Protein concentrations were quantified by 96-well plate Pierce™ BCA Protein Assay Kit
(Thermo Scientific™). Whole cells protein extract and cytosolic fractions were run on a
NuPAGE™ 10% Bis-Tris protein gel (Invitrogen™) at constant voltage of 40 V for 40 min then
switched to 110 V for 110 min. A semidry Trans-Blot cell (Bio-Rad) was used to transfer separated
proteins to activated PVDF membranes at constant voltage of 23V for 60 min. Membranes were
blocked with a solution of 5% milk dissolved in Tris-buffered saline with 0.1% Tween (TBST-
milk) for 1 hr at RT before being incubated with different primary antibodies overnight at 4 °C.
All primary antibodies were diluted in TBST-milk solution as followed: 1:2000 dilution of anti-
PGK antibody as cytosol marker (Life Technologies, H0460), 1:2000 dilution of anti-Kar2

antibody as endoplasmic reticulum marker (Santa Cruz Biotechnology, sc-33630), 1:2000 dilution
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of anti-CPY antibody as vacuole marker (Life Technologies, A-6428), and 1:1000 dilution of anti-
VDAC antibody as mitochondria marker (Thermo Fisher, 16G9E6BC4). Membranes were washed
and incubated with 1:5000 dilution of either goat anti-rabbit IgG HRP-conjugated secondary
antibody (Santa Cruz Biotechnology, clone sc-2004) or goat anti-mouse 1gG HRP-conjugated
secondary antibody (Invitrogen, clone G-21040) for 1 hr at RT. The blots were developed with
Clarity™ Western ECL Substrate (Bio-Rad) for 2 min at RT and imaged using FujiFilm LAS-

4000 mini with a 15 s exposure under chemiluminescence setting.

Preparation of cytosolic FTS and LC-ICP-MS chromatography

Four mL of isolated cytosolic fractions in Buffer C were passed through an Ultracel
regenerated cellulose 10 kDa NMWL membrane (EMD Millipore) installed in an Amicon® EMD
Millipore Stirred Cell (Model 8003, 3 mL) and pressurized with 70 psi Argon. Approximately 75%
of the isolated cytosol fractions passed through the 10 kDa membrane in ca. 2.5 hr. The resulting
flow-through solution (FTS) of 150 pL was loaded onto either a single or a dual size-exclusion
(SEC) column SuperdexTM Peptide 10/300 GL (GE Life Sciences) connected to an Agilent 1260
Bioinert quaternary pump (G5611A). A mobile phase of 20 mM (NH4) OAc, pH = 6.5 was used
with a flow rate of 0.33- 0.35 mL/min for dual peptide columns and a flow rate of 0.6 mL/min for
the single column. All LC-ICP-MS parameters, SEC calibration and molecular mass assignment

have been described (36).

Elemental analysis
Elemental analysis was conducted using ICP-MS (Agilent 7700x) as described with some

minor modifications (36). Cytosolic fractions and cytosolic FTSs of 4 independent batches were
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separated into triplicates of 100 pL using 15 mL polypropylene screw-top vials. 300 uL of trace-
metal-grade 70% wi/v nitric acid (Fisher Scientific) was added to each vial. Vials were sealed with
caps and electrical tape, then incubated at 70 °C for ca. 15 hr. Each replicate was thawed to room
temperature, diluted with 5.60 mL high-purity trace-metal-free double distilled-deionized water

and mixed well before analysis.

Results

Thirty eight batches of cytosol were isolated from yeast cells, as described in Experimental
Procedures (See Table 3.2 for a compilation of all batches). Most batches were passed through a
10,000 Da cut-off membrane, and the resulting flow-through solutions (FTSs) were passed down
a size-exclusion chromatography column (in a refrigerated glove box). The eluate from the column
was then sent to an ICP-MS for metal-ion detection.

The purity of six of batches of cytosol was investigated by Western Blot; results are shown
in Figure 3.2. The representative blot shown in Figure 3.1 was cytosol isolated from WT cells
grown with 40 pM supplemented Fe-citrate and 10 uM CuSOa. The blot exhibited an intense band
for the cytosolic marker protein PGK1, indicating that the isolated fraction contained cytosol.
There was minor contamination of vacuoles and endoplasmic reticulum, but no evidence of
contamination due to mitochondria. A portion of the intensity of the band from Anti-CPY is likely
due to pro-CPY, which is synthesized in the cytosol prior to the maturation in the vacuolar lumen
and is detected by this antibody (37). Thus, our isolated cytosol preparations were less
contaminated with vacuoles than is evidenced by the blot.

We determined concentrations of various elements in 16 batches of cytosol isolated from
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Whole Cells Cytosol

Ant-PGK M

Anti-Kar2

_—

Anti-CPY

Anti-VDAC

A

Figure 3.1: Purity of the isolated cytosolic fraction.
22 pg of proteins were loaded per lane. The dilutions of primary antibodies were used as followed: 2000X
for anti-PGK (cytosolic marker), 2000X for anti-Kar2 (endoplasmic reticulum marker), 2000X for anti-
CPY (vacuole/late endosome marker), and 1000X for anti-VDAC (mitochondria marker).

Sample | WC Cxt. Cgt wcC cé'“ Cgt. WC Czt ’ cgt :
Lane 1 2 3 4 5 6 7 8

o e —— — ————
Anti-Kar2 | e . D — —— G | —
AN-CPY e s @ D S G S——

Figure 3.2: Purity of 6 isolated cytosol batches.
22 pg of proteins were loaded per lane. “WC”: whole cells, “Cyt.”: isolated cytosolic fraction. A, B, E, and
F are 4 cytosol batches isolated from WT cells grown in MM with the supplementation of 40 uM Fe and
10 uM Cu. C and D are 2 cytosol batches from cells grown under the same condition but with 1 uM Fe.
Primary antibodies were used as described in Figure 3.1.
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WT cells grown under fermenting media of 3 different Fe conditions (Figure 3.2). Cytosol isolated
from WT cells grown in MM supplemented with 1 uM Fe'" citrate contained 40 + 10 uM Fe, 80
+40 uM Cu, 30 £ 10 uM Zn, 2 = 1 uM Mn, and 50 = 20 mM P. Under the same growth conditions
but supplemented with 40 uM Fe'" citrate, the cytosol contained higher concentrations of Fe (110
+ 20 uM) and Cu (110 £ 60 puM), but unchanged concentrations of Zn and Mn. Thus, a 40-fold
increase of iron in the growth media caused the concentration of iron in the cytosol to increase 2.7
fold. This is direct evidence that the cytosolic iron concentration is homeostatically regulated.
Surprisingly, the concentration of Fe in cytosol from cells supplemented with 100 uM Fe'"! citrate
declined (to 70 £ 30 uM) as did Zn (to 14 + 6 uM) whereas the Cu concentration increased to 200
+ 100 pM. The modest decline in cytosolic iron concentrations (110 — 70 uM) when the
concentration of iron in the growth media increased from 40 — 100 uM Fe'"! citrate may reflect a
cellular response designed to prevent toxic levels of iron from entering the cell.

The iron concentrations of cytosolic FTSs were about half of those in cytosol: 20 £ 10 uM
in FTS from WT cells grown on 1 uM Fe'!! citrate, 80 + 30 uM when grown on 40 uM Fe'!! citrate,
and 22 + 2 uM when grown on 100 uM Fe'" citrate. These modest changes again probably reflect
the homeostatic regulation of the LMM cytosolic iron pool. The labile copper pools constituted
about 1/3 of the copper concentrations in the cytosol when cells were grown under 1 or 40 uM
Fe'"" citrate supplemented media. Other metal and P concentrations are given in Figure 3.2.

We subjected most batches of cytosolic FTS to LC-ICP-MS analysis. The FTS from
fermenting WT cells grown in MM supplemented with 1 or 40 uM iron exhibited 3-4 partially
resolved iron-containing peaks, with apparent masses of 1300, 1000, 900 and 800 Da (Figure 3.3,
upper panel). The intensity of the peaks from the FTS from cells grown with 40 uM iron was

approximately twice that of peaks from cells grown with 1 uM iron. The cytosol FTS from W303
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Figure 3.3: Elemental analysis of isolated cytosolic fractions and their FTSs under 1, 40 and 100 uM
Fe growth conditions.

Solid bars represent the isolated cytosolic fractions. Empty bars represent the FTSs of the isolated cytosol.

The concentrations of each element have been corrected with a dilution factor of 6 due to the isolation

procedure (See Materials and Methods section). Replicates for each Fe growth condition have been

described in Table 3.2.
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cells grown in media supplemented with 100 uM iron exhibited an intense peak with an apparent
mass of 700 Da (along with less-intense peaks with masses of 800 - 1300 Da).

Similar traces were obtained for cytosolic FTSs from various genetic strains of yeast,
including fet3A , mrs3Amrs4A , and ccclA (Figure 3.4, lower panel). These traces also exhibited
iron peaks in the range between 600 — 1500 Da. We were able to interpret some of these traces
better than others. The cytosolic iron contents of these iron-associated genetic strains appear
perturbed, causing the formation of a somewhat different set of LMM iron complexes. FTS from
strain mrs3Amrs4A exhibited an intense peak at 700 Da

Similar traces were obtained for cytosolic FTSs from various genetic strains of yeast,
including fet3A , mrs3Amrs4A , and ccclA (Figure 3.4, lower panel). These traces also exhibited
iron peaks in the range between 600 — 1500 Da. We were able to interpret some of these traces
better than others. Overall, we suspect that the cytosolic iron contents of these iron-associated
genetic strains were perturbed, causing the formation of a somewhat different set of LMM iron
complexes. mrs3Amrs4A exhibited an intense peak at 700 Da seems to have accumulated. On the
other hand, this Fe-700 species was not dominant in chromatograms of ccclA FTSs. Cccl is the
major iron transporter into the vacuoles (38). Deletion of CCC1 causes a decrease in total
intracellular iron. We observe weak intensity peaks in the range of 900 — 1300 Da. The iron content
of fet3A (deletion of high affinity transporter) exhibited numerous rather intense iron peaks. These
iron species must have entered the cell via Fet4, the low affinity iron transporter (39). We added
the phosphatase PPX to these solutions, and found that the iron peaks were altered. This implies
that the original peaks might be associated with polyphosphate, as is found in vacuoles. However,

polyphosphate chains are built as they are inserted into vacuoles and are generally not present in
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Figure 3.4: Averaged iron-detected chromatograms from FTS of isolated cytosol.
Cytosolic FTS of fet3A cells were incubated with acid phosphatase (PPX) for 2 hr and loaded to dual SEC
columns. Growth conditions and replicates for cytosol isolation of different yeast strains have been
described in Table 3.2. Each trace is the average of replicates of independent cytosol batches isolated from
cells grown and harvested at the same condition (yeast strain, nutrient supplementation, and type of media).
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cytosol, discounting this possibility.

The copper traces exhibited by cytosolic FTSs are shown in Figure 3.5. These traces were
dominated by an intense peak at an apparent mass of ca. 5200 Da. This peak was absent in traces
from cuplA cells, allowing us to assign it to Cupl (Figure 3.5, bottom panel). Deletion of CUP1
causes the upregulation of the other metallothionein Crs5 (40); thus, the Cusseo Signal of cuplA
copper supplementation and observed some batch-to-batch variation in copper traces. Cupl peak
at 5200 Da and peaks due to LMM complexes of Cu were not present under extreme copper
scarcity (Figure 3.5, top panel). We had not expected to observe any LMM copper peaks besides
those due to the metallothioneins in FTS isolated from WT cells supplemented with 10 uM and 50
UM of CuSOs. Surprisingly two minor copper peaks, with apparent masses of 1100 — 1300 Da
were observed. The intensity of these peaks was small, and they were only evident by expanding
the ordinate axis of the traces (See insets in Figure 3.5). However, the intensity of these LMM
copper peaks increased dramatically in the cytosolic FTS from various genetic strains in which
copper metabolism is perturbed, including vma2A, cuplA, cox17A, as well as in WT cells grown
in high concentrations (50 uM) of copper. In each of these cases, copper peaks of significant
intensities were observed between apparent masses of 300 — 1300 Da. VMA2 encodes subunit B
of the peripheral domain of vacuolar H*/ATPase (41). Deletion of this gene results in V-ATPase
dysfunction, which leads to alkalization of vacuoles and disruption of copper trafficking to post-
Golgi compartments (42) (43). Cox17 is a copper chaperone which involves in copper metallation
of cytochrome c oxidase (17). Deletion of VMA2 and COX17 both resulted in the accumulation of
LMM copper peaks at 300 and 1300 Da, thus implying these species might play a critical role in

copper trafficking to different organelles.
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The cytosolic FTS exhibited at least two zinc peaks with apparent masses between 1300 —
1100 Da (Figure 3.6, top panel). This was the case for both WT cells and the various genetic strains
mentioned above under no zinc supplementation. Cells grown with 100 uM of Zn supplementation
resulted in no change in cytosolic zinc LMM species but increase in the signal intensity of the peak
at 8500 Da. This signal is due to Crs5, which binds stronger to Zn than Cu (40). Crs5 is also
overexpressed in cuplA cells, thus resulting in the increase of 8500 Da species signal in both Zn
and Cu cytosolic FTSs chromatograms (Figures 3.5 and 3.6, lower panels).

Cytosolic FTSs exhibited multiple Mn peaks, with apparent masses ranging from 1200 —
100 Da (Figure 3.7, upper panel). Peak positions exhibited more batch-to-batch variability than
was observed for the other metals, perhaps because the binding of Mn is generally not as strong.
Interestingly, cytosol of fet3A , mrs3Amrs4A , and cuplA FTSs were dominated by a single Mn
species at 1000 Da (Figure 3.8, lower panel). A Mn peak at 170 Da was also observed in cuplA
manganese trace which is likely hexa-aqua manganese.

Cytosolic FTSs exhibited an intense sulfur peak at ca. 1000 — 1300 Da (Figure 3.9). We
are uncertain whether the peak arises from glutathione or glutathione-related species. Phosphorus
traces of FTS were dominated by a peak at 700 — 800 Da. There were other minor phosphorus
peaks with masses between 900 - 1500 Da (Figure 3.8). Particular phosphorus and sulfur peaks
comigrate with iron, copper, zinc and manganese in the 700 — 1300 Da region. Whether this
indicates metal complexes with ligands that contain these elements is unknown.

Finally, we tested the lability of the LMM metal complexes in cytosol by treating FTSs
with 100 uM of 2, 2’-bipyridine (Figure 3.10). After 2 hr incubation at pH 6.8, all of the LMM

metal complexes disappeared, demonstrating the lability of these species.
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Figure 3.4: Averaged copper-detected chromatograms from FTS of isolated cytosol.
All traces except from the nonsupplemented Cu traces (upper panel) are the average of n=2. Growth
conditions and replicates for cytosol isolation of different yeast strains have been described in Table 3.2.
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Figure 3.6: Averaged zinc-detected chromatograms from FTS of isolated cytosol.
Inset is the Cu chromatogram of cytosolic FTSs isolated from cells grown with 100 uM Zn. Growth
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Figure 3.7: Averaged manganese-detected chromatograms from FTS of isolated cytosol.
Growth conditions and replicates for cytosol isolation of different yeast strains have been described in Table
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3.2.
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Figure 3.9: Averaged phosphorus-detected chromatograms from FTS of isolated cytosol.
Growth conditions and replicates for cytosol isolation of different yeast strains have been described in Table
3.2.
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Figure 3.10: Lability of cytosolic LMM complexes as demonstrated with an Fe- chelator.
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Discussion

This study reports the first chromatography-based determination of the iron content of
cytosol from fermenting yeast cells. We focused on the LMM iron complexes in cytosol, by
isolating the portion of the cytosol (the flow-through solution) that contained species with masses
less than ca. 10 kDa. We discovered 3-4 LMM iron complexes with apparent masses between 800
— 1300 Da. We have not determined the chemical composition or cellular function of these LMM
complexes but find that they are perturbed in mutant cells for which iron trafficking has been
altered. Thus, we suggest that they are used in cellular iron trafficking.

We were (and are) concerned that some of the detected LMM iron complexes are artifacts
or decomposition products of the endogenous labile iron complexes that serve cellular trafficking
functions. We isolated many batches of cytosol in hopes that any artifacts or decomposition
products would be generated sporadically and generate irreproducible LC traces. Given the
difficulty of isolating cytosol from yeast cells, our LC traces were fairly reproducible, suggesting
that most if not all of the peaks that we observed arise from endogenous complexes in the cell. We
find it unlikely that artifacts would be generated so reproducibly (though this is certainly possible).

We are also more optimistic than Jacobs and others in the field that the LMM metal
complexes detected here may not be as dynamically labile as is commonly assumed. The lability
of Werner type coordination complexes with O, S, and N donors can be controlled by the denticity
of the ligands and donor atoms. We suggest that the lability of LMPs in cells are fast enough for
the metal ions to transfer efficiently to target proteins, but slow enough for the metal to effectively
remain attached to these complexes while being trafficked to these targets. The shapes of the

complexes likely dictate their binding properties to membrane-bound metal-ion transporters such
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that if the complexes did not “hold together” long enough in the cell to allow for this recognition,
metal ion traffic between various cellular compartments would be uncontrolled and chaotic.

This is the first report of the absolute concentration of iron (and other metals) in the cytosol
of yeast (containing the iron-containing proteins of the cytosol) and in the flow-through solution
(containing LMM iron species). We found that the iron concentration in the cytosol is sensitive to
the iron concentration in the growth medium, as has been widely assumed in explaining numerous
results — a 40-fold increase in media iron caused a 2.7-fold increase in cytosolic iron and slight
increase for cytosolic copper. Cytosolic zinc and manganese increased slightly as increasing iron
supplementation from pM to 40 uM. Interestingly, with 100 uM iron supplementation, cytosolic
LMM complexes of iron, manganese, and zinc all decreased.

The overall concentration of iron in the cytosol (50 — 120 uM) was higher than we expected.
About half of this was due to iron-containing proteins, and half to LMM iron complexes. We
compared these values to the sum of concentrations of iron due to all iron-containing proteins that
have been reported in yeast. Ho et al. have determined the concentration of each yeast protein (44).
These authors integrated the concentrations reported in 21 quantitative proteomic studies (most
were fermenting cells grown in rich media without iron supplementation). Using that information,
we estimate that the cytosol should contain ca. 34 uM Fe bound to proteins (64% FesS4 clusters;
4% Fe,S; clusters; 3% NHHS Fe''; 23% Fe-O-Fe; 5% heme b). This collective concentration
should be compared to the difference between the cytosolic Fe concentration (57 — 110 uM) and
the Fe concentration in the FTSs (which should not contain these proteins) (25 — 65 uM) — namely
32 — 45 uM Fe. These calculated values are remarkably close to those that we measured here.

The LMM iron concentration in the cytosol (25 — 65 uM) is significantly higher than has

been reported for the cytosol of human cells (1 — 5 uM). The difference may be due to the greater
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use of LMM iron complexes in yeast than in human cells (which might rely more on iron
trafficking chaperon proteins PCBP1/2).

Copper trafficking in the cytosol involves a variety of chaperones and cytosolic proteins.
Here we provide the first direct evidence for a labile copper pool in the cytosol, with molecular
mass less than 10 kDa and concentrations of 20 — 60 uM. Cup1 represents at least 80% of this pool
suggesting that the concentration of labile LMM non-Cupl Cu complexes in the cytosol is 4 — 12
uM. We are particularly intrigued by the copper species at 300 Da, 1100 Da and 1300 Da as the
intensity of this species varied with the extent of copper supplementation in the media (in WT
cells).

Similar LMM copper complexes also accumulated in cytosol isolated from several
knockout strains, including vma2A, cuplA, and cox17A. All of these strains affect copper
trafficking and regulation. The accumulation of these LMM copper species between masses of 300
— 1300 Da suggests that they might be involved in cellular copper trafficking. We have considered
that the LMM cytosolic copper detected here might dynamically bind Cupl and Crs5
metallothioneins. However, traces of CUP1R cytosolic FTSs exhibit peaks from both Cupl and a
peak at 300 Da. If the LMM Cu species binds metallothionins, we would expect that overexpressed
Cup1 protein would bind LMM cytosolic copper (but this does not seem to have been the case).

The intensity of the single labile LMM Zn species that we observed (1100 — 1300 Da) in
the cytosolic FTSs of WT cells and cells from genetic knockout strains varied with the extent of
Zn supplementation in the growth medium as would be expected if this were an endogenous Zn
species in the cell. Surprisingly, an increase in medium Zn resulted in an increased expression of

Zn-bound Crs5, but not the accumulation of the LMM Zn complex. Zinc homeostasis might be
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tightly regulated by Crs5 expression to prevent higher concentrations of the LMM Zn complex
and thus the toxic effects of Zn mismetallation.

Manganese LMM complexes in the cytosol were more varied in molecular weights,
ranging between 200 — 1300 Da, and overall were present at concentrations of only 0.3 — 1.6 uM.
Culotta and coworkers demonstrated that nonproteinaceous manganese could replace Cu, Mn-
superoxide dismutase to protect the cells against oxidative stress (45), and the species detected
here may be involved in that.

Most cytosolic (poly)phosphates are LMM complexes with the chain lengths n = 10-15.
Some cytosolic iron and phosphorus peaks comigrate in accordance with masses of 800, 900, 1000,
and 1300 Da in FTSs traces of fet3A cells. The binding of iron and polyphosphate was disrupted
after the treatment with acid phosphatase. This raises the possibility that polyphosphate is an
endogenous ligands of some cytosolic iron LMM complexes. Ferrous ion has a dissociation
constant around 101* with polyphosphate, while ferric ion has a Kp of 102 with polyphosphate
(46). Another possible ligand is sulfur-relating species such as glutathione. There is a dominant
peak of cytosolic S trace at 1000 Da and a small peak at 1200 Da, and these may be related to
glutathione.

Treatment of the cytosolic FTSs with 2, 2’-bipyridine chelated all of the metal centers of
cytosolic LMM complexes, thus further demonstrating the lability of the labile metal pools.
Kosman and coworkers previously incubated growing yeast cells with 2,2’-bipyridine, and found
that this caused cells to stop growing temporarily (47). They proposed that this chelator
coordinated the LIP in the cytosol, and our results are consistent with this. Viewed collectively,

the LMM metal complexes that we have detected here may be endogenous to the cell and critical
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for cell growth and trafficking. Further studies are required to critically test these possibilities and

bring out of the shadows these elusive little beasts.
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CHAPTER IV

CONCLUSION AND FUTURE WORK

Conclusion

The ultimate goal of this dissertation was to detect and characterize iron, copper, zinc, and
manganese trafficking species in the vacuoles and cytosol of Saccharomyces cerevisiae. Such
species were presumed to be nonproteinaceous, low-molecular mass, and labile (possessing rapidly
exchanging ligands). Due to the lability of these complexes, the chemical composition and precise
cellular functions of these species remain undetermined despite the abundant evidence that these
species play essential roles in the cell biology of metal ions.

Previous studies in this field have universally employed the chelator-based approach of
detecting such complexes, in which membrane-permeable fluorescence-based chelators are added
to intact cells. Such chelators penetrate the cell and bind the labile trafficking metal. This alters
the fluorescence properties of the chelators, thereby allowing detection of what are called labile
metal pools. The approach has some important strengths but also some critical weaknesses. Most
importantly, such an approach destroys the complexes of interest during their detection. Thus, it
will not be possible to determine the chemical composition or cellular function of these complexes
using this approach.

A chromatography-based approach was developed in this dissertation as an alternative in
which it is possible, at least in principle, to isolate and characterize these labile metal complexes.
The approach developed here was to first isolate a particular cellular compartment, in this case the
vacuoles and cytosol, and then isolate a low-molecular-mass filtrate which was then analyzed

using a liquid chromatography system present in a refrigerated anaerobic glove box and interfaced
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to an on-line ICP-MS. The eluate from the column was split, allowing a portion to be collected in
fractions and the remainder to be sent to the ICP-MS.

A major problem that was encountered initially was poor batch-to-batch reproducibility.
Diagnosing and addressing this problem involved improving organelle isolation methods, altering
column conditions, column cleaning methods, changing buffers, etc. Eventually an acceptable
level of reproducibility was achieved. This is only the first step in establishing that the complexes
detected are endogenous to the cell and physiologically relevant. In the future, this approach needs
to be further developed so as to better distinguish endogenous species from artifacts. Going hand-
in-hand with these improvements will be efforts to determine the chemical composition of these
species, using powerful bioanalytical tools such as ESI and MALDI mass spectrometry, and NMR,
EPR, Raman and Mdssbauer spectroscopies.

Researchers in the 1980°s predicted that iron was stored in vacuoles in the Fe!"' oxidation
state and bound to polyphosphate chains. This prediction was based on the high concentration of
polyphosphate in this organelle, the binding strength of Fe'"" ions to polyphosphate, the acidity of
the organelle, and the assumption that the glutathione redox couple controlled the redox status of
the organelle. There were no further investigations into this until Cockrell et al. isolated vacuoles
from cells enriched in °’Fe and performed EPR and Mdssbauer spectroscopy on them. They found
that the iron in vacuoles was high-spin S = 5/2 Fe!"' and that the hyperfine coupling between the
electron and nuclear spins was typical of Fe'!' ions coordinated to “hard” oxygen-based ligands (as
would be observed in an Fe''" polyphosphate complex) (1). This was the state of the field prior to
my investigations.

Using liquid chromatography coupled with ICP-MS, my work in Chapter 11 supports this

model of Fe'"-polyphosphate complexes and it further demonstrates that polyphosphate serves a
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similar function to store vacuolar Cu, Zn and Mn ions in the vacuole. Based on the liquid
chromatograms of vacuolar FTSs, phosphorus peaks coeluted with metal peaks at the masses of
500 — 1700 Da. We found the average chain length of vacuolar polyphosphate was 6 — 20 of
phosphate units in which 1-3 metal centers were coordinated per chain. Hard oxygen ligands in
polyphosphate are excellent Lewis bases for hard Lewis acids like ferric ions (2). Treatment with
acid phosphatase disrupted the binding of polyphosphate with these LMM-metal bound species.
This study was also the first to show that the majority of vacuolar Fe, Zn and Mn were stored as
LMM complexes. This likely allows the cells to easily acquire and redistribute these metal ions
under stress or deficiency of trace metals during cell growth conditions.

Among the metals in the vacuolar flow-through solution, only copper was primarily present
in a form (with an apparent mass of 4800 — 7800 Da) that might be proteinaceous. Consistent with
this, the species was resistant to phosphatase treatment, as would be expected for a protein-bound
species. We conclude this species is likely due to Cupl protein, since the copper trace of cuplA
vacuolar FTSs lacked the 7800 Da species. Interestingly, copper:polyphosphate complexes also
accumulated in cuplA and cox17A vacuolar FTSs. This suggests polyphosphate might play a role
in copper detoxification when copper homeostasis is disrupted in these knockout strains.

As a single membrane-bound organelle, the vacuole is difficult to isolate in large scale for
biophysical characterization. In addition, vacuoles actively interact with other subcellular
compartments like endoplasmic reticulum and Golgi to participate in a wide variety of metabolic
processes such as membrane trafficking, protein sorting and degradation (3). Vacuolar morphology
is highly dynamic and “plastic” at different stages of cell division and different growth media (3)
(4). Vacuoles at early stationary growth phase are fused into a single large lobe whereas cells at

exponential growth phase contain multiple fragmented vacuoles, which are more fragile and
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challenging to isolate in intact forms (5). This explains why iron traces of vacuolar FTSs from
cells harvested during exponential phase were less reproducible than those harvested in stationary
phase. Although the purity of the vacuolar extract was not perfect, vacuoles were highly enriched
in the isolated fractions relative to other subcellular compartments (ER and cytosol). Ultimately,
twenty-nine batches of vacuoles were isolated to obtain and ensure the reproducibility of metal
chromatograms of vacuolar FTSs.

Using the same experimental approach, LMM complexes of iron and other transition
metals in the cytosol were characterized for the first time (Chapter I1). Studying cytosolic iron
trafficking species has remained a challenge for the past 30 years due to the following: [1] cytosol
is difficult to isolate in a pure form, [2] the iron in the cytosol is loosely bound and the ligand
exchange rate is high, [3] multiple iron trafficking species could be present (6) (7). To solve these
problems, | optimized the cytosol isolation procedure to obtain the cytosol that was largely free of
ER, mitochondria and vacuoles. In this case, cells were harvested at early exponential phase, which
minimizes the biogenesis of vacuoles and mitochondria allowing for better purity (8) (9) (10).
These organelles are hardly ruptured during the cell lysing step, minimizing their contamination
to the isolated cytosolic fraction. In addition, spheroplasts were fractionated using a gentle method
by Dounce homogenization rather than other harsh lysing approaches with glass beads or
sonication. A series of low-speed and high-speed centrifugations was developed to obtain clean
cytosol fractions, free of lipid droplets and organelles with high lipid content such as the ER.
Finally, the entire procedure was performed in a glove box (or under anaerobic conditions) such
that cytosolic iron, which is generally presumed to be in the reduced Fe' state, would not be

oxidized.
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With clean isolated cytosol from WT cells and cells of different genetic knockout strains,
the FTSs were collected and characterized. Wild type cytosolic iron traces contained 3 major
species at 900, 1000 and 1300 Da. These species increased 2-fold in concentration when iron
supplementation in the media was increased from 1 uM to 40 uM. Surprisingly, under 100 uM Fe
supplementation, iron species at 800 — 1300 Da decreased but a species with the mass of 700 Da
dominated. Iron traces of cytosolic FTSs from cells lacking the high affinity mitochondrial
transporters mrs3A mrs4A strain also showed an accumulation of the Fezoo Species. This result
implies that the Fezoo species is the cytosolic iron LMM complexes trafficking to the mitochondria,
but further studies are required to investigate this. Interestingly, isolated mitochondria contain a
single iron species called “Fesgo” (because it has an apparent mass of approximately 600 Da). It is
intriguing to consider that the 700 Da species described here might be Fesgo or related to it.

Deletion of vacuolar Fe importer ccclA strain did not result in an accumulation of any iron
LMM species in the cytosolic FTSs. Future work is needed to test if vacuoles and mitochondria
share the same Fe trafficking species as has been commonly assumed. Our approach of isolating
cytosol from different genetic knockout strains involved in Fe homeostasis represents a foundation
to understand the functions of these cytosolic Fe complexes. The fluctuation and redistribution of
Fe species under high Fe growth conditions reflect the dynamicity of the labile iron pool as
previously proposed in literature (6) (7). Treatment with 2,2’-bipyridine disrupted all cytosolic
iron and other metals LMM complexes, thus providing more evidence for the labile property of
these species. Previous experiments have shown that this same treatment causes whole intact
growing yeast cells to stop growing abruptly. We suggest that the low-mass iron complexes that

are chelated by 2,2’-bipyridine are essential for cell growth.
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Copper traces of WT cytosolic FTSs exhibit strong signals at 5200 Da due to Cupl. Cussoo
is absent in cuplA cytosolic FTSs but a species of mass at 8500 Da dominates indeed. We propose
the other metallothionein Crs5 gives rise to Cusgsoo peak. Crs5 protein is overexpressed in order to
buffer cytosolic Cu under conditions in which the cell lacks the CUP1 gene. Unexpectedly, a pool
of copper LMM complexes with masses of 300 —1300 Da was also present in the cytosolic FTSs
of cuplA cells and in the FTS of other cell strains in which copper is dysregulated (cox17A, and
vmaz2A). Increasing copper supplementation in the growth media also led to more intense copper
peaks from 300 — 1300 Da. This is the first direct demonstration of LMM nonproteinaceous copper
species in the cytosol. The presence of such species violates the well-accepted view that all copper
trafficking in cells is performed by protein-based chaperones and that there is no “free” copper in
the cell. Further studies are required to investigate this.

We also discovered a low-molecular-mass (1000 — 1300 Da) zinc complex in the cytosol
of yeast. Curiously, increasing zinc salts in the growth media did not result in the increase of this
Zn species which is routinely observed in cytosolic FTSs from cells without any Zn
supplementation. We also provided evidence that a significant portion of cytosolic Zn is bound to
Crs5 metallothionein (showing a peak at 8500 Da). Both cytosolic Cu and Zn traces of from cells
grown with 100 uM Zn comigrate at 8500 Da because Crs5 can bind both Zn and Cu. This implies
cytosolic zinc LMM complexes are tightly controlled at high Zn growth condition. Since Zn is at
the top of the Irving William order series, it is reasonable that cytosolic zinc is mostly buffered by
proteins and chaperones with more layers of regulation rather than LMM forms.

Finally, we detected a very small pool of cytosolic Mn LMM complexes in the range of 1
— 3 uM. This was from cytosol isolated from cells that were not supplemented with a Mn salt. Mn

traces of cytosolic FTSs from WT cells have a broad distribution of low-intensity peaks with
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masses ranging from 100 Da to 1200 Da. This is likely because manganese binds weaker than the
other metals investigated here. Cytosolic manganese trafficking species are probably more loosely
bound and easily disrupted during the isolation. Curiously, more intense Mn peaks were observed
in cytosol isolated from various genetic strains in which metal ion homeostasis was disrupted. We

don’t understand this fully, but it may involve the cell’s response to metal ion dysregulation.

Future Work

This dissertation has established a new foundation to further understand the mechanisms
of cellular metal ion trafficking and regulatory homeostasis on the molecular level, especially the
role of non-proteinaceous low-molecular-mass labile metal complexes. Further studies will be
required to identify the cellular function of each species, and to identify any such species that are
artifacts of isolation. The approach will be to examine systematically how the intensities of various
chromatographic peaks vary as the metal content of the growth media varies. Such studies should
be performed on WT cells and on various genetic strains in which some aspect of metal ion
trafficking or homeostasis has been compromised. If the chromatographic intensities of particular
labile metal species cells vary in ways that are expected based on the specific nutritional or genetic
perturbation employed, such results can help identify the cellular function of a particular labile
species.

Once important endogenous labile metal species have been identified from such studies,
their chemical composition needs to be determined. This will involve various forms of mass
spectrometry (ESI, MALDI, etc) and a wide range of powerful analytical and biophysical methods

including NMR, EPR, XAS, and Mdssbauer spectroscopies. At this point, it might become clear
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how nature uses coordination chemistry to facilitate metal ion trafficking in cells (without toxic
effects of Fenton chemistry and/or mismetallation).

Further developments in isolating large quantities of various cellular compartments may
also be required. For example, methods for cell-synchronization may be required to completely
“lock” the cells at certain metabolic modes before an organelle or cytosol is isolated. Organelle
isolation procedures are usually lengthy and time-consuming. Cell synchronization might be ideal
to further characterize metal LMM complexes in the cytosol and vacuoles at different growth
stages and conditions, especially if the labile metal complexes change during cell cycle processes.
Other technical aspects may also be improved. For example, use of different chromatography
columns may afford significantly different results. Different mobile phases, and isolation
conditions, buffers, pH etc may generate different results.

Polyphosphate has been demonstrated to play a significant role in storing metals in the
vacuoles as LMM complexes. It will be revealing to investigate the relationship between
polyphosphate synthesis and metal ion uptake. Culotta and coworkers demonstrated that phosphate
accumulation increased the expression of the Aftl-dependent iron regulon (11). We also observed
lower intensity of phosphorus peaks comigrating with iron in vacuolar FTSs from cells grown
under low Fe supplementation. Does decreased metal uptake downregulate polyphosphate
synthesis? Do low intracellular polyphosphate concentrations affect iron uptake and iron storage
in the vacuoles? | attempted to isolate vacuoles from cells grown with low phosphorus media.
Unfortunately, the yield of vacuolar extract was too low for biophysical characterization. This was
likely due to the morphology of vacuoles which depend on intracellular polyphosphate
concentration. Gopaldass et al. showed that yeast vacuole fused into a single large organelle to

store polyP when phosphate was abundant whereas consumption of polyP caused the yeast
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vacuoles to fragment into numerous smaller organelles (12). The latter problem was encountered
trying to obtain high vacuolar yield from cells grown in phosphate deficient media. Mdssbauer and
EPR spectroscopies might be useful for studying the whole cells iron-ome at low and high
phosphate.

Phosphate and pH homeostasis are directly linked, especially in the vacuoles (13). Cockrell
et al. demonstrated that cells treatment with Concanamycin A, an inhibitor of the V-ATPase/H*
pump resulted in the majority of NHHS Fe!' and nanoparticles in whole cells. They concluded that
low vacuolar pH is essential to maintain intracellular NHHS Fe'' levels (14). That study motivated
our lab to continue studying iron speciation in vma2A cells which the subunit B of V-ATPase/H*
pump is deleted. We are currently characterizing the iron pools localized to different subcellular
compartments of vma2A cells by Mdssbauer and LC-ICP-MS. It will be exciting to understand the
effect of disrupted pH homeostasis on the redox status of cellular iron.

Glutathione (GSH) has been speculated to be the primary ligand for cytosolic iron (15) due
to its abundance in the cytosol and high affinity to ferrous ions. In 1989, Freedman et al. showed
that GSH was coordinated to cytosolic copper before the metal was bound by metallothioneins
(16). It would be interesting to isolate the cytosol at low S or blocking the biosynthesis pathway
of GSH. If GSH is the endogenous ligand of labile metal pools, we hypothesize that lower levels

of S species and lower intensity peaks of cytosolic Fe and Cu LMM complexes would be observed.
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