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Abstract

Metal ions are one of the essential elements which are extensively involved in many cellular
activities. With rapid advancements in genome sequencing techniques, bioinformatics
approaches have provided a promising way to extract functional information of a protein
directly from its primary structure. Recent findings have suggested that the metal content of
an organism can be predicted from its complete genome sequences. Characterizing the
biological metal usage of cold-adapted organism may help to outline a comprehensive
understanding of the metal-partnerships between the psychrophile and its adjacent
environment. The focus of this study is targeted towards the analysis of the metal
composition of a psychrophilic yeast Glaciozyma antarctica PI12 isolated from sea ice of
Antarctica. Since the cellular metal content of an organism is usually reflected in the
expressed metal-binding proteins, the putative metal-binding sequences from G. antarctica
PI12 were identified in respect to their sequence homologies, domain compositions, protein
families and cellular distribution. Most of the analyses revealed that the proteome was
enriched with zinc, and the content of metal decreased in the order of Zn > Fe > Mg > Mn,
Ca > Cu. Upon comparison, it was found that the metal compositions among yeasts were
almost identical. These observations suggested that G. antarctica P112 could have inherited a
conserved trend of metal usage similar to modern eukaryotes, despite its geographically

1solated habitat.
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Introduction

Metal ions are essential to almost all living organisms. They usually participate as cofactors
in many biological processes, regulate cellular activities or provide structural supports.
Lacking of these metals can cause proteins to malfunction. Indeed, previous studies have
reported that metal-bounded proteins are actually widespread in all organisms at varying
composition, and is entwined with their respective habitats and metabolic preferencesl’z.
Therefore, any significant perturbation within the cell and its adjacent environment can
influence biological metal composition. However, most of the high-throughput experimental
approaches used to identify the complete set of metalloproteins encoded by an organism are
still under development and are usually laborious and resource-demanding®*. Since rapid
advancement in genome sequencing techniques have generated mountains of sequence data
each day, predictive tools that enable scientists to sieve through an organism’s genetic
blueprint and subsequently analyze in detail the sequence(s) of interest are invaluable.
Emergence of bioinformatics approaches has provided a prominent way to identify the
putative metal-binding proteins based on the presence of specific metal-binding sites or

protein domains in the amino acid sequences, and is readily to solve the question of how

many and which proteins may require metal ions to function properly®.

Psychrophiles are defined as organisms which are capable to thrive at very low temperatures
in freezing—habitats7. Cold temperatures could adversely impact nearly all levels of cell
architectures and retard the growth of cell. A complex range of adaptations is hence adopted
by psychrophiles in order to withstand harsh and cold environment. Despite renowned as the
major spoilage agent in refrigerated and frozen foodstuff, psychrophilic organisms are of
great interest to scientists due to their potential biotechnology values®’. They are a precious

source of “cold-active enzymes” with high specific activity at low and moderate
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temperatures, and are inactivated easily by a moderate increase in temperature'’.
Comprehensive understanding of the characteristics of a psychrophile can thus be
beneficially applied for tailoring variants of cold-active enzymes which are adaptable at

desired temperatures.

The particular Glaciozyma antarctica strain PI12 (previously known as Leucosporidium
antarcticum) investigated in this study was isolated from Antarctic sea ice near Casey
Research Station in temperatures ranging -20 — 15 °C. Antarctica is a unique region with an
area of 14 million square kilometers that are mostly covered by ice and snow. Living under
such extreme and harsh environment, adaptive strategies are anticipated to be used by this
organism to alleviate these stresses. In this study, the relative metal usage in the psychrophilic
yeast G. antarctica P112 was examined in order to depict the speciation of metal acquisition
for organism surviving under freezing temperatures. We incorporated multiple generic
bioinformatics tools to identify the presence of homologous metal-binding proteins, metal-
binding domains and protein families from the protein sequences of G. antarctica PI12. In
addition, several yeast and bacterial counterparts with completely sequenced genomes were
also subjected to investigation to compare the overall abundance of the metal-binding
proteins in their proteomes. Through such comparison, we attempted to resolve the unique

physiological metal biosignature that may possibly be inherited by the psychrophiles.
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Procedures
Preparation of BLAST queries

The overall strategy of this project is summarized in Figure 1. In order to trace (putative)
metal-binding ~ sites, ensembles of query for BLAST' were retrieved from
UniProtKB/SWISS-PROT'? protein knowledgebase [release February 2013]. During the
search, metal-related keywords were used as input to identify all proteins that bind a metal
ion (‘metalloproteins’). A total of 17 ensembles of metal-specific queries were obtained: the
common (ubiquitous to almost all living organisms) metal-types of “Sodium-binding”,
“Potassium-binding”, “Magnesium-binding”, “Calcium-binding”, “Manganese-binding”,
“Iron-binding”, “Cobalt-binding”, “Nickel-binding”, “Copper-binding”, “Zinc-binding”; the
occasional (rarely been found in biological systems but may crucial for particular organisms)
metal-types that of “Lithium-binding”, “Vanadium-binding”, Molybdenum-binding”,
“Tungsten-binding”; and the heavy metal-types of “Cadmium-binding”, “Mercury-binding”
and “Lead-binding”. The search results were further clustered using UniRef100" database to
reduce redundancy. Meanwhile, the translated gene products of psychrophilic yeast G.
antarctica P112 (7857 sequences) were obtained from Malaysia Genome Institute and were
converted into BLAST-compatible database. BLASTp was initiated with default substitution
matrix BLOSUM-62 and cut-off criteria for at least 30% sequence identity and E-value less

than 0.001. This was done in order to obtain reliable sequences with significant similarity to

other well-characterized and/or annotated metalloproteins in the database.

Identification of functional protein domains through Pfam

The protein domain composition in the protein sequences of G. antarctica PI12 were

annotated with domain terms defined in Pfam'* database (release 25.0). Subsequently, lists
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of metal-related families and domains were collected by querying the Pfam database with
related keywords and clustered into the following groups: “Sodium-binding”, “Potassium-
binding”, “Magnesium-binding”, “Calcium-binding”, “Manganese-binding”, “Iron-binding”,
“Cobalt-binding”, “Nickel-binding”, “Copper-binding” and “Zinc-binding”. The lists of
queries were employed to scan against the domain compositions in G. antarctica PI12
obtained as aforementioned. With the assumption that an individual metal-binding sequence
contains at least one metal-related protein domain, the resulting matches were manually

inspected and the redundant entries were discarded. These sequences were later assembled

based on the type of metal bounded.

Classification of protein family using machine learning program

A web-based support vector machine program SVMProt'> was employed to classify the
protein sequences into their respective families according to their sequence features. 10
metal-related properties that included in the classifier were focused on the study: “Sodium-
binding”, ‘“Potassium-binding”, “Magnesium-binding”, “Calcium-binding”, “Manganese-
binding”, “Iron-binding”, “Cobalt-binding”, “Nickel-binding”, “Copper-binding” and “Zinc-
binding”. All the results obtained were tabulated in spreadsheet for further analysis.

VENNY'® and VENNTURE'"" were used to generate the 3-set proportional Venn diagrams

and Edwards-Venn diagrams.

Subcellular location prediction of the metal-binding proteins
The distribution of the metal-binding proteins in the cellular compartments of G. antarctica
PI12 was investigated. In order to derive a consensus prediction, three predictive programs

were applied in this study, which were LocTree3'®, WoLF-Psort'’, and WegoLoc?’. The
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putative functions of the metal-binding proteins were associated with their respective

locations using web-server GOanna®'.

Comparative analyses of metal content with other yeast counterparts

Three warm-adapted yeast counterparts were selected for comparing the metal content with
the psychrophilic G. antarctica PI12 since the reference from other cold-adapted yeast is
currently unavailable in the sequence databases. These included the mesophile
Saccharomyces cerevisiae S288c (Taxon identifier: 559292), eukaryotic pathogen Candida
albicans SC5314 (Taxon identifier: 237561) and the thermo-tolerant Pichia angusta ATCC
26012 (Taxon identifier: 871575). Meanwhile, the psychrophilic Psychrobacter arcticus 273-
4 (Taxon identifier: 259536) and alkaliphilic Bacillus lehensis G1 (Taxon identifier: 300825)
from bacteria isolates were also included for comparison. The complete protein coding
genes for most of the organisms were downloaded from the UniProt and NCBI** databases,
except for B. lehensis G1 which was obtained from Malaysia Genome Institute. The metal
compositions in their proteomes were probed using BLASTp with similar query ensembles

and parameters stated in previous section.

Results and Discussion

Homologous metal-binding sequences

Approximately a quarter (26%) of the total proteome for G. antarctica PI12 are predicted to
be metal-bounded by BLAST (Figure 2), with majority of these proteins using essential
metals as cofactors. Interestingly, the presence of heavy metal-binding proteins (e.g.:
cadmium, mercury and lead) is also recorded (44 sequences) during BLAST analysis. These

biologically toxic heavy metals are often speculated for their ability to dislodge the native
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metal ions and distort the preferable coordination geometry, causing the proteins to lose their
functions®™. The presence of heavy metal-binding proteins in G. antarctica P112 could
possibly serve as an indicator for the existence of heavy metals in their adjacent environment,
and may have been assimilated into the cell during metal acquisition. However, due to the
reasons that the coverage of heavy metal-binding domains for Pfam domain database is
relatively limited, and the coverage of SVMProt have excluded protein families bounded with
heavy metals, the detection of heavy metal-binding proteins here is therefore not conclusive
to rely upon a single predictive method, but is expected to be clarified as more functional and

structural information of the metalloproteins are accumulated in the libraries.

Figure 3 shows the number of metal-binding sequences for G. antarctica PI12 recorded by
BLAST, Pfam domain composition (Pfam-KW) and SVMProt. Pairwise alignment between
two proteins are often useful to locate regions of similarity that usually convey structural,
functional or even evolutionary information®® . Seeking for significant sequence similarity or
identity (which occur due to chance) of an unknown protein to a protein deposited in
databases with experimentally characterized known function enables the annotation to be
transferred, which is regarded as homology-based transfer”>2°. Presumably, when pairwise
sequence identity between the two proteins achieved more than 30%, they are inclined to be
similar in structure and function®. As in the case for the metal-binding proteins, BLAST has
predicted that the G. antarctica P112 proteome is predominantly enriched with zinc-binding
proteins, with 1317 significant homologous sequences identified during the search. This is
followed by magnesium- and calcium-binding proteins with 643 and 402 sequences

respectively.
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In fact, protein tends to diverge from its functions more rapidly in nature, and consequently
homologous proteins could have evolved with diverse functions. Therefore, inspecting the
functional unit of a protein, or also referred to as protein domain, thus offer better accuracy
for functional inference. Protein domains are defined as compact regions present in protein
structures, with particular conserved amino acid residues folded into a relatively similar
conformation®” which eventually shape the analogous metal-binding site. We scanned for
protein domain composition of G. antarctica PI12 using the lists of metal-related keywords
from Pfam database, and a total of 3925 significant matches was obtained. With the
assumption that all of these sequences contain at least one metal-related protein domain, we
observed that the manganese-binding proteins (2556 proteins) are more prevalent than zinc
proteins (2274 proteins). The contradiction might possibly be due to higher availability of
annotated entries associated to manganese-binding domains in Pfam database which

subsequently resulted to higher hits obtained during the screening.

To enhance the coverage of prediction, the statistical learning program SVMProt was
employed in this study. This web-based program is useful to identify unprecedented metal-
binding proteins, especially involving proteins which do not have annotated homologues that
may have been overlooked due to lack of significant sequence similarity®®. In this study,
SVMProt described the proteome as tremendously metal-enriched, in which 5458 sequences
have been identified by the program as zinc-binding proteins. This is followed in order by

magnesium (2466 sequences), calcium (2020 sequences) and iron proteins (1939 sequences).

Figure 4(A) summarizes the results of the mentioned approaches and their overlaps. By
overlapping the results obtained, it is noticed that 1750 proteins are identified in parallel by

all three methods as putatively metal-bounded, while 3908 proteins are detected by at least

10
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two approaches. There are only 15 proteins which were detected by BLAST; and 182
proteins independently identified by Pfam-KW. Meanwhile, nearly half of the metal-binding
sequences predicted by SVMProt (3781 proteins) are detected by either of the other two
approaches, and another half of the metal-binding proteins are particularly recorded by
SVMProt (3304 proteins). By calculating the number of proteins identified as metal-binding
by two out of three approaches, it is discerned that the ensemble of proteins retrieved by
BLAST and Pfam-KW (127 sequences) along with BLAST and SVMProt (165 sequences)
are relatively close in size. In contrast, the ensemble of proteins detected by Pfam-KW and
SVMProt is distinctively more (1866 sequences), which possibly suggest that the protein
functional family training sets for SVMProt has covered most of the annotated metal-binding
domains available in Pfam database. However, the usage of SVMProt should be mindful of
its rather weak discrimination power (with only 62.5% of homologous proteins are recovered
during the training)"> and limited range of metal-binding protein family that are currently

supplied for the training sets.

To summarize the results obtained, the putative metals quota for the psychrophilic yeast G.
antarctica PI12 in combination of all approaches has showed a hierarchy of abundance that
descended in the order of Zn > Fe > Mg > Mn, Ca > Cu [Figure 4(B)]. The low number of
copper-binding proteins may correlate to the metal’s tremendous efficiency in redox activity
that under certain circumstances, can appear as a critical challenge to biological systems .
The excessive redox activity can cause the generation of highly reactive oxygen species
(ROS) in particular hydroxyl radicals through Fenton reaction which can damage the cell.
Therefore, the intracellular concentration of copper is tightly control to prevent its toxic

potential®”*°,

11
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Distribution of the metal-binding proteins in cell

The cellular distribution of the putative metal-binding proteins of G. antarctica P112
consensually identified by all the approaches is depicted in Figure 5. Zinc-binding proteins
are found in almost all of the cellular compartments, with the largest fraction (392 sequences)
being in the cell nucleus. The extensive usages of zinc in the nucleus could be interpreted for
the intense requirement of zinc proteins to regulate gene expression and to maintain genome
integrity”’>!. The crucial role of magnesium in stabilizing the nucleic acid structures can also
be observed from the presence of 22% magnesium-binding proteins (23 sequences) also
located in the nucleus, which accounted as the second most abundant metal after zinc.
Meanwhile, the relatively high level of calcium in nucleus (19 sequences) is postulated to be
integrated into the typical EF-hand hand motif of calmodulin which is often involved as a

signal transducer in cell-cycle events and proliferation™.

A comparable fraction of zinc- (44 sequences) and iron-binding proteins (37 sequences) has
been detected in the mitochondria compartment. Zinc proteins in the mitochondria have been
predominantly found to be zinc-containing superoxide dismutase which control the
generation of reactive oxygen species, and/or recruiting zinc ions as cofactors in a series of
metalloenzymes®~*. Indeed, the occurrence of iron proteins in mitochondria is consistent to
their prominent role in facilitating electron transfer process via transition between different

oxidation states>” >,

13 manganese proteins are found localized in the mitochondria, with
most of them are found to catalyze the dismutation of superoxide and prevent the cell from
oxidative damage™®. The presence of magnesium proteins (11 sequences) in this compartment

is found in relevance to the enzymes that are involved in energy metabolism such as

glycolysis, which are mostly magnesium-dependent’’; whereas the considerable amount of

12
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calcium proteins (12 sequences) noticed here supports the hypothesis that the mitochondria

could be one of the intracellular store for calcium’®,

During the screening, we also noticed an elevated usage of iron proteins (13 sequences) after
zinc in endoplasmic reticulum (ER). This in complying with the role of ER as the protein
factory in cell that ensures the correctness of protein folding, and thus has an unique
oxidizing-folding environment loaded with various protein chaperones and enzymes®.
Alteration of the redox state of ER could affect protein folding and disulfide bond formation,
and hence widespread of metal-dependent superoxide dismutases are anticipated in this

compartment.

A substantial proportion of metal-binding proteins have been observed in the cellular
cytoplasmic pool, which comprised of over one-fourth of all metal-binding protein identified
in each respective metal-type (except copper). A myriad of zinc proteins are found in this
compartment (364 sequences), followed by manganese (50 sequences), magnesium (47
sequences), calcium (40 sequences) and iron proteins (38 sequences) in relatively similar
fractions. The prevalence of these metal-binding proteins in this compartment may correlated
to the shuttling of metals to enter and/or exit the cell compartments in equilibrium®.
Likewise, the abundance of metal-binding proteins, especially zinc proteins (37 sequences)
that are present in the plasma membrane may correspond to various metal transporters and
sensors situated in the membrane that play key roles in maintaining the optimal intracellular

metal pools of the cell*'.

It is also discerned that some of the metal-binding proteins are localized in the extracellular

region, which can be defined as the external space proximal to the outermost membrane of a

13
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cell. This region is often reported to be the reservoir of metal-containing extracellular
degrading- and antioxidant-enzymes which are encapsulated in the form of vesicles*. The
findings have affirmed that the distribution of a metal-binding protein in the cellular

compartments has conveyed its functional information.

Comparative metal composition with other counterparts

Several studies have claimed that the compartmentalization of the metal-binding proteins in
the cell could be possibly restrained by the bioavailability of the respective metals in the
adjacent environment®*. Considerable perturbations in the environment would potentially
induce the proteins to evolve with different scaffolds and/or recruit different metal ions in
order to confront the stress*, and this speciation of the elemental composition in an organism
can eventually influence its evolution®"*. Emphasizing only on prokaryotes, Zerkle and co-
worker*® has attempted to estimate prokaryotic metallomes . They observed that prokaryotes
have generally followed a hierarchy of metal concentration as follows: Fe > Zn > Mn > Mo
(Molybdenum), Co (Cobalt), Cu > Ni (Nickel) > W (Tungsten), V (Vanadium). A similar
estimation has also been performed recently by Cameron and colleagues1 on the metallomes
of hyperthermophiles. Both teams have reported an elevated usage of nickel and cobalt in
methanogens and hyperthermophiles, suggesting that these trace elements may be crucial to
these extremophiles. However, the reference for metal usage in psychrophiles remained
missing. Hence, comparative analyses on the metal usage by other counterparts with different
metabolic preference were conducted in this present study. As there is still a lack of other
completely-sequenced psychrophilic yeast genomes in the public databank to permit a
comparison of metal acquisition between cold-adapted yeasts, a psycrophillic bacterial strain,
Psychrobacter arcticus isolated from the Siberian Permafrost has been employed here for

comparative studies across different taxa. The alkaliphilic bacterium Bacillus lehensis was

14
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also incorporated in the analyses as this bacterium has extensive applications in industries,

and yet its metal content is poorly described.

The variations of metal composition predicted by BLAST for each metal-type in all four
studied yeast proteomes are almost identical, with slight differences noticed in the contents of
magnesium and iron (Figure 6). The composition of the magnesium-binding proteins ranged
from 18% in G. antarctica PI12 and C. albicans SC5314 to 21% in S. cerevisiae S288c,
while the iron contents varied between 9-12%. The presence of cobalt-, nickel-, and copper-
binding proteins in the yeasts are rather scarce, with an average of 1-2%. All the proteomes
are noticeably zinc-enriched, with zinc compositions constituted 34-38% of the respective
metallomes. Andreini and co-authors ® have justified that prokaryotes generally adopt zinc for
catalytic activity, while eukaryotes have additional zinc usages in regulating gene expression,
cell compartmentalization, and cell differentiation, which imply the significant requirement

of zinc proteins in higher organisms.

On the contrary, a discernible variation in the metal composition is noticed in both the
bacterial extremophiles when compared with the metal content of G. antarctica PI12 (Figure
7). Magnesium-binding proteins in P. arcticus 273-4 proteome are particularly prevalent,
which constituted about a quarter (24%) of its metallome. B. lehensis G1 on the other hand,
has a similar magnesium content with G. antarctica PI12 (18%). However, the calcium
contents for the two bacterial strains (both 5%) are apparently reduced as compared to G.
antarctica PI12 (12%). We postulate that the higher acquisition of calcium in yeast may
correspond to the role of calcium in regulating cellular signaling which control a vast array of
eukaryotic cellular responds***. In comparison, the fraction of iron-binding proteins in G.

antarctica PI12 are considerably lower compared to the bacteria. The findings seem to be

15
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consistent with results reported by previous studies 2>, Apart from this, it is noticed that
elevation in thermophily is paralleled with the increase of metal usage when the metal
composition of thermophile P. angusta ATCC 26012 is compared with the psychrophiles G.
antarctica PI12 and P. arcticus 273-4 in relative to their proteome sizes (Figure 8). This
could be interpreted as an importance of metals especially zinc in providing structural rigidity
to the proteins as the temperature increased®. Meanwhile, we observed that the cold-adapted
bacterium P. arcticus 273-4 has in general recruited more metals than G. antarctica PI12.
The molecular determinant which influences the bulk metals usage of the psychrophilic

bacterium in comparison to the yeast regrettably remains a puzzle.

Conclusion

In the present work, we have conducted a survey on the metal preference of a psychrophilic
yeast G. antarctica PI12 using the integration of multiple sequence-based bioinformatics
approaches. The results showed a quarter of its proteome was found to be metal-enriched and
was prevalent with zinc. Metal utilization for G. antarctica PI12 followed the trend as Zn >
Fe > Mg > Mn, Ca > Cu. Predicting the compartmentalization of the metal-binding proteins
in the cell has indeed ascertained the wide-ranging participation of metals in cellular
activities. However, the psychrophilic yeast has seemed to adopt a trend of metal usage which
resembles other yeasts from warm-counterparts, despite its geographically isolated habitat. It
can therefore be inferred that the bioavailability of the trace metal surrounded the organism
could be the key factor which influence its metallome. In conclusion, the preference of metal
acquisition by the psychrophilic yeast G. antarctica PI12 can be outlined with the aid of
various bioinformatic resources, and the present work provides an alternative to explore the

role and function of metal ions in the cellular system from such an integrated view.

16
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Figure 1. Overall workflow of project.

A flowchart illustrating the steps involved for the identification of putative metal-binding proteins from G. antarctica PI12 genome.
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29 Figure 2. Relative abundance of metal-binding proteins in G. antarctica P112 proteome.

The percentage of putative metal-binding proteins present in the proteome of G. antarctica P112
23 analyzed using BLASTp. Common metals (ubiquitous to almost all living organisms) include
34 “Sodium-binding”, “Potassium-binding”, “Magnesium-binding ", “Calcium-binding”,
35 “Manganese-binding”,  “Iron-binding”, “Cobalt-binding”,  “Nickel-binding”,  “Copper-
36 binding”, “Zinc-binding”; Occasional metals (rarely been found in biological systems but may
37 crucial for particular organisms) include “Lithium-binding”,  “‘Vanadium-binding”,
Molybdenum-binding”, “Tungsten-binding”; Heavy metals include “Cadmium-binding”,
40 “Mercury-binding” and “Lead-binding”. About one-quarter (2071 proteins) of the proteome is
41 predicted to be metal-bounded, including 44 sequences which are likely to bind heavy metals.
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Figure 3. Comparison for the number of putative metal-binding protein identified using
BLAST, Pfam-Keyword (Pfam-KW) and SVMProt.

BLAST and SVMProt results have independently suggested that the G. antarctica P112
proteome is zinc-enriched. However inspecting the domain composition with Pfam terms
(denoted as ‘Pfam-Keyword’) revealed a greater number of manganese proteins compared to

zinc.
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Figure 4. Comparison between the numbers of metal-binding proteins identified.

46 Venn diagram in Figure 4 (A) represents the overlaps of metal-binding proteins predicted by
47 BLAST, Pfam-Keyword (Pfam-KW), and SVMProt. A total number of 1750 sequences in G.
48 antarctica PI12 are predicted to be metal-bounded by all the approaches. The numbers of
49 proteins identified for selected metal-types (magnesium-, calcium-, manganese-, iron-, copper-
and zinc-binding) by the mentioned approaches are indicated in Figure 4 (B).

60 23



©CoO~NOUTA,WNPE

Page 24 of 29

Metallomics
Figure 4(B)
Magnesium BLAST Calcium BLAST
229 59
SVMProt SVMProt
2145 101 1687 /2_3\
118 102 220 \goJ
235 211 580 230
Pfam-KW Pfam-KW
Manganese BLAST Iron BLAST
50 69
SVMProt SVMProt
/424\ m 1402 m
468 \89/ 368 118
1799 200 702 156
Pfam-KW Pfam-kKwW
Copper BLAST Zinc BLAST
9 55
SVMProt SVMProt
1480 /—z\ 3557 181
148 \_QJ 800 920
497 28 393 161
Pfam-KW Pfam-KW
24



Page 25 of 29 Metallomics

Magnesium (102) Calcium (90) Manganese (89)

2% (2) . o 22 ) 96(1)__ 73%03) 1% (1), 1)

©CoO~NOUTA,WNPE

1% (1)

17 3% (3) 3%(3) 3% (3)

2% (2) 3%(3)
20 Iron (118) Copper (9) Zinc (920)
22 1% (1)_\ '_2% (2)

1% (6) 1% (@) (1171")

11%
(1) 11%

(1)

11%
(1)
11%
(1)

2%
(18)

35 4% (5) 1% (29)

36 (11)

38 Legend:
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Figure 5. Distribution of the metal-binding proteins in various cellular compartments.

Pie diagrams indicate the relative abundance for the putative magnesium-, calcium-, manganese-,
iron-, copper- and zinc-binding proteins distributed in the cellular compartments of G. antarctica
PI12 . The total numbers of proteins identified (combination of all approaches) for each metal are
indicated in parentheses.
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52 Figure 6. Comparison of metal composition between G. antarctica P112 and warm-adapted
53 yeast counterparts.

55 Relative abundance of the putative metal-binding proteins in the four yeast proteomes identified
56 using BLASTp. Abbreviation: GA- Glaciozyma antarctica P112; SC- Saccharomyces cerevisiae
57 S288c; CA- Candida albicans SC5314; PA- Pichia angusta ATCC 26012.
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Figure 7. Comparison of metal composition between G. antarctica P112 and the bacteria.

Relative abundance of the putative metal-binding proteins in the two bacterial proteomes
identified using BLASTp. Abbreviation: GA- Glaciozyma antarctica P112; PsyA- Psychrobacter

arcticus 273-4; BL- Bacillus lehensis G1.
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29 Figure 8. Variation of metal content between the psychrophiles and the thermophile in
30 relative to their proteome size.

32 The fractional abundance (in %) of the putative metal-binding proteins for the psychrophiles G.
antarctica P112 (GA) and P. arcticus 273-4 (PsyA) are compared with the thermophilic yeast P.
35 angusta ATCC 26012 (PA) in relative to their proteome size.
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