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1. Introduction

Biological trace elements are needed in minute quantities
for proper growth, devel opment, and physiology of organisms.t 3
These micronutrients include iron (Fe), zinc (Zn), copper
(Cu), molybdenum (Mo), tungsten (W), nickel (Ni), cobalt
(Co), manganese (Mn), chromium (Cr), vanadium (V),
selenium (Se), iodine (1), and possibly other trace elements.
Although used in small amounts (generaly less than 100
mg/day) as opposed to macrominerals (e.g., calcium, mag-
nesium, phosphorus, sulfur, potassium, and sodium) that are
required in larger quantities, trace elements provide proteins
with unique coordination, catalytic, and electron transfer
properties. These properties are employed by organisms in
key functions in a variety of pathways, resulting in the
dependence of organisms on various trace elements.*

The majority of trace elements are metal ions. Except
for Fe and Zn, which are thought to be utilized by all
organisms,>® most other biological metals, including Cu,
Mn, Mo, Ni, and Co, are used in a wide range but not in
all organisms in both prokaryotes and eukaryotes. The
major metalloid micronutrient, Se, is also involved in a
variety of important metabolic processes, but not used by
all organisms.”™®

Because of the important roles these trace elements play
in cells, efficient mechanisms are required to maintain and
regulate uptake of these micronutrients and their concentra-
tion, utilization, and storage, especialy for those elements
whose soluble forms are present in trace amounts in natural
environments. High-affinity import systems have been re-
ported for severa trace elements in both prokaryotes and
eukaryotes. The ATP-binding cassette (ABC) transport
systems are the most frequently used transporters, such as
ZnuABC for Zn,*® MntABC for Mn,** ModABC for Mo,*
and NikABCDE for Ni.*® Non-ABC transporters were also
identified, e.g., ZupT for Zn and other divalent metal
cations,** MntH for Mn and Fe,*® Ctrl for Cu,*¢ and NiCoT
for Ni and Co.'” Some meta ions, such as Fe, Zn, and Mn,
could also be transported via unspecific cation influx
systems.'®1° Although a high-affinity transport system for
Se has not been identified thus far, its uptake (in the form
of selenate or selenite) could be supported by the sulfate
transport system.? On the other hand, excessive uptake of
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certain metals (e.g., Fe or Cu) can result in overload disorders
because of high toxicity of these metals. Moreover, some
trace elements may interact and could potentially interfere
with the essential functions of each other. For example,
excessive Zn can induce signs of Cu deficiency.?*?? There-
fore, homeostasis of trace elements within the cell should
be carefully maintained by mechanisms regulating their
uptake in order to provide adeguate levels while preventing
accumulation to toxic levels.t®

Utilization of trace elements is generally rather complex.
First, cells require metal ions as cofactors of metalloproteins.
Most metal ions are directly incorporated into their cognate
sites in proteins involved in various cellular pathways.
However, some metal ions have to become part of prosthetic
groups, cofactors, or complexes prior to insertion of these
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moieties into target proteins. For example, Mo and Co are
the main functionalities in molybdopterin (MPT, or Mo
cofactor, Moco) and vitamin B, (or cobalamin, a group of
closely related polypyrrole compounds such as cyanocobal -
amin, methylcobalamin, and deoxyadenosyl cobalamin),
respectively.?>=2> Second, several metals, such as Fe, Cu,
and Mo, play important roles in redox reactions, but these
and other metals are also involved in a variety of other
enzymatic reactions. Third, the number of metalloprotein
families that are dependent on one or more metal varies
greatly. For instance, over 300 protein families have been
identified that require Zn,?6?” whereas less than 10 protein
families are known to be dependent on Ni.?® In contrast to
metals, Se is mainly used in the form of the amino acid,
selenocysteine (Sec, known as the 21st amino acid), found
inavariety of proteins (selenoproteins),?® and selenouridine,
a modified tRNA nucleoside that tunes codon—anticodon
interactions in prokaryotes.*

In recent years, dramatic advances in genomics have
resulted in the generation of complete genomic sequences
for alarge number of organisms from the three domains of
life. Computational analyses of protein sequences and
structures on a genomic scale revealed a significant number
of proteins that bind trace elements. Thus, identification of
all or ailmost all trace element-containing proteins in genomic
databases can greatly assist in understanding of utilization
of different micronutrients. Unfortunately, due to the lack
of reliable approaches, it is currently not possible to identify
complete sets of trace element-containing proteins in organ-
isms. The only exception may be Se, for which complete or
nearly complete sets of selenoproteins in both prokaryotes
and eukaryotes, including humans, have been reported.3~32
In recent years, several comparative and functional genomic
analyses have been carried out for trace elements, including
Zn, Ni, Co, Cu, and M0.*"* These preliminary studies
improved our understanding of their biological and biomedi-
cal roles, as well as their occurrence and trends in the
utilization of these trace elements.

In this review, we discuss the use of five biological trace
elements (Mo, Ni, Co, Cu, and Se) in the three domains of
life from the perspective of comparative genomics. The
reason we chose these elements is that they are widely used
by organisms but are characterized by a limited number of
user proteins. In addition, unlike Fe and Zn, they are not
used by all organisms. Therefore, the analysis of their
utilization may provide important information with regard
to fundamental issues of function and evolution of trace
elements. We will begin with a brief introduction of the
strategies to analyze the utilization of trace elements. After
that, each of these trace elements will be discussed in detail,
including their transport systems, cofactor biosynthesis
pathways, and proteins that use them. We will then proceed
with the molecular basis for comparative genomics and recent
comparative studies on trace element utilization. We will
finish with the interactions among trace elements and unique
patterns of their utilization.

2. Comparative genomic analysis of trace
element utilization

Comparative genomics is a research area that examines
the relationships of genome structure and function, as well
asits genes and other functional elements, across species.®?#
It takes advantage of the information provided by the
evolutionary signatures of selection to understand the func-
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tion and processes that act on genomes and their components.
The wide use of comparative genomics has been covered in
detail in many reviews and benchmark studies,*> 46 and it is
not our intention to discuss this subject in detail here. While
comparative genomics is still a young field, it holds great
promise in providing insights into many aspects of the
evolution of ancestral and modern species, which in turn
helps aid the understanding of pathways and other biological
processes in currently living organisms. These considerations
include trace elements whose unique chemical, redox, and
coordination properties are exploited in avariety of waysin
biological systems.*’

In the past decade, complete genome sequencing trans-
formed the way science is done. These advances also led to
ever increasing information about sequences, structures, and
functions of metalloproteins as well astheir occurrence across
thousands of organisms. It is now possible to compile sets
of trace element-dependent pathways that an organism
adopts. Questions can now be addressed regarding the extent
of the use of trace elementsin individual organisms, as well
as in groups of organisms, based exclusively on computa-
tional analyses.

However, the prediction power of these methods is not
uniform across trace elements. For example, unlike Se, whose
insertion into proteins (in the form of Sec) could be reliably
predicted on the basis of several specific features (details
will be discussed in section 6.3.1), a precise approach has
not been developed for the identification of metalloproteins,
partially because of overlapping signatures for different
metals or the uncertainty of metal-binding ligands. On the
other hand, analysis of sequence and structural properties
of many metal-containing proteins and the conservation of
metal-binding ligands in these proteins resulted in the
development of numerous metal-binding motifs/patterns,
which can assist in the analysis of metal utilization and help
identify additional metal-binding proteins. Furthermore,
comparative genomics and phylogenetic analyses provide
important information regarding the function and evolution
of trace element utilization. Finaly, searches for trace
element utilization traits can be assisted with the analyses
of factors involved in metal transport or biosynthesis of
metal-containing cofactors utilized by proteins. In genera,
the procedure of comparative genomic analysis of a trace
element could be divided into three major steps (Figure 1).

2.1. Step 1: Identification of Trace
Element-Dependent Proteins

Occurrence of trace element-dependent proteins (e.g.,
metalloproteins, selenoproteins) is the most important indica-
tor of utilization of the corresponding trace elements.
Therefore, the first step in the analysis may be to collect all
known trace element-dependent proteins.

Metalloproteins that use Mo, Ni, Co or Cu belong to
diverse classes of proteins, with the inserted metal atoms
providing catalytic, regulatory, and structural roles critical
to protein function. A previous examination of the Protein
Data Bank (PDB) showed that almost one-fourth of structur-
ally characterized proteins contain a coordinated metal
atom.*® Based on sequence and structural information of a
variety of known metalloproteins, severa bioinformaticstools
and databases were developed that provide predictions for
sequences of interest. These resources, for example, include
Pfam (the protein families database),*® PROSI TE (a database
of protein domains, families, and functional sites),® PRINTS
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(a protein fingerprint database),* CDD (a collection of
multiple sequence alignments and derived database search
models at NCBI),5? BLOCKS (a block database),>* ProDom
(a comprehensive set of protein domain families automati-
cally generated from the SWISS-PROT and TrEMBL data-
bases),> COG (clusters of orthologous groups),® and MDB
(ametalloprotein database).> For metalloprotein prediction,
some of these tools contain sequence patterns, which are the
occurrences of specific amino acids (ligands) in protein
sequences, whereas other tools use position-specific scoring
matrices (PSSM, or profiles), which describe similarity
among distant sequences. However, these databases and tools
do not include al metal-binding motifs and could only help
identify a partial set of metal-binding proteins with known
structures or conserved metal-binding residues. Moreover,
some metalloproteins may bind different metals with the
same ligands. In addition, the protein folding location and
other factors may also regulate metal selection in organisms.>’

Occurrence of genes involved in high-affinity metal
transport, metal-containing cofactor (such as Moco and B1,)
biosynthesis, and other regulatory pathways (such as chap-
erones and repressors) may provide complementary informa-
tion regarding metal utilization and should be analyzed in
paralel. Thus, ametal utilization trait (i.e., occurrence of at
least one protein that utilizes this metal) could also be verified
by the requirement for the presence of high-affinity transport
systems and/or cofactor biosynthesis pathways. Identification
of selenoproteins (both known and new) is easier, as the
searches may be based on specific features of Sec insertion
machinery. Severa bioinformatics tools have been developed
for prediction of selenoproteins, and it appears that they are
capable of detecting all or almost all selenoprotein families
in sequenced organisms (details will be discussed in section
6.3).

2.2. Step 2: Identification of Orthologs of Query
Proteins

The next step may be to identify orthologs of selected
proteins in the sequenced genomes of archaea, bacteria, and
eukaryotes. A list of fully sequenced organisms from the
three domains of life is available at NCBI (http://www.
ncbi.nim.nih.gov/sutils/genom_table.cgi). At the time of
prepation of this article (November 2008), more than 700
species were available (excluding various strains of the same
organism).

To analyze for the occurrence of orthologs of query
proteins, a set of sequences obtained in step 1 can be used
asinitial seedsto search for homologous sequencesin various
organisms via BLAST programs (such as BLASTP and
TBLASTN).®® Distant homologs could be further identified
using iterative BLAST searches in each phylum or with the
help of PSI-BLAST. Orthologous proteins could then be
defined using multiple approaches, such as conserved domain
(COG/Pfam/CDD) searches, bidirectional best hits (BBH),
and genomic context (i.e., operon or gene neighborhood)
analyses and phylogenetic analyses. If metal-binding ligands
are known, conservation of these residues in the orthologs
should be investigated to assess the ability to bind metal.
For some proteins, it is difficult to identify metal-dependent
orthologs or determine metal preference. For example, Ni
and Co share common transport systems in archaea and
bacteria, and members of these transporter familiesin some
organisms often do not have aclearly discernible function.®
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Figure 1. Schematic diagram for comparative genomic analyses of trace element utilization. This process can be divided into three steps.

Details are discussed in the text.

Occurrence of Moco and vitamin B, biosynthesis could
be verified by the presence of proteins involved in the
corresponding pathways (see sections 3.1 and 4.3 for details).
Occurrence of the Sec biosynthesis pathway could be easily
identified based on the co-occurrence of components involved
in this process (see section 6.2). The presence of the
utilization trait of a trace element X in an organism could
be verified by the requirement for occurrence of at least one
predicted X-specific transporter (if available) or X-containing
cofactor biosynthesis pathway (if available) or at least one
X-dependent protein.

A potential disadvange of this approach is that only
proteins strictly specific for a particular metal must be
selected, which may result in incomplete analysis of metal
utilization in some organisms. However, regarding the four
metals discussed here, most of the metal-utilizing proteins
are strictly dependent on their primary metal. Therefore, such
a comparative genomic approach may indeed reveal ageneral
(even if incomplete) picture of metal utilization in organisms.

2.3. Step 3: Comparative and Functional
Analyses of Trace Element Utilization

Functional analysis of trace element utilization by means
of comparative genomicsis one of the important goals of
the field, which enhances our understanding of general
mechanisms and evolutionary dynamics of trace elements
used in different organisms, phyla, or even kingdoms.
Based on the data derived from the two previous steps
and subsequent analyses, additional questions could be
addressed, such as identification of the relationship
between trace element utilization and environmental
factors, characterization of metalloproteomes and seleno-
proteomes, and interactions or other common features
among trace elements. Initial studies have recently been
reported for these trace elements on the basis of compara-
tive genomics. In the following sections, we will focus
on each of the five trace elements and discuss unique and
common features of their utilization.
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3. Molybdenum

Mo plays acritical role in several metabolic pathways and
forms part of the active sites of several metalloenzymes in
bacteria, archaea, and eukaryotes.>® These enzymes execute
reactions in the biogeochemical cycles of carbon, nitrogen,
and sulfur of the Earth and occupy key positions in severa
metabolic pathways.%® Except for the Fe—Mo cofactor in
nitrogenase,’! Mo is complexed by a pterin moiety, thereby
generating the molybdenum cofactor (Moco) in Mo-depend-
ent enzymes (molybdoenzymes).5*%° Some microorganisms
utilize tungsten that is also coordinated by pterin.5? The close
chemical and physical similarities of tungstate and molybdate
are based on similar atomic and ionic radii, el ectronegativity,
and coordination properties.®*% Although Mo use is much
more widespread than that of tungsten, it is often impossible
to distinguish these elements based on sequence analysis.
Therefore, in this review, the term Moco refers to the
utilization of both metals.

3.1. Mo Uptake and Moco Biosynthesis

Synthesis of Moco and conversion of apoenzymes to the
active forms of molybdoenzymes depend on transport of
molybdate anion, activation of molybdate, and finally
incorporation of the activated Mo into molybdopterin.>:6¢

Identification of Mo (or W) transport systems and the
Moco biosynthesis pathway are essentia for characterization
of the Mo utilization trait. In Escherichia coli, the high-
affinity molybdate ABC transporter (ModABC, products of
modABC genes) consists of ModA (molybdate-binding
protein), ModB (membrane integral channel protein), and
ModC (cytoplasmic ATPase).5"% As mentioned above, due
to the close chemical and physical similarities between
molybdate and tungstate, the latter was previously thought
to be only unselectively cotransported or cometabolized with
molybdate by the ModABC system. However, a new class
of molybdate/tungstate transport system (WtpABC) and a
highly specific tungstate ABC transporter (TupABC) have
recently been reported.®7° WtpA (the periplasmic component
of the WtpABC transport system) contains a ModA-like
domain (COG0725, ModA), whereas TupA (the periplasmic
component of the TupABC transport system) contains a
different domain (COG4662, TupA), which has a low
similarity to ModB. They showed different anion affinities
compared to ModA. TupA specifically binds tungstate,
whereas WtpA has a higher affinity for tungstate than ModA
and TupA, and the affinity for molybdate is similar to that
of ModA. Crystal structures showed that the residues
involved in molybdate binding in E. coli ModA (1AMF) and
tungstate binding in Archaeoglobus fulgidus WtpA (20NS)
were partially overlapped.”™"? Therefore, it is now clear that
tungstate can also be selectively transported into some
prokaryotic cells by these two selective ABC-type transport-
ers and may be selectively incorporated into some Moco-
dependent enzymes.”® Alignment of ModA and WtpA
sequences from different species showed that the residues
involved in substrate binding are not strictly conserved, not
only between WtpA and ModA, but aso within the same
family (Figure 2).

In E. coli, the modABC operon is regulated by a repressor
protein, ModE, which may also control the transcription of
genes coding for molybdopterin synthesis and molybdo-
enzymes.”*~ 7" E. coli ModE is composed of an N-terminal
DNA-binding domain (ModE_N) and a C-terminal molyb-
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date-binding domain.”">"® The latter contains a tandem
repeat of the Mo-binding protein (Mop; the C-terminal
domain is also referred to as the Di-Mop domain).” The
ModABC-ModE systems are widely distributed in organisms
but are not ubiquitous.” % Several recent studies showed
ModE-like variants in some prokaryotes (including separate
ModE_N, Mop/Di-Mop proteins as well as their additional
fusion forms), suggesting the presence of more complex
ModE-related ModABC regulation in these organisms. #8283
At the same time, regulation of WtpABC and TupABC
transporters is unclear. However, the observation that the
modE gene is located close or next to tupABC or wtpABC
operons suggests that the two transport systems are regulated,
at least in some organisms, by ModE-related mechanisms.*

In contrast to the well-characterized molybdate transport
in prokaryotes, eukaryotic molybdate transport and its
regulation are poorly understood. In 2007, a high-affinity
molybdate transport system, MOT1, which belongs to the
sulfate transporter superfamily, was first characterized in
Arabidopsis thaliana and Chlamydomonas reinharditii 848
More recent studies showed that A. thaliana MOTL1 is
strongly expressed in the roots and is localized to the
mitochondriainstead of the plasma membrane of root cells.®

Moco is synthesized by an evolutionarily conserved
multistep pathway in all three domains of life. Details have
been described in many articles and reviews.%8~%1 Although
some steps in the Moco biosynthesis remain incompletely
understood, the overall pathway can be divided into three
or four steps as outlined in Figure 3: (i) early stepsin which
a guanosine derivative, most likely GTP, is converted into
precursor Z; (ii) transformation of precursor Z into molyb-
dopterin; (iii) metal incorporation into the apo-cofactor; (iv)
further activities that are required to generate an active
cofactor in some organisms. For example, most enzymes
from eubacteria contain a dinucleotide form of the cofactor
(molybdopterin guanine dinucleotide, MGD) in which a
second nucleotide, such as GMP or CMP, is linked to the
organic component of the cofactor. In E. coli, the proteins
required for biosynthesis and regulation of the pterin cofactor
are encoded in the moa-mog operon.®2% The moa and moe
operons encode proteins involved in the biosynthesis of the
mononucleotide form of the pterin cofactor, and the mob
operon encodes pterin guanine dinucleotide synthase that
adds GMP to the Mo-complexed pterin cofactor. In eukary-
otes, six proteins (Cnx1—3 and Cnx5—7, as designated in
plants) are involved in Moco biosynthesis.® %" These
proteins are homologous to their counterparts in bacteria.
Thus, the moa-mog genes could be used for identification
of Moco biosynthesisin prokaryotes whereas cnx genes could
be used in eukaryotes.

3.2. Molybdoenzymes

Molybdoenzymes represent the metabolic pathways that
Mo is involved in. As mentioned above, Moco-containing
enzymes catalyze important redox reactions in the global
carbon, nitrogen, and sulfur cycles. To date, more than 50
molybdoenzymes, mostly of bacterial origin, have been
described.®088 On the basis of sequence similarity and
spectroscopic properties, these enzymes can be divided into
four families: xanthine oxidase (X0), sulfite oxidase (SO),
dimethylsulfoxide reductase (DM SOR), and aldehyde:ferre-
doxin oxidoreductase (AOR).%® Each family includes a
variety of subfamilies based on substrate preferences. Table
1 includes the mgjority of known Moco-containing enzymes.
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Figure 2. Multiple sequence alignment of ModA and WtpA. Based on the resolved crystal structures,”™ "2 residues involved in molybdate
binding in E. coli ModA are shown in a red background and residues involved in tungstate binding in Archaeoglobus fulgidus WtpA in a
blue background. Some of these residues overlap between ModA and WtpA proteins. Other conserved residues are shown in white on

black or gray.

All four families occur in prokaryotes, but only a limited
number of enzymes belonging to the XO and SO families
occur in eukaryotes.®® Members of the XO family are broadly
distributed, with many eukaryotic, prokaryotic, and archaea
representatives. On the other hand, SO proteins are largely
found in eukaryotes while members of the DM SOR family
have only been found in bacteria and archaea. In eukaryotes,
the SO family includes nitrate reductase (NR) and SO,
whereas the XO family is mainly represented by xanthine
dehydrogenase (XDH) and aldehyde oxidase (AO). XDH,
AO, and SO are typical of many eukaryotes analyzed so far,
whereas NR is only present in autotrophic organisms (e.g.,
plants, algae, and fungi), asthis enzymeis required for nitrate
assimilation.

Members of the XO family catalyze oxidative hydroxy-
lation of a wide range of aldehydes and aromatic hetero-
cycles.® The overall reaction mechanism of these enzymes
is typically broken down into reductive and oxidative half-
reactions of the catalytic cycle, and the Mo center participates
in the former. The major enzymesin this family include AO
(catalyzes the oxidation of a variety of aromatic and
nonaromatic heterocycles and adehydes), XDH (a key
enzyme of purine degradation that oxidizes hypoxanthine to
xanthine and xanthine to uric acid), and bacterial aldehyde
oxidoreductase.

The SO family consists of sulfite oxidase and assimilatory
nitrate reductase. Members of this family catalyze net oxygen
atom transfer to or from a heteroatom lone electron pair
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Mo
GTP ——» PrecursorZ —— MPT J—* Mo-MPT ———  Mo-MGD
Escherichia coli MoaA, MoaC MPT synthase MogA, MoeA MobA, MobB
(MoaD and MoaE)
and MoeB
Arabidopsis thaliana Cnx2, Cnx3 Cnx5, Cnx6, Cnx7 Cnx1
Conserved in both prokaryotes and eukaryotes In bacteria

Figure 3. Biosynthesis of molybdenum cofactor. The pathway of Moco synthesis can be divided into three or four steps. The proteins
from E. coli and A. thaliana catalyzing the respective steps are depicted and their names are given. MPT, molybdopterin; MGD, molybdopterin

guanine dinucleotide.

Table 1. Moco-Containing Enzymes

family
xanthine oxidase

protein

xanthine oxidase

xanthine dehydrogenase

aldehyde oxidase

aldehyde oxidoreductase

CO dehydrogenase
quinoline-2-oxidoreductase

isoquinoline 1-oxidoreductase
quinoline-4-carboxylate-2-oxidoreductase
quinaldine-4-oxidoreductase

quinaldic acid 4-oxidoreductase
nicotinic acid hydroxylase
6-hydroxynicotinate hydroxylase
nicotine dehydrogenase

picolinate hydroxylase
(2R)-hydroxycarboxylate oxidoreductase
sulfite oxidase

nitrate reductase (assimilatory)
dimethylsulfoxide reductase

biotin sulfoxide reductase
trimethylamine-N-oxide reductase
nitrate reductase (dissimilatory)

formate dehydrogenase
formylmethanofuran dehydrogenase
polysulfide/thiosulfate/arsenate reductase
arsenite oxidase

aldehyde:ferredoxin oxidoreductase

sulfite oxidase

dimethylsulfoxide
reductase

aldehyde:ferredoxin
oxidoreductase

rather than hydroxylation of a carbon center. Sulfite oxidase,
the name-giving enzyme for members of the SO family,
catalyzes the oxidation of sulfite to sulfate, the final step in
the degradation of sulfur-containing amino acids.®® The
assimilatory nitrate reductase catalyzes the reduction of
nitrate to nitrite and is responsible for the first step in the
uptake and utilization of nitrate.®

The DM SOR family consists of a number of Moco-binding
enzymes, al from bacterial and archaeal sources, exhibiting
substantial sequence homology that justifies their grouping
into a single family. Some of these enzymes possess Mo as
their sole redox-active center.® Furthermore, the DM SOR
family is characterized by the coordination of two pyranop-
terin-ene-1,2-dithiolate ligands in their active sites, which
is distinctive among the other Mo enzymes.*® Among those,
DMSOR (a soluble protein found in the periplasmic space
of bacteria that catalyzes reductive deoxygenation of di-
methyl sulfoxide to dimethyl sulfide), formate dehydrogenase
(catalyzes the oxidation of formate to bicarbonate), dis-
similatory (or respiratory) nitrate reductase (couples the
reduction of nitrate to nitrite at the expense of menaguinol
to generate a transmembrane proton gradient), and trimethyl-

amine-N-oxide (TMAO) reductase (catalyzes the reduction
of TMAO to trimethylamine) are prominent. Recent phylo-
genetic analyses of two DMSOR subfamilies, arsenite
oxidase and respiratory arsenate reductase, revesaled different
evolutionary histories although both enzymes are known to
mediate the bioenergetic use of arsenics. The emergence of
arsenite oxidase that is responsible for the biological oxida-
tion of arsenite to arsenate is probably prior to the Archaea/
Bacteria split, whereas respiratory arsenate reductase ap-
peared to originate in the domain Bacteria after the Bacterial/
Archaea divergence.!®

AOR was the first enzyme that was structurally character-
ized as a protein containing a Moco-type cofactor. The AOR
from Pyrococcus furiosus contains a molybdopterin-based
tungsten cofactor that is analogous to the Mo cofactor.®? This
enzyme has been proposed to be the primary enzyme
responsible for the interconversion of adehydes and car-
boxylates in archaea.’®

3.3. Comparative Genomics of Mo Utilization

Although Mo is an important transition metal (essential
in many organisms), almost all previous studies focused on
the identification of Mo uptake systems, Moco hiosynthesis
pathways, and Mo-dependent enzymes in individual organ-
isms. In contrast, comparative analyses of Mo utilization have
been lacking. An early investigation of the ModABC-ModE
system in deltaproteobacteria revealed that all analyzed
deltaproteobacteria have ModABC transporters, whereas the
full-length ModE was only observed in afew of them.2® To
compare the Mo utilization trait among sequenced organisms,
we applied the comparative genomic approaches described
in section 2 to examine the occurrence and dynamics of Mo
utilization in bacteria, archaea, and eukaryotes at the level
of (i) Mo transport and Moco utilization trait, and (ii) Mo-
dependent enzymes.** This study provided a first glance at
Mo utilization in the three domains of life and showed its
wide occurrence, yet limited use of this metal in individual
organisms. Distribution of Mo-utilizing organisms and mo-
lybdoenzyme families is shown in Figure 4. Although
nitrogenase does not use Moco as a cofactor (it uses the
Fe—Mo cofactor), more than 97% of nitrogenase-containing
organisms possess Moco biosynthesis pathways and Moco-
dependent enzymes.*!

Comparative genomics of Mo utilization showed several
unique features of this trait: (i) Most prokaryotes and all
higher eukaryotes (such as plants and vertebrates) utilize Mo
whereas many lower eukaryotes including most parasites and
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Figure 4. Distribution of Mo utilization in the three domains of
life. (A) Distribution of Mo-utilizing organisms among those with
completely sequenced genomes. All organisms were classified into
two groups: Mo (+), i.e., containing the Mo utilization trait; Mo
(-), i.e, lacking the Mo utilization trait. (B) Occurrence of
molybdoenzymes in Mo-utilizing organisms. SO, sulfite oxidase;
X0, xanthine oxidase; DM SOR, dimethylsulfoxide reductase, AOR,
adehyde:ferredoxin oxidoreductase.

fungi lost the ability to use this metal. (ii) In prokaryotes,
the ModABC transport system is the most frequently used
Mo transporter, which is present in more than 90% Mo-
utilizing bacteria; the occurrence of the other two systems
(WtpABC and TupABC) is much more restricted. In contrast,
WtpABC isthe most common transporter in archaea, whereas
ModABC systems show arestricted use in these organisms.
In eukaryotes, MOT1 is the only characterized Mo trans-
porter. However, it was found that most Mo-utilizing
organisms (including al animals) lack this transporter family,
suggesting the presence of currently unknown Mo transport
systems in these organisms. (iii) Eukaryotes appear to have
fewer molybdoenzyme families than prokaryotes: only two
molybdoenzyme families, SO and XO, were detected.
DMSOR and SO families were the most widespread mo-
lybdoenzymes in prokaryotes and eukaryotes, respectively.
(iv) ModE-related regulation of Mo uptake occurred in less
than 30% of Moco-utilizing organisms, suggesting the
presence of novel or unspecific regulatory pathways for
molybdate uptake in these organisms. In addition, the two
secondary transporters, TupABC and WtpABC, may also be
regulated by a ModE-type system in some organisms. (v) A
link between Mo and Se utilization in prokaryotes was
identified wherein the Sec utilization trait was largely a subset
of the Mo trait, suggesting that Sec utilization is heavily
dependent on Mo utilization. (vi) Host-associated organisms
(mostly intracellular symbionts and parasites) tend to reduce
Mo utilization, perhaps due to limited bioavailability of this
trace element or availability of corresponding pathways of
the host.4
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Table 2. Ni- and Co(B1,)-Dependent Enzymes

Ni-dependent proteins Co(B1,)-dependent proteins

Adenosylcobal amin-dependent
isomerase
methylmalonyl-CoA mutase

urease
Ni—Fe hydrogenase
carbon monoxide

dehydrogenase isobutyryl-CoA mutase
acetyl —coenzyme A ethylmalonyl-CoA mutase
decarbonylase/synthase glutamate mutase

superoxide dismutase SodN
methyl-coenzyme M reductase
(uses F430 as a cofactor)

methyleneglutarate mutase

D-lysine 5,6-aminomutase

diol dehydratase

glycerol dehydratase

ethanolamine ammonialyase

B1,-dependent ribonucleotide
reductase

M ethylcobalamin-dependent
methyltransferase
methionine synthase (MetH)
other methyltransferases Mta,
Mtm, Mtb, Mtt, Mts, and Mtv

B1,-dependent reductive dehal ogenase
CprA

A genera evolutionary model of Mo utilization in the three
domains of life emerges on the basis of the above findings.
First, although Moco is essential for most organisms due to
the common role of molybdoenzymes in catalysis of
important redox reactionsin the global carbon, nitrogen, and
sulfur cycles, some organisms or even complete clades/
lineages evolved alternative mechanisms and lost both the
Moco biosynthesis pathway and M oco-containing enzymes.
Second, out of the four molybdoenzyme families which
include more than 50 subfamilies, only SO and XO (includ-
ing NR, SO, XDH, and AO subfamilies) span all three
domains of life. This observation suggests that SO and XO
families may have evolved in the last universal common
ancestor. Third, the loss of the Moco utilization trait
happened independently in the early ancestors of different
clades, whereas horizontal gene transfer (HGT) is unlikely
to play asignificant role for acquisition of Moco utilization.
Fourth, Saccharomyces cerevisiae, Schizosaccharomyces
pombe, and all other sequenced yeasts lost the ability to use
Mo. The absence of Mo-dependent NR yeast suggests either
that Mo-dependent reduction of nitrate to nitrite is unneces-
sary for these organisms or that aternative Mo-independent
mechanisms have evolved.

4. Nickel and Cobalt

Ni and Co are used in several enzymesinvolved in diverse
biological processes. Ni is a component of metalloenzymes
involved in energy and nitrogen metabolism,??1% whereas
Co is mainly used in the form of vitamin By, a cofactor
involved in methyl group transfer and rearrangement reac-
tions, but is also found in some noncorrin cobalt-dependent
enzymes such as [Co] nitrile hydratase.’** Table 2 shows
the list of known Ni- and B;,-dependent enzymes.

4.1. Ni and Co Uptake

Synthesis of Ni and Co enzymes is dependent on high-
affinity uptake of these metal ions from the environment. It
isinteresting that both transition metals use similar transport
systems. Therefore, identification of substrate preference of
members of each transporter family is important for com-
parative genomics analyses of Ni and Co utilization. A



Downloaded by BROWN UNIV on October 17, 2009 | http://pubs.acs.org
Publication Date (Web): May 21, 2009 | doi: 10.1021/cr800557s

4836 Chemical Reviews, 2009, Vol. 109, No. 10
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Figure 5. Schematic representation of Ni/Co transport systems.
The Ni/Co transport systems include NikABCDE, Nik/CbhiMNQO,
Nik/CbhiKMLQO, NiCoT, HupE/UreJ, and UreH.

schematic representation of known Ni/Co transport systems
is shown in Figure 5.

In bacteria, Ni and Co uptake is mediated by ABC systems
and several additional transporters.1®% The best-character-
ized ABC-type transporter for Ni is that found in E. coli.
This multicomponent system consists of a periplasmic Ni-
binding protein (NikA), two integra membrane proteins
(NikB and NikC), and two ABC proteins (NikD and
NiKE).%7 In addition, NikA binds divalent Co, Cu, and Fe
with at least 10-fold lower affinity.1%® A recent study showed
that NikA could bind heme in E. coli, suggesting an
additional transport function independent of Ni uptake.!® The
NikABCDE system belongs to a large family of ABC
transporters, designated the nickel/peptide/opine transporter
family (PepT). To date, residuesinvolved in Ni binding have
not been well characterized and conflicting results have been
reported by various research groups. Cherrier et a. suggested
that E. coli NikA binds Ni chelated by a small organic
molecule, probably butane-1,2,4-tricarboxylate (BTC), and
that some residues, including Tyr402, Arg137, Arg97, and
His416, form abinding site that is involved in the BTC-Ni-
NikA interaction.’® On the other hand, Addy and co-workers
showed that Ni appears to bind E. coli NikA without
chelators and is coordinated by two histidine residues (His56
and His442, although not conserved in other NikA proteins)
at aposition distant from the previously characterized binding
site. Anyway, the presence of the majority of these residues
could be used to help predict NikA proteins from other Ni-
unrelated homologs. Besides, distantly related Ni ABC
transporters were characterized in Yersinia species (desig-
nated Y ntABCDE), revealing complex diversity of Ni ABC-
type transporters in prokaryotes.''?

An additional ABC-like system, encoded by the chi/
nikMNQO operon, was recently found to be frequently
located next to either B,, biosynthesis or urease (a major
Ni-dependent enzyme) genes in bacterial genomes and was
shown to mediate Ni and/or Co uptake.**~16 Comparison
of operon structures of cbi/nikMNQO and occurrences of
each component revealed that M, Q, and O gene products
are universal components. In contrast, the transmembrane
proteins ChiN (Co uptake) and NikN (Ni uptake) are different
components with no homology. However, they were pre-
dicted to have the same topology with two membrane-
spanning segments.® Besides, two additional components,
NikK and NikL, were proposed to be involved in Ni uptake
in the absence of NikN to form an alternative NikKMLQO
system. %

Three types of secondary Ni/Co transporters were aso
reported: (i) NiCoT (also designated as HoxN, HupN, NicT,
or NhiF in various organisms); 1”118 (ij) UreH/SodT;'% and
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(iii) HupE/UreJ.1%1° NiCoTs, a family of prokaryotic and
fungal membrane proteins with an eight-transmembrane-
segment structure, are widespread among bacteria and found
in several thermoacidophilic archaea and several species of
fungi 106118120 g htypes of various NiCoTs have different
ion preferences ranging from strict selectivity for Ni to
unbiased transport of both ions to strong preference for Co.
The preference for a particular metal often correlates with
the genomic location of NiCoT genes, which are adjacent
to genes for Ni or By, biosynthesis enzymes. 7114117118 The
other two families (UreH/SodT and HupE/UrelJ) are putative
secondary transporters, and members of these families have
been shown to mediate Ni transport.t***?! Close homologs
of UreH/SodT aso occur in plants, including A. thaliana
and many other higher plants.’® Recently, several new types
of candidate Co transporters were predicted, including
CbtAB, CbtC, ChtD, CbtE, CbtF, CbtG, and CbtX, which
show alimited distribution.®* |n addition, multifunctional
or unspecific transporters might be involved in Ni/Co uptake.
For example, CorA proteins are generally associated with
the transport of magnesium ions, but some members of the
CorA family may also transport Co and Ni.'?

In eukaryotes, a subfamily of cation-efflux family members
(designated TgMTP1) was reported to account for the
enhanced ability of Ni hyperaccumulation in plants,123124
Although no high-affinity Co uptake system has been
reported in eukaryotes, some suppressors of Co toxicity, such
as COT1 and GRRL1 in S. cerevisiae, were characterized,
which are involved in decreasing the cytoplasmic concentra-
tion of metal ions (including Co and Zn). They were
proposed to play an important role in metal homeostasis.'?®

In E. coli, a Ni repressor gene, nikR, is positioned
immediately next to its target, the nikABCDE operon.?
NikR-dependent regulation was also predicted for other Ni
transporters, such as NikMNQO and Ni-specific NiCoT, as
well asNi-dependent enzymessuch asNi—Fehydrogenase. 12
These NikRs regulate the transcription of specific genes in
response to Ni ion concentrations, utilizing a combination
of allostery and coordination geometry. As such, Ni regula-
tion bears striking similarity to the regulation of other metal
ions (e.g., Zn and Fe) in prokaryotes.'?6-1% The presence of
a NikR-binding site that contains an inverted repeat and is
always located upstream of Ni-associated proteins could help
identify NikR-related regulation.®® The divergence in regula-
tion between species implies that bacteria have evolved to
tailor their Ni regulatory pathways to meet specific needs.

4.2. Ni-Dependent Proteins

Humans are not known to utilize Ni, and Ni is generally
viewed as a toxic/carcinogenic metal for mammals. The
requirement for Ni in fungi and microorganisms, coupled
with the distinct uses of Ni in various species, makes Ni-
containing enzymes an attractive target for the development
of antimicrobia drugs. The characterization of Ni in the
active sites of several enzymes has created an active field
exploring the biochemistry of this metal 2213113 |n prokary-
otes, the major strictly Ni-dependent enzymes include urease,
Ni—Fe hydrogenase, carbon monoxide dehydrogenase
(CODH), acetyl-coenzyme A decarbonylase/synthase (CODH/
ACYS), methyl-coenzyme M reductase (MCR), and superox-
ide dismutase SodN. In addition, some Ni-binding proteins
appear to bind other metalsin some organisms. For example,
glyoxalase | (GIxl) binds Ni in E. coli, Pseudomonas
aeruginosa, and human parasite Leishmania (e.g., L. major)
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and Trypanosoma (e.g., T. cruz) species, but Znin P. putida,
human, and yeast.'*~1% Thus, such proteins could not be
used for comparative genomics of Ni utilization because of
the uncertainty of the metals they bind. In eukaryotes, urease
isthe only characterized strictly Ni-dependent enzyme. 40141
However, additional Ni-containing compounds or proteins
may be present in some organisms, including mammals, 142143

Ureaseisthefirst characterized Ni-containing protein that
has been found in bacteria, fungi, and plants. It catalyzes
the hydrolysis of ureato carbon dioxide and ammonia.** In
plants, urease is a hexamer of identical chains. In bacteria,
it consists of either two or three different subunits (o, f,
and y).1 Despite different quaternary structures and enzyme
sizes in plants and bacteria, the protein sequence contains
conserved regions of greater than 50% identity. The Ni active
site appears to be particularly conserved, as two Ni atoms
are associated with each active site of the respective enzymes
based on the X-ray structures.46.147

Another Ni-dependent protein, hydrogenase, catalyzes
reversible reaction of H—H bond cleavage and its forma-
tion.'*® Based on the metal content and subunit composition
of the enzymes, three classes of hydrogenases have been
identified: (i) Fe—Fe hydrogenase;**'* (ii) Ni—Fe hydro-
genase (some organisms contain Ni—Fe—Se hydroge-
nase); 135151158 gnd (jii) hydrogenases that use neither Fe nor
Ni.2>41%5 The Ni—Fe hydrogenases are primarily utilized for
hydrogen oxidation.'®? Structures of several Ni—Fe hydro-
genases have been identified. One class is composed of two
subunits which are structurally conserved. The large subunit
contains the Ni active site, and the small subunit that contains
an Fe—S cluster appears to be used in electron transfer from
the large subunit.'> Other Ni—Fe hydrogenases are tetramers
and are integral membrane proteins.’>” Based on structural
and mutation analyses, two motifs have been suggested to
be involved in the ligation of the Ni ion: the N-terminal
RxCGXC and the C-terminal DPCxxC.28%61%8 Similar motifs
have been found in the Ni—Fe—Se hydrogenases where the
first cysteine (Cys) in the DPCxxC motif is replaced with
Sec (DPUxxC, U represents Sec).159160

CODHs arethebiologica catalysts for reversible oxidation
of CO to CO,, with water as the source of oxygen.’! In
recent years, members of the CODH family have been
purified and characterized from archaea and bacteria. 162164
The active site of CODH is called cluster C, which is a
complex Ni-, Fe-, and S-containing metal center.'%> A recent
report of the crystal structure of CODH from Carboxydo-
thermus hydrogenoformans in three states demonstrated the
mechanism of CO oxidation and CO, reduction at the Ni—Fe
site of cluster C.1%®

CODHs from acetogenic bacteria (anaerobes that can grow
autotrophically on the greenhouse gas CO,) and methano-
genic archaea are hifunctional enzymes that perform both
the reversible CO-oxidation reaction and the synthesis or
degradation of acetyl-coenzyme A (CoA)*%" and are therefore
designated CODH/ACS. Both catalytic sites for the indi-
vidual reactions require Ni for catalysis and are located at
different sites in the protein, 6817

MCR is an enzyme that catalyzes the final step in the
biological synthesis of methane in methanogenic archaea. '™
In contrast to other Ni-dependent proteins, this enzyme
contains Ni in atetrapyrrolic structure known as coenzyme
Fas0, Which is found exclusively in methanogens.*”2 Recently,
it has been reported that MCR homologs that bind a modified
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F430 in some uncultured methanotrophic archaea are involved
in anaerobic oxidation of methane in marine sediments.'”

Superoxide dismutases (SOD) are important antioxidant
enzymes that guard against superoxide toxicity. Various
SODs have been characterized that employ Fe/Mn, Cu—Zn,
or Ni cofactors to carry out the disproportionation of
superoxide. The Ni-containing SOD is a product of the sodN
gene, which encodes a protein with an N-terminal extension
that is removed in the mature enzyme.’#1 SodN is a small
protein with no sequence homology to other SODs. It is
reported to function as a tetramer*™ but to remain monomeric
without Ni.1® The crystal structure of the active Ni-bound
enzyme from Streptomyces coelicolor identified anovel SOD
fold, assembly, and the Ni active site. A nine-residue
structural motif (His-Cys-X-X-Pro-Cys-Gly-X-Tyr) provides
almost dl interactions critical for metal binding and catalysis,
and thus may be diagnostic of other SodNs.*"’

4.3. Vitamin B, Uptake and Biosynthesis

Vitamin By, uptakeis essential for Byo-utilizing organisms
that lack the ability to synthesize the coenzyme de novo. To
date, the only known transport system for By, in prokaryotes
isthe BtuFCD system, which includes a periplasmic-binding
protein BtuF and two ABC transport subunits BtuC and
BtuD.81 |n Gram-negative bacteria, a TonB-dependent
outer membrane receptor BtuB is also involved in By, uptake
and forms a complex with BtuFCD.*® The BtuFCD system
belongs to alarge superfamily involved in the uptake of Fe,
siderophores, and heme.*® In mammals, a complex system
has evolved for internalization of this vitamin from the diet.
Three binding proteins (haptocorrin, intrinsic factor, and
transcobalamin) and several specific cell surface receptors
are involved in the process of intestinal absorption, plasma
transport and cellular uptake.*8218 However, the mechanism
of By, uptake in other eukaryotes, such as algae and
nematodes, is unclear.

In microorganisms that synthesize vitamin By, it is
produced via two alternative routes: oxygen-dependent
(aerobic, or “late cobalt insertion”) and oxygen-independent
(anaerobic, or “early cobalt insertion”) pathways that differ
mainly in the early stages.'®!8 A comparison of the genes
required for cobalamin biosynthesis between the two path-
waysis shown in Figure 6. The agrobic pathway incorporates
molecular oxygen into the macrocycle as a prerequisite to
ring contraction. The intermediates of the aerobic route from
uroporphyrinogen 111 (uro’gen I11) to adenosylcobalamin and
more than 20 genes involved in these processes (named
cobA-cobW) have been identified in P. denitrificans.® The
anaerobic route, which was partially resolved in some
organisms, such as Salmonella typhimurium, Bacillus mega-
terium, and Propionibacterium shermanii,}*3187-1% takes
advantage of a chelated cobalt ion, in the absence of oxygen,
to set the stage for ring contraction. It has been suggested
that the anaerobic and aerobic pathways contain severa
pathway-specific enzymes.*** For example, ChiD, ChiG, and
ChiK appear to be specific to the anaerobic route of S
typhimurium, whereas CobE, CobF, CobG, CobN, CobS,
CobT, and CobW are unique to the aerobic pathway of P.
denitrificans. Recently, an adenosyltransferase that catalyzes
the final step in the assimilation of vitamin By, was found
to directly transfer the cofactor to a Bi,-dependent protein,
methylmalonyl-CoA mutase, in Methylobacterium ex-
torquens, suggesting that the strategy of using the final
enzyme in an assimilation pathway for tailoring a cofactor
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Figure 6. Biosynthetic pathways for vitamin B, in bacteria. Genes
involved in aerobic and anaerobic pathways are shown in red and
green, respectively.

and delivering it to a dependent enzyme may a so be general
for cofactor trafficking.'%t

4.4. By,-Dependent Enzymes

Considering that By, is the major form of Co utilization
and that Bj,-containing proteins are strictly dependent on
this coenzyme, coupled with the observation that non-corrin
Co-containing proteins are rare and their homologs may bind
other metals,**? identification of all B,-dependent enzymes
is extremely important for comparative genomics of Co
utilization. To date, three classes of By, enzymes are known:
adenosy! cobal amin-dependent isomerase, methyl cobalamin-
dependent methyltransferase, and B;,-dependent reductive
dehal ogenase. %1% These classes are further divided into
subclasses based on sequence similarity and reactions they
catalyze (Table 2).

Adenosylcobalamin-dependent isomerases are the largest
family of Bj,-dependent enzymes and are mainly found in
bacteria, where they catalyze avariety of chemically difficult
1,2-rearrangements that proceed through a mechanism in-
volving free radical intermediates.*®'% Subclasses of isomeras-
es include methylmalonyl-CoA mutase (MCM),*" isobutyryl-
CoA mutase (ICM),*® ethylmalonyl-CoA mutase (ECM or
MeaA),*® glutamate mutase (GM),?® methyleneglutarate
mutase (MGM),?! p-lysine 5,6-aminomutase (5,6-LAM),2%
diol/glycerol dehydratase (DDH/GDH),?® ethanolamine am-
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monia lyase (EAL),2* and Bi,-dependent ribonucleotide
reductase (RNR 11).2%

MCM is the only Bi,-dependent isomerase that is found
in both microbes and mammals.2% In many organisms, such
as S cinnamonensis and P. shermanii, it consists of two
subunits, MutA and MutB, which show high sequence
similaritiesto MCMs from other bacteria and mammals.2°7:2%
MCM catalyzes the isomerization of methylmalonyl-CoA to
succinyl-CoA in the pathway that converts catabolites of odd-
chain fatty acids, branched-chain amino acids, and cholesterol
to a key intermediary metabolite.?® In some bacteria, such
as P. shermanii, the mutase is important in the reverse
metabolic direction, linking production of propionate to
succinate.?° The crystal structure of MCM from P. shermanii
revealed the coordination of cobalt in coenzyme B, by the
histidine in the conserved DXHXXG motif within the
C-terminal cobalamin-binding domain.?t

ICM and MCM are homologous proteins with different
functions. ICM catalyzes the reversible rearrangement of
isobutyryl-CoA to n-butyryl-CoA.1%2%? |n S cinnamonensis,
this mutase was found to comprise a large subunit of 62.5
kDa (IcmA) and a small subunit of 14.3 kDa (IcmB).1% ICM
has been detected in several polyketide antibiotic-producing
streptomycetes, where it appears to play akey rolein valine
and fatty acid catabolism aswell asin the production of fatty
acid-CoA thioester building blocks for polyketide antibiotic
biosynthesis. The small subunit IcmB shows high sequence
similarity to cobalamin-binding domains of other Bi,-
dependent enzymes (such as the cobalamin-binding domains
of MutB, methyleneglutarate mutase, glutamate mutase, and
B1,-dependent methionine synthase), including the conserved
DXHXXG cobalamin-binding motif, suggesting that IcmB
has taken on the role of a separate cobalamin-binding domain
in ICM.

Ethylmalonyl-CoA mutaseisanovel member of the family
of Bi,-dependent acyl-CoA mutases, operating in the recently
discovered ethylmalonyl-CoA pathway for acetate assimi-
lation. 1213 It isinvolved in the central reaction of this novel
pathway and catalyzes the transformation of ethylmalonyl-
CoA to methylsuccinyl-CoA in combination with a second
enzyme that was identified as promiscuous ethylmalonyl-
CoA/methylmalonyl-CoA epimerase. Although this enzyme
showed significant sequence similarity to MCM and ICM
from the same organism,?* sequence analysis revealed that
ECM isdistinct from MCM, as well as ICM, and defines a
new subfamily of coenzyme Bj,-dependent acyl-CoA mu-
tases.?!3

Glutamate mutase is a Bi,-dependent enzyme that cata
lyzes the reversible rearrangement of (2S)-glutamate to
(2S,39)-3-methylaspartate.?*® The active enzyme consists of
two subunits (designated GImE and GImS) as an o242
tetramer, whose assembly is mediated by coenzyme B,. The
smaller of the protein components, GImS, is similar to the
B1>-binding domain of MCM and has been shown to be the
B1,-binding subunit.?

Coenzyme Bi,-dependent 2-methyleneglutarate mutase
from the strict anaerobe Eubacterium barkeri catalyzes the
equilibration of 2-methyleneglutarate with (R)-3-methylita-
conate.?! This enzyme also contains the highly conserved
motif DXHXXG(X)(41)GG, which has been shown to be
critical for By, binding.?*

D-Lysine 5,6-aminomutase is an adenosylcobalamin and
pyridoxal-5'-phosphate-dependent enzyme that catalyzes a
1,2 rearrangement of the terminal amino group of pL-lysine
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and of L-p-lysine.?? The X-ray structure of a substrate-free
form of lysine-5,6-aminomutase from Clostridium sticklandii
has been solved recently.?'® In the structure, a Rossmann
domain covalently binds pyridoxal-5'-phosphate and posi-
tions it into the putative active site of a neighboring
triosephosphate isomerase barrel domain, while simulta-
neously positioning the other cofactor, adenosylcobalamin,
approximately 25 A from the active site. This structure
features alocking mechanism to keep the adenosylcobalamin
out of the active site and prevent radical generation in the
absence of substrate.

B1>-dependent glycerol dehydratase and diol dehydratase
are highly homologous isofunctional enzymes that catalyze
the elimination of water from glycerol and 1,2-propanediol
(1,2-PD) to the corresponding aldehyde via a B1,-dependent
radical mechanism.?® The crystal structure of the substrate-
free form of GDH in complex with cobalamin has been
determined, whose overall fold and subunit assembly closely
resemble those of DDH.?%?° Structural analysis of the
locations of conserved residues among various GDH and
DDH sequences has aided in identification of residues
important for substratepreferenceand specificity of protein—protein
interactions.?®

Ethanolamine ammonia lyase catalyzes the deamination
of ethanolamine to the corresponding aldehydes. 2% Com-
parative modeling of EAL from S. typhimurium showed that
this enzyme may have a similar TIM-barrel fold as DDH
and GDH.222’223

Ribonuclecotide reductase catalyzes the conversion of
ribonucleotides to 2'-deoxyribonuclectidesin all organisms,
which is fundamentally important for DNA replication and
repair.??* To date, three main classes of ribonucleotide
reductases have been discovered that depend on different
metal cofactorsfor the catalytic activity: class| RNRs contain
a diiron—oxygen cluster, class Il contain vitamin By, and
class 11l use an FeS cluster coupled to S-adenosylmethio-
nine.??22" The class || enzymes are found in bacteria that
can live under both aerobic and anaerobic conditions, and
also in some of their phages. They utilize an adenosylco-
balamin cofactor that interacts directly with an active Cys
residue to form the reactive Cys radical needed for ribo-
nucleotide reduction.

The B,-dependent methyltransferases play important roles
in amino acid metabolism in a variety of organisms, including
mammals, as well as in carbon metabolism and CO, fixation
in anagrobic microbes. There are two methyltransferase classes:
one subclass binds simple substrates such as methanol (MtaB),
methylated amines (MttB, MtbB, MtmB), methylated thiols
(MtsB), methoxylated aromatics (MtvB), and methylated heavy
metals, while the other, such as methionine synthase, catalyzes
methyl transfer from methyltetrahydrofolate (CH;—H, folate)
and the methanogeni c and ogue methyltetrahydromethanopterin
(CH3— H4M pT)_193,228—231

Methionine synthase (MetH) is the most extensively
studied B>-dependent methyltransferase, which catalyzes the
transfer of a methyl group from Ns-methyltetrahydrofolate
to homocysteine, producing tetrahydrofolate and methion-
ine.?® This enzyme is widespread in all three domains of
life. It is a modular enzyme containing separate binding
domains for homocysteine, CH;—H, folate, B;,, and adeno-
sylmethionine (AdoMet).?® The independently expressed
modules of methionine synthase retain most of the functional
properties of the native protein.?? In addition, the B;, domain
in its different oxidation states may interact with each of
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the other three domains.**® The crystal structure of a Bi.-
containing fragment of MetH from E. coli, which was the
first crystal structure of a protein-bound Bi,, revealed that
the histidine residue (His759) in the DXHXXG motif isthe
cobalt ligand and is part of a catalytic quartet, Co-His759-
Asp757-Ser810, that modulates the reactivity of the By,
prosthetic group in MetH.?%

Other B;,-dependent methyltransferases are designated as
Mtx, where x denotes the methyl donor (e.g., a, methanol;
v, vanillate; m, methylamine; b, dimethylamine; t, trimethyl-
amine; and s, dimethylsulfide). These methyltransferases
consist of three components (Mt_A, Mt_B, and Mt_C), which
are required for the methyl transfer reaction.!'®® Each
component is found on a different polypeptide or domain.
Mt_A methylates coenzyme M (CoM, or named mercapto-
ethanesulfonate), Mt_B methylates the corrinoid protein, and
Mt_C isthe corrinoid protein which contains B;,.1%2% These
methyltransferases are important in energy metabolism and
in cell carbon synthesis in anaerobic microbes such as
methanogenic archaea and acetogenic bacteria?®23% In
addition, methyltetrahydromethanopterin:CoM methyltrans-
ferase (Mtr), which contains eight subunits (MtrA-H), was
reported to utilize a histidine as the axia ligand to the
cobalamin in MtrA 2%

B1,-dependent reductive dehalogenases (CprA) play an
important role in the detoxification of aromatic and aliphatic
chlorinated organics in anagrobic microbes.?%%” Most of
these Bi,-dependent reductive dehalogenases also contain
Fe—S clusters. The role of By, in reductive dehalogenases
appears to be significantly different from those of the By-
dependent isomerases and methyltransferases.’®® However,
many fundamental questions regarding the reaction mecha
nism of dehalogenases still remain.

Only three Bj,-dependent enzymes, MetH, MCM, and
RNR 11, have been reported in eukaryotes,?%6238-240 Thys, it
appears that Co utilization is quite restricted in this domain
of life.

4.5. Noncorrin Co-binding Proteins

Several noncorrin-Co-containing enzymes have been iso-
lated, including methionine aminopeptidase (from S. typhi-
murium), prolidase (from P. furiosus), nitrile hydratase (from
Rhodococcus rhodochrous), glucose isomerase (from S
albus), methylmalonyl-CoA carboxytransferase (from P.
shermanii), aldehyde decarbonylase (from Botryococcus
braunii), and severa other proteins (for a complete review,
please see ref 192). However, al of these enzymes are not
strictly Co-specific and may use other metals (such as iron,
zinc, and manganese) in place of Co.1%224 |t is difficult to
identify the metal specificity of these enzymes by compu-
tational analysis. Among them, only nitrile hydratase (NHase)
was previously suggested to have different active site motifs
for Co- and Fe-binding forms.?%

4.6. Comparative Genomics of Ni, Co, and B,
Utilization

Ni and Co are less frequently used in metalloenzymes than
other transition metals (e.g., Mn, Fe, Zn, and Cu); however,
they are essentia cofactorsin severa enzymes. As mentioned
above, Ni is used in severa metalloenzymes involved in
energy and nitrogen metabolism, detoxification processes,
pathogenesis, enzyme inactivation, lipid peroxidation, and
damage of nucleic acids, whereas Co is primarily found in
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the corrin ring of coenzyme Bi,. In recent years, severa
comparative genomic studies have been carried out to
investigate Ni and Co utilization traits.

One study examined Ni and Co transporters in about 200
microbial genomes and demonstrated a complex and mosaic
utilization of both metals in prokaryotes.®* For functional
prediction of proteins involved in Ni or Co uptake in each
analyzed organism, two approaches were used: (i) analysis
of the genomic locations of genes encoding candidate
Ni/Co transporters and (ii) identification of regulatory signals,
including NikR-dependent regulation through the NikR-
binding signal, and B, riboswitches that regulate many of
the candidate Co transporters in bacteria.8324-24 This in
silico study showed that the Ni/Co transporter genes are often
colocalized with the genes for Ni-dependent and coenzyme
B, biosynthesis enzymes. Different families of Ni/Co
transporters, including NikABCDE, Chi/NikMNQO, NiCaT,
UreH, and HupE/UreJ, showed a mosaic distribution in
analyzed organisms, and the Chi/NikMNQOQO system (includ-
ing the NikKMLQO system) appeared to be the most
widespread group of microbial transporters for Co and Ni
ions.*®

A separate comparative genomic analysis of B, metabo-
lism and regulation provided important information regarding
By, utilization in prokaryotes.*** Using approaches of gene
clustering, gene regulation, and phylogenetic profiling, the
B1, biosynthesis and regulation was described in a variety
of bacterial genomes. The regulatory Bi, riboswitch was
found to be widely distributed in the regions upstream of
B> biosynthetic/transport genes. By searching for candidate
Bio-regulated genes, several new types of candidate Co
transporters and severa new proteins linked to the By,
biosynthesis pathway, such as chelatases and methyltrans-
ferases, were identified. In addition, the B, transporters,
BtuFCD, appeared to be widely distributed in bacteria and
archaea and some of them were By,-regulated. However, it
has been difficult to selectively identify BtuFCDs among
other highly similar transport systems (such as iron/heme or
siderophore transporters) in sequenced organisms. It is also
interesting that B1,-independent MetH and RNR |1 were also
predicted to be regulated by B;, elementsin some bacteria 4

Very recently, we carried out asimilar but more extensive
comparative genomic analysis of Ni and Co utilization in
more than 700 organismsin al three domains of life.*” Only
strictly Ni-dependent metalloproteins and Byp-binding en-
zymes were used for comparative genomics of Ni and Co,
respectively. Occurrence of the Ni/Co-utilization trait and
Ni- or Bi,-dependent proteins is shown in Figure 7. The
distribution and dynamics of the use of Ni and Co (in the
form of By,) were analyzed at the level of transport systems
and metalloproteomes. These analyses revealed that both
metals are widely used in bacteria and archaea. Ni- or Co-
dependent metalloenzymes showed amosaic distribution. Ni-
dependent urease and Ni—Fe hydrogenase, and B;,-depend-
ent MetH, RNR Il, and MCM families, were the most
widespread users. Interestingly, deltaproteobacteria and
methanosarcina generally have larger Ni- and Co-dependent
metalloproteomes than other organisms. We also identified
several bacteria containing Co-binding NHases based on the
presence of a Co-binding motif (CTLCSCY?%). All of them
are By,-utilizing organisms. Besides, Fe-containing NHases
(containing a CSLCSCT sequence motif?*?) were predicted
in afew organisms, and they might be newly evolved from
Co-binding NHases based on phylogenetic analysis. Inves-
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tigation of Ni and Co utilization in eukaryotes provided a
first glimpse of the evolutionary dynamics of Ni- and Co-
dependent pathways in this domain of life. The utilization
of these two metals is much more restricted in eukaryotes,
with regard to both the organisms that use Ni/Co and the
number of Ni transporters and Ni/Bi,-dependent protein
families. Very few of these organisms utilize both metals
(Figure 7). The Ni-utilizing eukaryotes are mostly fungi
(except saccharomycotina) and plants, whereas most Bi»-
utilizing organisms are animals. The NiCoT transporter
family isthe most widespread eukaryotic Ni transporter, and
urease and MetH are the most common eukaryotic Ni- and
B1,-dependent enzymes, respectively. Finally, analysis of Ni
and Co utilization based on different habitats, environments,
and other factors revealed that host-associated organisms
(particularly obligate intracellular parasites and endosym-
bionts) have a tendency for reduced Ni/Co utilization.

5. Copper

Cu is an essential trace metal in most organisms from
bacteria to humans. It serves as an important cofactor for a
variety of proteins and enzymes that carry out fundamental
biological functions.?*® However, Cuionisaso highly toxic
in the free form because of its ability to produce radicals by
cycling between oxidized Cu(l) and reduced Cu(l1) species.?®
Therefore, it isimportant for Cu-utilizing organisms to obtain
sufficient levels of Cuion to meet their needs while limiting
intracellular Cu concentration, especialy in the free form,
to attain homeostatic balance and avoid toxicity.2%0.25!

5.1. Cu Transport and Homeostasis

Cellular Cu transport processes are required by organisms
for correct utilization of this element in biochemical pro-
cesses and to limit the toxicity of excess Cu. Cu import into
cells mainly requires the coordinate function of proteins with
metal-binding domains. On the other hand, detoxification
mechanisms found across species include the binding of Cu
to specific proteins (e.g., metallothioneins) and its transfer
into cell compartments such as periplasmic space, mitochon-
dria and lysosomes.?>2~2%* Thus, understanding of Cu trans-
port and homeostasisis important for comparative genomics
of Cu utilization.

The mechanismsinvolved in Cu transport and homeostasis
in prokaryotes are only partially understood. To date, Cu
trafficking in bacteria is best described in E. coli and in
Enterococcus hirae.?>2% The most relevant Cu homeostatic
systemsin E. coli are shown in Figure 8A. Several Cu-related
transport and resistant proteins and systems have been
characterized in different organisms, including a P-type
ATPase CopA/PacS, CusCFBA, CutC, PcoABCD, and
PCOE.?522%5:2% |n addition, CueO, a multicopper oxidase
(MCO), protects the periplasm from Cu-induced damage.?”

In E. cali, the Cu(l)-translocating P-type ATPase CopA
is the central component of Cu homeostasis and is required
for removing excess Cu(l) from the cytoplasm.?®® CopA
proteins belong to a superfamily that isinvolved in transport
of transition or heavy metal ions across biological mem-
branes.?%~%! These ATPases can be further divided into
Cu(l)/Ag(l)-trandocating ATPases (e.g., CopA) and Zn(l1)/
Cd(11)/Pb(I1)-translocating ATPases.?612¢3 E, coli CopA
possesses two CXXC motifs in the N-terminal domain.
However, they are not required for function and do not confer
metal specificity, suggesting that they might have aregulatory
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Figure 7. Occurrence of Ni and Co utilization in the three domains of life. (A) Distribution of Ni-/Co-utilizing organisms among those
with completely sequenced genomes. All organisms were classified into four groups: Ni (+), i.e., containing the Ni utilization trait only;
Ni & Co (+), i.e., containing Ni and Co utilization traits; Co (+), i.e., containing the Co utilization trait only; Ni & Co (—), i.e., containing
neither Ni nor Co utilization traits. (B) Distribution of organisms containing different Ni-dependent proteins in Ni-utilizing organisms.
CODH, carbon monoxide dehydrogenase. (C) Occurrence of B;,-dependent proteins in Co-utilizing organisms. CODH/ACS, acetyl-coenzyme
A decarbonylase/synthase; SodN, Ni-containing superoxide dismutase; MCR, methyl-coenzyme M reductase; MCM, methylmal onyl-CoA
mutase; ICM, isobutyryl-CoA mutase; ECM, ethylmalonyl-CoA mutase. The latter three subfamilies are quite similar and are combined
into one group. GM, glutamate mutase; 5,6-LAM, p-lysine 5,6-aminomutase; RNR 11, B,-dependent ribonuclectide reductase; DDH/GDH,
diol/glycerol dehydratase; EAL, ethanolamine ammonia lyase; MetH, methionine synthase; Other MTSs, various B;,-dependent methy!-
transferases such as Mta, Mtm, Mth, Mtt, Mts, and Mtv systems; MtrA, methyltetrahydromethanopterin:CoM methyltransferase subunit A;
CprA, reductive dehalogenase.

effect.?642% |n contrast, two Cys residues in a Cys-Pro-Cys
(CPC) moatif located in the middle of CopA are required for
CopA function.?® PacS, a CopA homolog identified in a
cyanobacterium Synechococcus sp. PCC7942, is mainly
located in the thylakoid membrane, in which the photosyn-
thetic reactions take place.?®® Therefore, PacS in cyanobac-
teria may be involved in Cu homeostasis crucial to the

photosynthetic thylakoid function (thylakoid import).?”
CtaA, another CopA homolog identified in cyanobacteria
(Synechococcus sp. PCC7942 and Synechocystis PCC 6803),
was suggested to be involved in Cu import from the
periplasm.?"~2° |t has been shown that both CtaA and PacS
are required for the use of Cu in plastocyanin and cytochrome
c oxidase in the thylakoid, consistent with inward Cu
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A Cu(lyor Cull)

Figure 8. Schematic view of copper homeostasis. (A) Cu homeo-
stasis in E. coli. CopA, the Cu(l)-translocating P-type ATPase;
CusCFBA, the four-component Cu efflux system; Ndh 2, a cupric
reductase; CueO, a multicopper oxidase; CutC and CutF, two
proteins involved in Cu efflux and/or homeostasis; CopZ, a Cu
chaperone involved in Cu export; COX, cytochrome c oxidase. (B)
Cu homeostasis in Drosophila melanogaster. Atx1l, CCS, and
Cox17, Cu chaperones involved in various pathways, Ctrl, eu-
karyotic Cu importer; ATP7, eukaryotic Cu exporter (also involved
in Cu transport to Golgi); COX11 and Scol, two proteinsinvolved
in cytochrome c oxidase assembly; Cu—Zn SOD, Cu—Zn super-
oxide dismutase.

transport by them.?® Deletion of ctaA impairs cellular Cu
accumulation whereas deletion of pacS confers Cu sensitiv-
ity.?%8 In E. hirae, two CopA homologs (named CopA and
CopB) were identified.® The E. hirae CopA may be
involved in Cu uptake, which is similar to the function of
CtaA, whereas the E. hirae CopB functions as an ATPase
for the export of Cuion (like E. coli CopA), thereby serving
in Cu resistance.?®?"* In E. hirae and many other organisms
such as B. subtilis and Saphylococcus aureus, a Cu
chaperone, CopZ, functions as part of a complex cellular
machinery for Cu(l) trafficking and detoxification, in which
it interacts with and delivers the metal to the Cu(l)-exporter
CopA.2"> CopZ homologs are also found in eukaryotes,
named Atx1, which bind Cu(l) and interact directly with the
Golgi P-type ATPase Cu transporter (ATP7 family).?”® Very
recently, a new Cu(l)-binding metallothionein, MymT, was
identified in several pathogenic mycobacteria, which may
also serve as a chaperone involved in CopA-associated Cu(l)
detoxification.?”* Additional Cu-regulating proteins can be
anticipated, considering that Cu-dependent enzymes require
sufficient Cu, yet excessive Cu risks damage to DNA and
other molecules.
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Another Cu efflux system, which is exclusively present
in Gram-negative bacteria, is the CusCFBA system. In E.
coli, the CusCFBA system is encoded by one operon.2527
The four-part Cus complex consists of the inner membrane
pump CusA, the periplasmic protein CusB, and the outer
membrane protein CusC forming a channel bridging the
periplasmic space. CusF is a periplasmic Cu-binding chap-
erone that transports Cu to the CusCBA efflux complex, thus
facilitating Cu detoxification in the periplasm.?” It has been
shown that CusA and CusB are essentia for Cu resistance,
and CusC and CusF are required for full resistance.?””

In E. cali, the cutC gene encodes a cytoplasmic protein
CutC, which is involved in Cu tolerance. Previous studies
have implicated CutC in Cu efflux, suggesting arole of CutC
in intracellular trafficking of Cu(l).?’® The crystal structure
of CutC from Shigella flexneri suggested that it is a new
family of TIM barrel proteins,?”® providing a sound basis
for the in-depth study of its structure—function relationship.
Another outer membrane protein with potential Cu-binding
sites, named CutF (or NIpE), is aso required for Cu
tolerance.?’® Thus, it was suggested that CutC is a cytosolic
component of an efflux pathway for Cu, whereas CutF may
be involved in both Cu efflux and the delivery of Cu to Cu-
dependent enzymes.?® CutC homologs have also been
characterized in eukaryotes including human and C.
elegans., 2%% implying that this transporter family may play
arole in the protection from excess Cu in both prokaryotes
and eukaryotes.

Some E. coali strains (e.g., APEC O1) possess additional
plasmid-encoded seven-gene clusters, named pcoABCDRSE,
that confer Cu resistance®® The pcoA gene encodes a
periplasmic MCO which is the central protein of the Pco
system. It is known that PcoA could functionally substitute
for CueO, another MCO involved in Cu tolerance, in E. cali,
indicating they have a similar function.?’® PcoB (or CopB)
is predicted to be an outer membrane protein and is often
colocalized with pcoA in the same operon in many other
organisms, such as Xanthomonas axonopodis and P.
syringae.?>5282-28 PcoC (or CopC) and PcoD (or CopD) may
only be needed for full resistance because they do not co-
occur with PcoAB.?® PcoC is a periplasmic Cu carrier
involved in Cu homeostasis. This protein has been shown
to bind Cu atom and has two metal-binding sites distinct for
Cu(Il) and Cu(1).2852% |t has been suggested that PcoC may
function with PcoD (an integral membrane protein) together
in Cu uptake. "2 Therefore, it is possible that PcoC would
ddliver periplasmic Cu to PcoD for uptake into the cytoplasm,
probably for loading into PcoA. PcoR and PcoS are regula-
tors required for Cu-inducible expression of Cu resistance
mediated by the PcoABCD system.?%2% Recently, a distant
homolog of PcoCD, named YcnJ, was characterized in B.
subtilis, and it may have an important role in Cu import in
this organism.?®* The pco cluster in E. coli also contains
another gene, pcoE, which does not belong to the pcoABCD
operon. PcoE is related to Cu accumulation in the peri-
plasm.?>2%° Qverall, PcoABCDE are involved in periplasmic
Cu handling. PcoB probably prevents Cu uptake, whereas
PcoC and PcoD may be involved in Cu uptake across the
cytoplasmic membrane.?? It is possible that PcoE provides
initial sequestration of Cu in the periplasm before the
remaining genes of the Pco system are fully induced, thus
minimizing the effects of Cu stress but not contributing to
maximal resistance levels.
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Recently, two additional genes, cinA encoding a putative
azurin-plastocyanin-like protein and cinQ encoding a putative
GTP cyclohydrolase/pre-Qo reductase, were identified to be
involved in Cu resistance in several Pseudomonas species.?*
Although the roles for the two proteins in Cu homeostasis
are undefined, the finding that CinA homologs are most often
associated with multicopper oxidases suggests a possible role
in electron transfer.?®

A schematic view of Cu homeostasis in eukaryotes is
shown in Figure 8B (using Drosophila melanogaster as a
representative organism). In eukaryotes (from fungi to
mammals and likely in many lower eukaryotes), Cu is
acquired by the high-affinity, membrane-associated Cu
importers: Cu transporter(Ctr)-family.?*-2% Members of the
Ctr family contain three transmembrane domains and possess
an N-terminal Met-rich domain which is important for
survival under Cu starvation. These Met residues are part of
the extracellular domain and are involved in the acquisition
of Cu(l) ions. 29439301 |n addition, Ctr proteins do not require
ATP for Cu import.2**32 They are probably stimulated by
extracellular K™ and the extremely low intracellular con-
centration of free Cu.3%23%2 Different organisms may possess
multiple Ctr proteins located in different biologica mem-
branes. For example, in S cerevisiae, three Ctr proteins,
named yCtr1—yCtr3, are present.?9%304-30 yCtr1 and yCtr3
are located in the plasma membrane, whereas yCtr2 is
localized in the vacuolar membrane and imports Cu from
the vacuole to the cytoplasm upon Cu depletion.>® Humans
contain two Ctr proteins, hCtrl and hCtr2. hCtrl isthe main
cellular Cu importer.3® It is located predominantly at the
plasma membrane but may also be present in intracellular
vesicular perinuclear compartments.®® hCtr2 was localized
exclusively to late endosomes and lysosomes and may be
involved in Cu delivery to the cytosol of human cells3® D.
melanogaster also expresses three Ctrl genes (ctr1A, ctrlB,
and ctr1C).?%8 Ctr1A resides at the plasma membrane and is
the primary Drosophila Cu transporter during normal growth
and development. Loss of CtrlA results in developmental
arrest at early larval stages.3° CtrlB also localizes to the
plasmamembrane and is not essential for development unless
flies are severely Cu-deficient or are subjected to Cu
toxicity. 3931 jttle is known about CtriC.

Studies of two human disorders of Cu transport, Menkes
disease and Wilson disease, led to the identification of an
important category of ATP-dependent transporters mediating
cell Cu export, the ATP7 family.3'? ATP7 is homologous to
bacterial CopA proteins and conserved in many other
eukaryotes.3137315 |n mammals, two isoforms are expressed:
ATP7A and ATP7B.3® ATP7A, the protein nonfunctional
in Menkes disease, is expressed in the intestinal epithelium
as well as most other tissues other than the liver.3'” This
protein is required for transport of Cu into the trans-Golgi
network for biosynthesis of several secreted cuproenzymes
and for basolateral efflux of Cu in the intestine and selected
other cells3® ATP7B is predominantly expressed in the liver
and isrequired for Cu metalation of ceruloplasmin and biliary
Cu excretion, and mutations in ATP7B lead to Wilson
disease 387320 Both ATP7A and ATP7B undergo Cu-
stimulated trafficking.%?2~32%¢ D. melanogaster has a sole
ortholog of ATP7 (named DmATP7), which is essential for
in vivo Cu distribution by (i) delivering Cu to cuproenzymes
required for pigmentation and neurona function and (ii)
removing excess cellular Cu via facilitated efflux.315327-32
Y easts also have an ortholog of ATP7 protein, Ccc2.30 Ccc2
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isa Cu(l) ATPase embedded in the trans-Golgi membrane,
which aobtains Cu from the Atx1 chaperone and transfers it
to secreted proteins, 324331332

5.2. Cu-Dependent Proteins

The biologica roles of Cu include electron transfer,
oxidation of organic substrates and metal ions, dismutation
of superoxide, monooxygenation, transport of dioxygen and
iron, reduction of dioxygen, nitrite, and nitrous oxide, etc.
Both Cu(l) and Cu(ll) are utilized in biological systems.
Currently, it isnot possible to identify all Cu-binding proteins
in one organism using computational approaches because (i)
some proteins bind Cu in certain organisms but alternative
metalsin others and (ii) there are additional factors, such as
protein folding location and the presence of certain support-
ing residues or other metal ions that may influence the
affinity, alostery, and inherent chemical properties of
individual metals and further influence the conformation or
function of proteins in individual organisms.>"33-33% Thys,
this review only focuses on strictly Cu-dependent protein
families which have been used for comparative genomics
of Cu utilization in recent studies. Identification of all
members of Cu-dependent protein families as well as their
ability to bind Cu (based on conservation of Cu ligands) is
essential for comparative genomic analysis of Cu utilization
and evolution, especially in prokaryotes where no widespread
Cu-specific importer has been detected.

Cu in proteins can be classified into three groups based
on spectroscopic and magnetic properties: type 1, type 2,
and type 3. Type 1 Cu (blue Cu) shows intense absorption
at ~600 nm, whereas type 2 Cu (nonblue Cu) does not. Both
type 1 and type 2 Cu can be detected in the electron
paramagnetic resonance (EPR) spectrum. Type 3 Cu cannot
be detected in the EPR studies.®**” To date, a number of Cu-
containing proteins have been characterized in all three
domains of |ife.3¥ 3% Some Cu-dependent proteins (such
as MCOs) contain multiple Cu centers, whereas others
contain only one type of Cu (for example, blue Cu proteins
and type 2 Cu-containing enzymes). A list of Cu-dependent
proteins is shown in Table 3.

Blue Cu proteins are a class of cuproproteins containing
asingle type 1 Cu center in arelatively small (10—20 kDa)
protein molecule that functions in electron transfer from a
donor to an acceptor protein in the respiratory and photo-
synthetic chains of bacteria and plants.3°~3* The major blue
Cu proteins (also called cupredoxins) include plastocyanin,
azurin, pseudoazurin, amicyanin, rusticyanin, auracyanin,
halocyanin, plantacyanin, umecyanin, mavicyanin, and stel-
lacyanin.®¥” Among them, the most extensive studies were
carried out with plastocyanin. This protein shuttles electrons
from cytochrome b6/f to photosystem I, both of which are
large (200—300 kDa) and membrane-embedded com-
plexes.® A large number of crystal and solution structures
of plastocyanin from different species have revealed that
plastocyanin has an eight-stranded flattened Greek-key
pB-barrel fold, containing a type 1 Cu atom coordinated by
two histidines, one cysteine and one methionine.3* 3% The
red Cu protein, nitrosocyanin, is a variant of the blue Cu
protein.®*® The red Cu site is the only presently known blue
Cu-;egl ated site with an exogenous water coordinated to the
Cu.

The same type | Cu is aso found in the larger enzymes
nitrite reductase (NiR) that catalyzes the one-electron reduc-
tion of nitrite (NO,™) to nitric oxide (NO), and multi-Cu



Downloaded by BROWN UNIV on October 17, 2009 | http://pubs.acs.org
Publication Date (Web): May 21, 2009 | doi: 10.1021/cr800557s

4844 Chemical Reviews, 2009, Vol. 109, No. 10

Table 3. Cu-Dependent Proreins

Zhang and Gladyshev

prokaryotes

eukaryotes

plastocyanin family (including plastocyanin, amicyanin,
pseudoazurin, halocyanin, etc.)

azurin family (including azurin and auracyanin)

rusticyanin

nitrosocyanin

cytochrome c oxidase subunit |

cytochrome c oxidase subunit |1

nitrous oxide reductase

NADH dehydrogenase 2

Cu—2Zn superoxide dismutase

copper amine oxidase

particulate methane monooxygenase

multicopper oxidases (including nitrite reductase, CueO,
CotA, laccase, bilirubin oxidase,
phenoxazinone synthase, etc.)

tyrosinase

plastocyanin family

plantacyanin family (including plantacyanin, umecyanin,
mavicyanin, stellacyanin, etc.)

cytochrome ¢ oxidase subunit |

cytochrome ¢ oxidase subunit 11

Cu—Zn superoxide dismutase

copper amine oxidase

peptidylglycine a-hydroxylating monooxygenase

dopamine 3-monooxygenase

multicopper oxidases (including laccase, Fet3p, hephaestin,
ceruloplasmin, ascorbate oxidase, etc.)

tyrosinase (or polyphenol oxidase)

hemocyanin

Cnx1G

galactose oxidase

oxidases that function in intramolecular electron transfer to
Cu active sites. 33733930 A number of MCOs have been found
in both prokaryotes and eukaryotes, such as laccase, ascorbate
oxidase, CueO, PcoA, CumA, MofA, MnxG, EpoA, CotA,
dihydrogeodin oxidase (sulochrin oxidase), hephaestin, ceru-
loplasmin, phenoxazinone synthase, bilirubin oxidase, Fet3p,
etc,337:339,350-352 \ ost MCOs contain four Cu centers: atype
1 Cu and a trinuclear Cu center comprised of atype 2 Cu
and a pair of type 3 Cu.3¥"30 The function of atype 1 Cuin
MCOs is to withdraw an electron from the substrate and
transfer it to the trinuclear Cu center. These MCOs catalyze
the oxidation of various small molecules and cations with
the concomitant four-electron reduction of oxygen to water.
Some MCOs such as mammalian ceruloplasmin and yeast
Fet3p are ferroxidases, oxidizing Fe(I1) to Fe(l11). In contrast,
laccases are MCOs that derive electrons from the oxidation
of phenolic compounds. MCO mechanisms have been
extensively reviewed.®® Striking similarity exists between
the Cu sites of NiR and those of the MCQOs, both structurally
and mechanistically, suggesting that NiR and MCOs share
a common ancestor.3*®

The type 2 Cu-containing enzymes include Cu—Zn su-
peroxide dismutase (Cu—Zn SOD), Cu amine oxidase
(CuAO), peptidylglycine a-hydroxylating monooxygenase
(PHM), and dopamine 3-monooxygenase (DBM).3%8

Many eukaryotes and prokaryotes express Cu—Zn SOD.
Most of the mechanistic and crystallographic studies have
focused on the enzymes from eukaryotic sources, such as
yeast, bovine, and human.®* The active site type 2 Cu of
oxidized Cu—Zn SOD is coordinated by four histidine
residues (e.g., His46, His48, His63, and His120 in the human
protein).

CUAO belongs to a larger class of amine oxidases that
catalyze oxidative deamination of amines with concomitant
reduction of oxygen to hydrogen peroxide. These ubiquitous
enzymes are found in a large variety of organisms, from
microbes (including bacteria and fungi) to plants and
mammals.®* In bacteria, CuAOs have well-established roles
in providing carbon or nitrogen sources when primary amines
are avallable. In plants, there is evidence for the role of
CuAOs in defense responses and a variety of developmental
processes.®® In mammals, CuAOs are found in various
locations, including placenta, blood, muscle, and endothe-
lium; however, their functions are not well understood.
Increased CUAO expression in humansis a marker of several
diseases including cancer, diabetes, congestive heart failure,
and liver cirrhosis.®"%%® Crystal structures for CUAO from

several organisms such as E. coli and humans showed that
the Cu atom is coordinated by three histidine residues and
two water molecul es.3593%

PHM and DBM catayze the hydroxylation of their
respective substrates. In both enzymes, two distinct Cu sites
are used to split molecular oxygen, O,, which then serves
as the source of OH in the hydroxylation reaction.®® They
are found primarily in metazoa, and their functions in vivo
are well established. PHM is one of two domains in
peptidylglycine o-amidating monooxygenase (PAM), which
isresponsible for the activation of avariety of hormones by
a-amidation, thereby improving hormone-receptor affinity. %!
DBM catalyzes a similar reaction to PHM; however, the
hydroxylation of dopamineis at the 3-carbon.®! Comparison
of the primary sequence of PHM and DBM indicated that
DBM is homologous to PHM, suggesting that they likely
evolve from a common ancestor.32

Two additional Cu-dependent proteins, cytochrome c
oxidase (COX) and nitrous oxide reductase (N.OR), have a
binuclear Cu center, named Cu,, which is a variant of type
1 Cu, and an iron—sulfur center and function to facilitate
entry of electrons toward the reduction centers of dioxygen
(heme a3-Cug) and nitrous oxide (Cuy), respectively,363-365

Cytochrome oxidase is a family of proteins which act as
the terminal enzymes in respiratory chains. The two main
subgroups of this family include cytochrome ¢ oxidases and
quinol oxidases.*%3%" Both classes have two catalytic subunits
(I'and I1), and subunit | contains two heme centers: the first
(heme a) acts as an electron input device to the second, and
the second heme (heme &) is a part of a binuclear center
containing Cug. However, there are significant differences
between the two subgroups. In cytochrome c¢ oxidases,
subunit |1 contains the Cu center Cu, with 2 Cu atoms, which
is thought to be the immediate electron acceptor from
cytochrome ¢, whereas quinol oxidase subunit Il processes
the quinol substrate and independently lost the Cua center, 38369
Cytochrome c¢ oxidases of mitochondria, of respiratory
bacteria from the purple bacteria branch of the eubacteria,
and one of the cytochrome ¢ oxidases of Rhodobacter
sphaeroides, are of the aas-type3%%"t The bas-type cyto-
chrome ¢ oxidases have a heme b in place of heme a2 The
third cytochrome c oxidase class is the cbhs-type, which has
two membrane-bound cytochrome ¢ molecules in place of
subunit 1.5 Quinol oxidases also have these subclasses (aa,
bas, and cbbs). In addition, a bos-type quinol oxidase has
been detected, where a heme type-o replaces heme at the
binuclear center.™* Characterizing all these subtypes and
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distinguishing Cu-dependent cytochrome ¢ oxidase subunit
Il from Cu-independent quinol oxidase subunit Il is essential
for correct description of Cu utilization.

Nitrous oxide reductase is the terminal oxidoreductase of
a respiratory electron transfer chain that transforms nitrous
oxide to dinitrogen.® The enzyme carries six Cu atoms. Two
are arranged in the mixed-valent binuclear Cu, site similar
to that of cytochrome c oxidase, and four make up the
sulfide-bridged Cu cluster, named the Cu; catalytic center.
The crystal structure of P. nautica N,OR revealed that the
catalytic Cuz center belongs to a new type of metal cluster
in which the four Cu ions are liganded by seven histidine
residues.3®

Other Cu-dependent proteins include NADH dehydroge-
nase 2 (Ndh2), tyrosinase, hemocyanin, particulate methane
monooxygenase (PMMO), Cnx1G, and galactose oxidase
(GAO).

The Cu(ll)-reductase Ndh2 from the E. coli respiratory
chain is amembrane-bound cupric-reductase that diminishes
the susceptibility of the respiratory chain to damaging effects
caused by Cu and hydroperoxides and alows cells to survive
in extreme Cu conditions. It contributes to antioxidant
function and Cu homeostasis.®"

Tyrosinases (or catechol/polyphenol oxidases) are Cu-
containing enzymes which are nearly ubiquitously distributed
in al domains of life. They are essential for pigmentation
and are important factors in wound healing and primary
immune response.¥’” The active site is a type 3 Cu center,
which is a binuclear center consisting of two Cu ions, each
coordinated by three histidine residues. The Cu pair of
tyrosinases binds one molecule of atmospheric oxygen to
catalyze two different kinds of enzymatic reactions: (i) the
o-hydroxylation of monophenols (cresolase activity) and (ii)
the oxidation of o-diphenols to o-diquinones (catecholase
activity). The best-known function of tyrosinases is the
formation of melanins from L-tyrosine via L-dihydroxyphen-
ylalanine (L-dopa). However, the complicated hydroxylation
mechanism at the active site is ill not completely understood.

Similar to tyrosinase, hemocyanin belongs to the type 3
Cu protein family.®”® Although they share a common active
site, they exhibit different functions. While tyrosinases are
enzymes, hemocyanins are oxygen carrier proteins.3”® They
occur in the hemolymph of some species in the phyla
arthropoda and mollusca. As extracellular oxygen carriers,
hemocyanins are responsible for the precise oxygen delivery
from the respiratory organs to tissues.

pMMO is a membrane-bound Cu-containing enzyme that
oxidizes methane to methanol in methanotrophic bacteria.3®
Knowledge of how pMMO selectively oxidizes methane
under ambient conditions could impact the development of
new catalysts. The crystal structure of Methylococcus cap-
sulatus (Bath) pMMO, for the first time, reveas the
composition and location of three metal centers.3 In the
past severa years, significant advances in the biochemical,
spectroscopic, and mechanistic characterization of pMMO
have provided insights into the coordination environments
and oxidation states of these metal centers.32

Cnx1G is the G domain of Cnx1 that is involved in
catalyzing the insertion of Mo into molybdopterin (see
section 3.1 and Figure 3). The recent identification of Cu
bound to the molybdopterin dithiolate sulfurs in Cnx1G
structures, coupled with the observed Cu inhibition of Cnx1G
activity, provides a molecular link between Mo and Cu
metabolism. 3
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Galactose oxidase is a monomeric enzyme that contains a
single Cu ion and an amino acid-derived cofactor.3* The
enzyme has been extensively studied by structural, spectro-
scopic, kinetic, and mutationa approaches that have provided
insightsinto the catalytic mechanism of thisradical enzyme.
One of the most intriguing features of the enzyme is the post-
tranglational generation of an organic cofactor from active-
site amino acid residues. Biogenesis of this cofactor involves
the autocatalytic formation of a thioether bond between
Cys228 and Tyr272, with the latter being one of the Cu
ligands.3®

5.3. Comparative Genomics of Cu Utilization

Several comparative genomic studies have been carried
out to identify Cu-binding proteins in organisms.3¢-38 One
study presented an initial computational approach exploiting
metal-binding patterns of metalloproteins in the PDB to
search databases for new metalloproteins, and applied this
method to Cu-binding proteins.®® This approach was based
on the analysis of the occurrence of conserved patterns of
amino acids that are known to bind Cu, together with
sequence similarity requirements. A set of Cu-binding
patterns (CBPs) were generated for all Cu-binding proteins
in the PDB and then used together with the primary
seguences of corresponding metalloproteins to identify Cu-
binding proteins by homology searches. However, this
procedure also retrieved a significant number of false positive
metalloproteins which are known to bind metals other than
CU.386

To solve this problem, additiona searches were integrated
with domain recognition methods, which showed better
results with regard to sensitivity and selectivity.3389.3%
Recently, using this modified approach, the occurrence of
Cu-binding proteins in 57 completely sequenced genomes
in prokaryotes and eukaryotes was examined.>* It was found
that the size of the Cu proteome is generally less than 1%
of the total proteome of an organism. Bacterial proteomes
contain between 0% and 1.3% Cu proteins, with an average
of 0.3%, and eukaryotic proteomes have between 0.2% and
0.5%, with an average of 0.3%. Among analyzed prokary-
otes, Nitrosomonas europaea and Halobacterium sp. contain
the largest percentage of Cu-binding proteinsin bacteria and
archaea, respectively. The former evolved a large number
of Cu-dependent oxidoreductase enzymes, whereas the | atter
possesses the largest archaeal repertoire of proteins belonging
to the plastocyanin/azurin family. Among eukaryota, the
largest proteome fraction of Cu proteins was observed in A.
thaliana and S. cerevisiae. The number of putative Cu-
binding proteins did not correlate with the size of the
proteome, which is different from the cases for several other
metals, such as Zn.*® A small number of organisms (5 out
of 57 organisms in this study), al of which were host-
associated, appeared to lack Cu-binding proteins. Functional
prediction of Cu-binding proteinsindicated that these proteins
are likely to be part of a network which may thus represent
an ancient core that is crucial for Cu homeostasis.** It
appears that the speciation of prokaryotic organisms affected
only dlightly this ancestral Cu proteome. On the other hand,
eukaryotes may have expanded their ancestral repertoires of
Cu proteins, by inventing new Cu domains and reusing old
domains for new functions.

Recently, we carried out a separate comparative genomic
analysis of sequenced archaea and bacteria that yielded a
comprehensive view of Cu utilization in prokaryotes.*> Using
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Figure 9. Occurrence of Cu utilization in the three domains of life. (A) Proportion of Cu-utilizing organisms among organisms with
sequenced genomes. All organisms were classified into two groups: Cu (+), i.e., containing the Cu utilization trait; Cu (—), i.e., lacking the
Cu utilization trait. (B) Occurrence of Cu-dependent proteins in Co-utilizing prokaryotes. (C) Occurrence of Cu-dependent proteins in
Co-utilizing eukaryotes. Protein families on the |eft side of the dotted line have Cu-containing homologs in bacteria whereas others were
only found in eukaryotes. COX I, cytochrome c oxidase subunit I; COX |1, cytochrome ¢ oxidase subunit I1; N,OR, nitrous oxide reductase;
Ndh2, NADH dehydrogenase 2; Cu—Zn SOD, Cu—Zn superoxide dismutase; CUAO, Cu amine oxidase; pMMO, particulate methane
monooxygenase; NiR, nitrite reductase; MCOs, multi-Cu oxidases, PHM, peptidylglycine a-hydroxylating monooxygenase; DBM, dopamine

-monooxygenase; GAO, galactose oxidase.

the same approach introduced in section 2, the occurrence
of both Cu transporters, including CopA, CutC, and Cus-
CFBA, and strictly Cu-dependent proteins (i.e., those that
cannot substitute other metal ions for Cu) was examined. In
addition, we aso analyzed Cu utilization in sequenced
eukaryotes (unpublished data), which extended the previous
studies of Cu utilization in this domain. The distribution of
Cu-utilizing organisms and Cu-dependent proteins is illu-
strated in Figure 9.

Consistent with previous observations, Cu is widely used
by bacteria, with more than 70% of anayzed organisms being
Cu-utilizing (i.e., having at least one Cu-dependent protein).
In contrast, al or aimost all organisms in some phyla (such
as Thermotogae, FirmicutesMollicutes, Chlamydiae, and
Spirochaetes) do not contain known Cu-dependent proteins.
In archaea, the trend was somewhat reversed, and only half
of organisms appeared to utilize Cu (Figure 9A). Analysis
of Cu transporters revealed that they had different patterns
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of occurrence than Cu-dependent proteins. CopA was the
most widespread Cu exporter in bacteria and was the only
Cu transporter detected in archaea®® Many organisms,
including those that lack Cu-dependent proteins, had Cu
exporters. These data suggested that the pathways of Cu
utilization and detoxification are independent and that many
organisms likely protect themselves against Cu ions that
inadvertently enter the cell. Thus, occurrence of Cu trans-
portersin prokaryotes may not provide sufficient information
about Cu utilization; however, it may be important for
understanding of Cu homeostasis. In eukaryotes, the occur-
rence of Cu importer Ctrl and exporter ATP7 was consistent
with that of the Cu utilization trait (Ctrl was detected in
more than 90% of Cu-utilizing organisms and ATP7 in all
Cu-utilizing organisms, unpublished data). Compared to most
organisms that have 1—3 ctrl genes, the Caenorhabditis
species (nematodes) possess a high number of ctrl genes,
especialy C. elegans that possesses 11 such genes, suggest-
ing complex mechanisms of Cu uptake and trafficking in
these organisms (unpublished data).

Among Cu-dependent proteins, COX | and COX |l were
the most frequently used Cu-containing proteins, which were
identified in the majority of Cu-utilizing organisms in all
three domains of life (Figure 9B and 9C). In addition, various
MCOs were detected in most Cu-utilizing bacteria and
eukaryotes. The occurrence of other Cu-containing proteins
was relatively restricted. Cu—2n SOD and CuAO appeared
to be more widely used in eukaryotes than in prokaryotes.
Homologs of amost half of prokaryotic Cu-dependent
proteins could not be detected in eukaryotes, suggesting they
either evolved in prokaryotes or were lost in eukaryotes. In
addition, novel Cu-binding proteins evolved in eukaryotes,
such as plantacyanin and Cnx1G in plants. Plants possess
the largest Cu-dependent proteomes (cuproproteomes). Most
of these proteins belong to plantacyanin, CUAO, and MCO
families, suggesting important roles of these Cu-dependent
proteins in plant metabolism. Only 15—16 Cu-dependent
proteins were found in nematodes (unpublished data). It is
unclear why nematodes need such a complex Cu uptake
mechanism in the face of restricted Cu utilization. It is
possible that unknown Cu-dependent proteins are present in
these organisms.

An interesting finding was that organisms living in oxygen-
rich environments utilize Cu, whereas the majority of
anaerobic organisms do not.“° In addition, among Cu users,
cuproproteomes of aerobic organisms were generaly larger

than those of anaerobic organisms. These data are consistent
with the idea that proteins evolved to utilize Cu following
the oxygenation of the Earth.

6. Selenium

Selenium (Se) is an essentia trace element in many
organisms, including humans, yet it is required only in small
amounts.®2%% This element is known primarily for its
functions in redox homeostasis and is recognized as one of
promising cancer chemopreventive agents.®4-3% There are
strong indications that it also has arole in antivirus activity,
in anti-inflammatory activity, in preventing heart disease and
other cardiovascular and muscle disorders, and in delaying
the progression of AIDS.3~3% |n addition, Se is required
for mammalian development, male reproduction, and im-
mune function,00-403

6.1. Selenium Uptake and Its Major Biological
Forms

Se occurs as inorganic selenite or selenate and in organic
forms in organisms. It can be utilized in a specific and
nonspecific manner. The nonspecific pathway is based on
the chemical similarity between Se and sulfur, its neighbor
element in the periodic table. It appearsthat Se is metabolized
along the pathways of sulfur metabolism.*44% Se may be
taken up, in the form of selenite, by the sulfate transport
system and reduced to selenide via the assimilatory sulfate
reduction system.*%® Recently, it was proposed that selenite
uptake by plants may be mediated, at least partly, by
phosphate transporters.*%’

A genera scheme for metabolism and incorporation of
Se into macromolecules is shown in Figure 10. The major
organic forms of Seinclude Sec, selenomethionine (SeMet),
selenosugar, and methylated low-molecular-weight Se com-
pounds.*®® Free Sec can be converted to SeMet and is a
substrate for cysteyl-tRNA synthetase, which forms seleno-
cysteyl-tRNA®s and incorporates Sec nonspecifically at Cys
positions in proteins.*®® The decision whether Se is incor-
porated nonspecificaly as either Sec or SeMet should be
dependent on the relative catalytic efficiencies of cysteyl-
tRNA synthetase and cystathionine synthetase for the
substrate Cys and its analog Sec.** SeMet is the major
selenocompound in plants such as grains, legumes, and
soybeans and was a so detected as the major selenocompound



Downloaded by BROWN UNIV on October 17, 2009 | http://pubs.acs.org
Publication Date (Web): May 21, 2009 | doi: 10.1021/cr800557s

4848 Chemical Reviews, 2009, Vol. 109, No. 10

in bacteriawhen growing on excessive amounts of selenite.*%*
On the other hand, the specific incorporation of Sec is
efficient at much lower amounts of selenite and does not
produce free Sec because the biosynthesis of Sec occurs on
the specific tRNA. Accordingly, free Sec, if present in cells,
cannot be inserted into selenoproteins. With regard to this
review, only specific Sec incorporation is relevant and will
be further discussed as a subject for comparative genomic
studies.

6.2. Selenocysteine: The 21st Amino Acid

Unlike metals that directly bind to proteins or are part of
cofactors, Se is cotrangationally incorporated into seleno-
proteins and occurs in these proteins in the form of Sec, the
21st amino acid in the genetic code.#1°~412 Such a form of
Se in protein is widespread in al domains of life and is
responsible for the majority of biological effects of Se.#10-414

Understanding Sec biosynthesis pathways is essential for
comparative genomics of Se utilization. The biosynthesis of
Sec and its incorporation into nascent polypeptides requires
a complex molecular machinery that recodes in-frame UGA
codons, which normally function as stop signals, to serve as
Sec codons, 48415416 The mechanisms of selenoprotein bio-
synthesis have been the subject of numerous stu-
dies 410411413417-423 \\ hi| e the fundamental mechanism of Sec
insertion in the three domains of life appears to be similar,
prokaryotes and eukaryotes evolved unique components that
provide specific regulation of Sec biosynthesis.

6.2.1. Biosynthesis of Sec in Prokaryotes

In bacteria, the mechanism of Sec insertion in response
to UGA has been most thoroughly elucidated in E. coli by
Bock and collaborators,499-411:424-426 The pjosynthesis and
specific insertion of Sec into proteins requires an in-frame
UGA codon, a cis-acting Sec insertion sequence (SECIS)
element which is a stem loop structure within the seleno-
protein MRNA immediately downstream of the Sec-encoding
UGA codon, and several trans-acting factors dedicated to
Sec incorporation.**4° A model of Sec insertion into
proteins in bacteria is shown in Figure 11A.

Briefly, the SECIS element binds the Sec-specific elonga
tion factor SelB and forms a quaternary complex with Sec-
tRNAS1S< 3 unique tRNA whose anticodon matches the
UGA codon, and GTP. tRNAS¥IS= js initially charged by
seryl-tRNA synthetase with serine and serves as an adaptor
for the conversion of the seryl moiety into the selenocysteyl
product by Sec synthase (SelA). SelA utilizes selenophos-
phate provided by selenophosphate synthetase (SelD) as the
selenium donor. During translation, the quaternary complex
is translocated toward the ribosome, and the lower helical
part of the SECIS element is melted. When the UGA arrives
at the A site, SelB makes contact with the ribosome and the
charged Sec-tRNAIS¥IS¢ s released after accommodation in
the A-site. After trandocation of the ribosome through the
melted SECIS element, the RNA can refold and serve as a
target for the formation of anew quaternary complex to assist
the next ribosome in decoding the UGA codon.**

6.2.2. Biosynthesis of Sec in Eukaryotes and Archaea

Recent studies on Sec biosynthesis in eukaryotes and
archaea revealed a pathway that contains additional steps
and enzymes compared to the pathway of Sec biosynthesis
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Figure1l. Modelsof Secincorporation in bacteria and eukaryotes.
Specific proteins involved in Sec biosynthesis and insertion into
selenoproteins are highlighted in blue. (A) Sec insertion in bacteria.
SelA, bacteria Sec synthase; SelB, bacterial Sec-specific elongation
factor; SelD, selenophosphate synthetase; SerS, seryl-tRNA syn-
thetase. (B) Sec insertion in eukaryotes. SPS2, selenophosphate
synthetase 2; SecS, eukaryotic Sec synthase; PSTK, O-phospho-
seryl-tRNAS*IS= kinase; eEFSec, eukaryotic Sec-specific elongation
factor; SBP2, SECIS hinding protein 2.

in bacteria. In eukaryotes, the initial steps of Sec biosynthesis
occur in the cytosol, whereas the maturation Sec-tRNA[S#15%
probably occurs in the nucleus.*?” The mechanism of Sec
insertion in eukaryotes is shown in Figure 11B. Some
eukaryotes, including all vertebrates, contain two distinct
SelD homologs, SPS1 and SPS2. Only SPS2 synthesizes
selenophosphate from selenide and is essentia for generating
the selenium donor for Sec biosynthesis.*?® By analogy with
the pathway in prokaryotes, a Sec synthase is needed to
convert the seryl-tRNAS¥IS® to Sec-tRNASYIS< byt SelA
is absent in eukaryotes. The recent identification and
characterization of eukaryotic Sec synthase (SecS) demon-
strates that Sec is synthesized on the tRNAS®IS< from seryl-
tRNAS#1S< yging seryl-tRNA synthetase, O-phosphoseryl-
tRNAS1S kinase (PSTK) and SecS.#%*4% An additional
protein named Secp43 can also bind Sec-tRNAS#1S< which
might be involved in methylation of Sec-tRNAS15< and
promoting assembly of both Sec biosynthesis and incorpora-
tion complexes.®?’*? The eukaryotic SECIS element is
located in the 3-UTR of selenoprotein mRNAS; therefore,
additional factors are required for elongation and SECIS
binding function. The eukaryotic Sec-specific elongation
factor eEFSec, a distant homolog of prokaryotic SelB, only
binds Sec-tRNA[S¥1Se 417.430431 Ty additional factors have
been identified to bind SECIS element and ribosomal sites,
SECIS binding protein 2 (SBP2) and ribosomal protein
L30.4%24% SBP? is composed of three major domains: an
N-terminal domain which may have a selenoprotein-specific



Downloaded by BROWN UNIV on October 17, 2009 | http://pubs.acs.org
Publication Date (Web): May 21, 2009 | doi: 10.1021/cr800557s

Comparative Genomics of Trace Elements

regulatory function, a functional domain involved in Sec
incorporation, and a C-termina RNA-binding domain re-
quired for interaction with the SECIS element.*** The
ribosomal protein L30 was identified to have a SECIS
binding activity and may compete with SBP2, suggesting it
may be a component of the eukaryotic Sec recoding
machinery. It has been proposed that the SECIS element acts
as a molecular switch and that the dynamic exchange
between L30 and SBP2 for the SECIS depends on the
preformed complex.*®

Homologs of SecS and PSTK were also detected in Sec-
utilizing archaea, implying that archaea use a similar
mechanism for Sec biosynthesis. However, the absence of
other proteins (such as Secp43 and SBP2) also highlights
differences in Sec incorpation between archaea and eukary-
otes. In addition, archaeal SECIS elements are completely
different from those in both bateria and eukaryotes and may
be located in both 3-UTRs and 5-UTRs.

6.3. Selenoproteins

Historically, selenoproteins have been identified by the
presence of Sein protein fractions during isolation. Seleno-
proteins can be metabolically labeled with Se, which can
be visualized on polyacrylamide gels with a Phosphorlmager.
Using this technique, several selenoproteins were identified
in prokaryotes and eukaryotes.®~%7 | n recent years, remark-
able progress in large-scale sequencing projects provided an
opportunity and resources for selenoprotein discovery. To
this end, a variety of computational approaches and tools
have been developed to identify selenoprotein genes in
genome databases.

6.3.1. In Silico Identification of Selenoproteins in
Eukaryotes and Prokaryotes

All selenoprotein genes have both Sec-encoding UGA
codon and the SECIS element. The SECIS element is an
essential and highly specific structure for Sec insertion and
contains conserved features which can be utilized for its
prediction.*s® As discussed above, in archaea and eukaryotes,
SECIS elements are most often located in the 3-UTR of
selenoprotein genes. The eukaryotic SECIS element is
composed of two helices separated by an internal loop; a
SECIS core structure, called Quartet, located at the base of
helix 2; and an apical loop (see Figure 12A). The Quartet is
formed by four non-Watson—Crick base pairs and isthe main
functional site of the SECIS element.**® When the apical loop
is large enough, an additional ministem is formed that
presumably stabilizes the SECIS element. The presence of
this ministem was used to classify SECIS elementsinto form
1 (lacking ministem) and form 2 (having ministem) struc-
tures.**® Two unpaired adenosinesin the apical loop are also
found in the majority of selenoprotein genes.**° The archaeal
SECIS elements differ from those in the eukaryote and
display amotif containing a purine-only GAA sequence, an
internal loop, and three consecutive C-G or G-C base pairs.*!

As discussed above, bacterial SECIS elements differ
from both eukaryotic and archaeal structures with respect
to sequence and structure, and are located immediately
downstream of Sec-encoding UGA codons in the coding
regions of selenoprotein genes.*? To date, the best
characterized bacterial SECIS elements are in the genes
encoding formate dehydrogenases H (fdhF), N (fdnG), and
O (fdoG) in E. coli. They are composed of two domains:
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Figure 12. SECIS elements in eukaryotes and bacteria. (A) Two
forms of eukaryotic SECIS elements. The allowed lengths of helices
and loops are indicated. Conserved nuclectides are shown in red,
including the four non-Watson—Crick base pairs (quartet or SECIS
core) and two unpaired adenosines in the apical loop of form | or
the internal loop of form Il structures. (B) A consensus model for
bacterial SECIS elements. The Sec UGA codon is underlined. The
bacterial SECIS model includes the following: (i) a 3—9 nt apical
loop and a 4—16 bp upper-stem; (ii) at least one guanosine (G)
among the first two nucleotides (N means any nucleotide) in the
apica loop, most of which contan the Ny (0—1)G[G
U]JNN,(0—1)N(0—2) pattern in which N; and N, form a base pair;
(iii) aspacing of 16—37 nt between the UGA codon and the apical
loop; and (iv) minimum free energy (MFE) < —7.5 kcal/mol.

one containing a Sec UGA codon and the other a 17-nt stem-
loop separated from UGA by 11 nucleotides. An exposed
GU in the apical loop and a bulged UU in the upper stem
are regarded as a common core of the E. coli SECIS
elements. #3444 A fixed distance between the in-frame UGA
codon and the apical loop is also important for SECIS
function.**® However, putative SECIS elements identified in
selenoprotein MRNAS in other bacteria appeared to bear no
resemblance to each other or to the E. coli counterparts with
respect to loop sequences or lengths of the stems.*#4” Recent
studies on various bacterial SECIS elements showed that a
single G, often followed with a U, is present among the first
two nucleotides in a small apical loop and that the spacing
between the UGA codon and the apical loop is 18—23
nucleotides for most bacterial SECIS elements.**8 A model
of bacterial SECIS elementsis shown in Figure 12B. These
data suggested that the mgjority of bacterial SECIS elements
can be described by a common structural model and that
these structures probably occur exclusively in the down-
stream sequences flanking the UGA.

In recent years, severa bioinformatics agorithms have
been developed for the prediction of selenoprotein genesin
eukaryotic, archaeal, and bacterial genomes on the basis of
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Table 4. Selenoprotein Families

Zhang and Gladyshev

eukaryotes prokaryotes
Selenoproteinsin mammals formate dehydrogenase (Fdh)
deiodinase family formylmethanofuran dehydrogenase (FMDH)
DI, DI, and DIl selenophosphate synthetase (SelD)

glutathione peroxidase (GPx) family
GPx1, Gpx2, Gpx3, Gpx4, and GPx6
thioredoxin reductase (TR) family
TR1, TGR, and TR3

15-kDa selenoprotein (Sepl5)
methionine-R-sulfoxide reductase 1 (MsrB1)
selenophosphate synthetase 2 (SPS2)
selenoprotein P (SelP)

selenoprotein W (SelW)
selenoprotein H (SelH)

selenoprotein | (Sell)

selenoprotein K (SelK)

selenoprotein M (SelM)
selenoprotein N (SelN)

selenoprotein O (SelO)

selenoprotein S (SelS)

selenoprotein T (SelT)

selenoprotein V (SelV)

Other selenoproteins
methionine-S-sulfoxide reductase (MsrA)
protein disulfide isomerase (PDI)
selenoprotein U (SelU)
selenoprotein J (SelJ)
selenoprotein L (SelL)
fish 15 kDa selenoprotein-like (Fep15)
SAM-dependent methyltransferase
peroxiredoxin (Prx)-like
thioredoxin (Trx)-fold protein
membrane selenoprotein (MSP)
hypothetical proteins

coenzyme F420-reducing hydrogenase o subunit (FrhA)
coenzyme F420-reducing hydrogenase 6 subunit (FrhD)
methylviologen-reducing hydrogenase o subunit (VhuA)
glycine reductase selenoprotein A (GrdA)

glycine reductase selenoprotein B (GrdB)
peroxiredoxin (Prx)

thioredoxin (Trx)

glutaredoxin (Grx)

heterodisulfide reductase o subunit (HdrA)

HesB-like

proline reductase PrdB

deiodinase-like

GPx

SelW-like

MsrA

DsbhG-like

Fe—S oxidoreductase (GIpC)

DsbA-like

DsrE-like

AhpD-like

arsenate reductase

molybdopterin biosynthesis protein MoeB-like
glutathione S-transferase-like (GST-like)

OsmC-like

NADH:ubiquinone oxidoreductase subunit E
rhodanese-related protein

methylated-DNA —protein—cysteine methyltransferase
UGSC-containing protein

arsenite S-adenosylmethyltransferase

Prx-like proteins

Trx-like proteins

Grx-like proteins

Trx-fold proteins

hypothetical proteins

SECIS elements.3233448-451 The general strategy is to find
candidate SECIS elements and then analyze upstream regions
to identify coding regions, and finally test candidate sele-
noproteins by ™Se labeling assays. Based on these ap-
proaches, a number of novel selenoproteins have been
discovered and characterized, 3133448452455

Considering that most selenoproteins have homologsin
which Sec is replaced with Cys, additional computational
approaches were developed, which employ Cys-containing
proteins and comprehensive protein databases (e.g., non-
redundant protein database in NCBI) to search nucleotide
sequence databases for selenoprotein genes.®3%% These
approaches were designed to identify TGA-containing
nucleotide sequences which, when translated, are homolo-
gous to query Cys-containing proteins such that the
conserved Cys residues align with translated TGA codons,
i.e., these Cys/TGA-containing (or Cys/Sec) pairs should
be flanked by conserved regions. Further analyses (e.g.,
the presence of SECIS and the occurrence of a predicted
Sec-TGA codon in other organisms) were carried out with
these candidate selenoproteins to identify new selenopro-
tein genes. Using these methods, a large number of novel
selenoproteins were identified in both completely se-
guenced genomes and large scale environmental genome
sequencing projects.334%6-458 One deficiency of this ap-
proach is the inability to identify selenoproteins, which
have no Cys-containing homologs, but luckily such
situations are extremely rare.

Both SECIS-dependent and SECIS-independent algorithms
described above identify similar sets of selenoprotein genes

in various genomes and environmental databases, implying
that both methods have excellent performance and that all
or amost all selenoproteins could be identified by these
bioinformatics tools.

6.3.2. Eukaryotic Selenoproteins

In the past several years, anumber of studies have reported
on the identification of novel selenoprotein genes in eukary-
otes, most of which were discovered by the bioinformatics
approaches described above (see section 6.3.1). For example,
atotal of 25 and 24 selenoproteins were identified in human
and mouse, respectively.3* A complete list of known eu-
karyotic selenoproteins is shown in Table 4. Here we only
discuss the mgjority of these selenoproteins, focusing on
those in mammals. Additional details about selenoproteins
can be found in the recently published book on the molecular
biology of Se.%°

Glutathione peroxidases (GPxs), the largest group of
mammalian selenoproteins, are antioxidant and redox regula-
tory enzymes that catalyze thiol-dependent hydroperoxide
reduction. In mammals, there are eight GPx homologs and
five of them are selenoproteins, including GPx1 (or cGPx,
the first known animal selenoprotein),*® GPx2 (or GI-GPXx),
GPx3 (or pGPx), GPx4 (or PHGPx), and GPx6. Among
them, only GPx4 is known to be essential during embryo-
genesisin mammals.*®* In addition, it may serve a structural
role in mature sperm and has been implicated in site-specific
disulfide bond formation.®**42 The functions of several
Sec-containing GPxes remain unclear. Sec-containing GPx
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homologs were also detected in single-cellular eukaryotes
and bacteria®® %" They likely evolved by convergent
evolution.

Deiodinases represent another group of animal selenopro-
teins. In mammals, there are three deiodinases (DI, DII, and
DIll, all of which are selenoproteins) which activate or
inactivate thyroid hormones by reductive dei odination.463-46
Homologs of Sec-containing deiodinases were aso found
in bacteria and some unicellular organisms.*%6:457

Mammalian thioredoxin reductases (TRs) are selenoen-
zymes and are very different from the smaller Se-independent
enzymes of archaea, bacteria, yeast, and plants.*%4” Sec was
found to be located at the penultimate C-terminus, which is
asubstrate for the N-terminal thiol-disulfide active site.*%46°
Mammalian cells contain three TRs (all are selenoproteins).
TR1 (TrxR1 or TxnRd1l) is a cytosolic selenoprotein, whose
function isto maintain thioredoxin in the reduced state. TGR
(for thioredoxin/glutathione reductase; also known as TR2
or TxnRd3) has an additional N-terminal glutaredoxin
domain.*%470 |t can catalyze many thioredoxin- and glu-
tathione-related reactions and may aso be involved in the
formation of disulfide bonds during sperm maturation.*”* TR3
(also known as TrxR2 or TxnRd2) is a mitochondrial
selenoprotein that reduces mitochondrial trioredoxin and
glutaredoxin 2.472473

Selenoprotein P (SelP) is the only known mammalian
selenoprotein with multiple Sec residues,*”*4™ e.g., 10 Sec
residues in human SelP and 17 Sec residues in zebrafish
SelPa. It is known that SelP is the mgjor plasma selenopro-
tein, which is synthesized in the liver and delivers selenium
to other organs and tissues.*”#47 Brain appears to synthesize
its own SelP pool .47

Methionine-R-sulfoxide reductase 1 (MsrB1, previously
known as SelR or SelX) catalyzes stereospecific reduction
of oxidized methionine residues in proteins.*’"4"® Two other
MsrBs (MsrB2 and MsrB3) are homologous to MsrB1 in
which Cys residues are present in place of Sec.*”® MsrB1 is
located in the cytosol and the nucleus and is the most active
MsrB in mammals.*"

The 15-kDa selenoprotein (Sepl5) was identified several
years ago as a protein of unknown function.*7480481 Thjs
protein is located in the endoplasmic reticulum (ER) and
binds UDP-glucose:glycoprotein glucosyltransferase (UGT),
an ER chaperone and essential regulator of the calnexin
cycle®® The calnexin cycle is a quality control pathway
localized to the ER that specifically assists in the folding of
N-linked glycoproteins.®®® Structual analysis of Sepil5 re-
vedled that it has athioredoxin-like fold and may have redox
activity.*® In addition, Sep15 may be involved in the cancer
prevention effect of dietary Se.*®

Selenoprotein W (SelW) is the smallest mammalian
selenoprotein with unclear function.*®4” The structure of
this protein has a thioredoxin-like fold with the CXXU motif
located in an exposed loop similarly to the redox-active site
in thioredoxin.*® SelW exhibits glutathione-dependent redox
properties in vivo and may be a scavenger for reactive
oxygen species such as hydrogen peroxide during muscle
and nervous system development.*®

SPS2 is homologous to bacterial SelD, which is used to
produce selenophosphate, the selenium donor compound.*?
SPS2 is essentia for Sec biosynthesis in eukaryotes (see
section 6.2.2).

Other mammalian selenoproteins include selenoprotein H
(SelH), selenoprotein | (Sell), selenoprotein K (SelK),
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selenoprotein M (SelM), selenoprotein N (SelN), selenopro-
tein O (SelO), selenoprotein S (SelS), selenoprotein T (SelT),
and selenoprotein V (SelV). SepN is physically associated
with the ryanodine receptor (RyR) and functions as a
modifier of the RyR channel .** SelS may have an important
role in influencing inflammatory response, and that role may
be related with SelS as a central component of the retro-
translocation channel in ER-associated protein degradation
and its antioxidant function.*** Other selenoproteins have
unknown functions.

Besides, several additional selenoproteins were identified
in other eukaryotes. These selenoproteinsinclude methionine-
S-sulfoxide reductase (MsrA), which catalyzes a stereospe-
cific reduction of methionine-S-sulfoxide, protein disulfide
isomerase (PDI), which is involved in the formation of the
disulfide bond in the ER, selenoprotein U (SelU), seleno-
protein J (SelJ), selenoprotein L (SelL), fish 15 kDa
selenoprotein (Fepl5), and several newly predicted seleno-
proteins (e.g., SAM-dependent methyltransferase, peroxire-
doxin-like, thioredoxin-fold protein, membrane selenoprotein,
and a few hypothetical proteins) in protozoa, such as
Plasmodium and Ostreococcus.#53455492

6.3.3. Prokaryotic Selenoproteins

Computational identification of selenoprotein genesin both
sequenced prokaryotic genomes and environmental genome
projects revealed a much wider distribution of selenoprotein
families in prokaryotes.*#84%6457 |n addition, Sec-containing
homologs of some eukaryotic selenoproteins, such as SPS2,
deiodinase, GPx, SelW, and MsrA, were also found in some
bacteria. A list of reported prokaryotic selenoprotein families
is shown in Table 4.

Formate dehydrogenase (Fdh) is the most widespread
prokaryotic selenoprotein family.**4% In this enzyme, Sec
isdirectly coordinated with Mo and involved in the oxidation
of formate to carbon dioxide.*>~4%" Recent studies on the
distribution of selenoproteins in prokaryotes revealed that
Fdh is the only selenoprotein in many bacterial species,
suggesting that it may play an important role in maintaining
the Sec utilization trait.*®

SelD is the second largest prokaryotic selenoprotein
family.*®® This protein is homologous to eukaryotic SPS2
and is necessary for Sec biosynthesis in prokaryotes (see
section 6.2.1).

Formylmethanofuran dehydrogenase (FMDH) is a distant
homolog of Fdh and has a similar function, but uses
formylmethanofuran as the substrate. Similar to Fdh, Secis
coordinated to Mo in the active site.

Some Ni-dependent hydrogenases were found to contain
Sec, such as coenzyme F420-reducing hydrogenase (o and
0 subunits, FrhA and FrhD) and methylviologen-reducing
hydrogenase a subunit (VhuA). Sec is coordinated to Ni in
these selenoproteins.® Two Sec residues were observed in
some Sec-containing forms of FrhD.*%®

Glycine reductase selenoprotein A (GrdA) and B (GrdB)
are selenoproteins belonging to a multiprotein glycine
reductase complex involved in the reduction of glycine,
sarcosine, betaine, and other substrates. > GrdA is known
as the only selenoprotein for which no Cys homologs can
be detected.

Peroxiredoxin (Prx) is a ubiquitous family of antioxidant
enzymes that control peroxide levels and thereby mediate
signal transduction in cells. These proteins are present in
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essentially all organisms. The Sec-containing forms of Prx
have been identified in some bacteria. >

Thioredoxin (Trx) isthe major intracellular protein disul-
fide reductant and occurs in all organisms as an essential
component. The Sec-containing forms of Trx were found in
bacterl a33,456,457

Glutaredoxin (Grx) is a small protein disulfide oxidoreduc-
tase which uses glutathione as a cofactor. Glutaredoxins are
oxidized by substrates and reduced nonenzymaticaly by
glutathione. The Sec-containing forms of Grx were predicted
in some bacterial species. 33456457

Other prokaryotic selenoproteins include heterodisulfide
reductase, HesB-like, proline reductase, deiodinase-like, GPx-
like, SelW-like, MsrA, DsbG-like, Fe—S oxidoreductase,
DsrE-like, AhpD-like, arsenate reductase, molybdopterin
biosynthesis MoeB, DsbA-like, glutathione S-transferase-like,
OsmC-like, rhodanese-related protein, methylated-DNA—
protein—cysteine methyltransferase, UGSC-containing pro-
tein, arsenic methyltransferase, and avariety of Prx/Trx/Grx-
like proteins which contain a Trx-like fold.33456457:493.503 The
functions of most of these selenoproteins are not known.

6.4. Selenouridine

In some prokaryotic organisms, selenophosphateisalso a
Se donor for the biosynthesis of amodified tRNA nucleoside,
namely 5-methylaminomethyl-2-selenouridine (mnm°Se?U or
SeU), which is located at the wobble position of the
anticodons of tRNALYS, tRNACUY, and tRNACIN4%45%4 The
proposed function of mMNM°Se?U in these tRNAS involves
codon—anticodon interactions that help base pair discrimina:
tion at the wobble position and/or translation efficiency.45%
A 2-selenouridine synthase (YbbB) is required in vivo for
the specific substitution of selenium for sulfur in 2-thiouridine
residues in these tRNAs.5% |n E. coli, a conserved Cys (the
second Cys) in the CCXXG motif was demonstrated to be
essential for YbbB activity in »iv0.5%

6.5. A Candidate Utilization Trait of Selenium

In addition to Sec and selenouridine, Se can be utilized in
the form of a cofactor in certain Mo-containing enzymes %7510
Nicotinic acid hydroxylase and xanthine dehydrogenase are
the best known representatives of this protein class. In these
enzymes, Se is covalently bound to Mo in the active site,
but the specific structure of the Se cofactor is not clear.
Furthermore, recent identification of organismswhich contain
orphan SelD proteins but lack other known components of
Sec and selenouridine traits suggests an additional, unknown
use of Sethat is also dependent on SelD.**® Based on gene
neighborhood, comparative genomics, and phylogenetic
analyses, several candidate proteins, including a SirA-like
protein and several other proteins with unclear function, were
predicted to be involved in the unknown SelD-dependent
Se utilization pathway.>%5> Metabolic labeling of one
organism containing an orphan SelD, E. faecalis, with °Se
revealed a protein containing labile Se species that could be
released by treatment with reducing agents, suggesting non-
Sec utilization of Sein this organism.>*? Further studies are
required to determine whether this Se-binding protein or other
proteins in organisms with orphan SelDs represent the use
of Se, or it is an intermediate state for further delivery to
other proteins, such as Mo-dependent hydroxylases.

Zhang and Gladyshev

6.6. Comparative Genomics of Se Utilization

Compared to metals, the utilization of Se is easier to
analyze, whether in the form of Sec or selenouridine, on the
basis of specific genes involved in Sec and selenouridine
biosynthesis. Both SECIS-dependent and SECI S-independent
approaches discussed earlier in this review (see section 6.3.1)
have been successfully used to search for selenoproteinsin
prokaryotic and eukaryotic genomes. For example, a com-
putational screen of the entire Drosophila genome resulted
in the identification of three selenoproteins. SPS2, G-rich,
and BthD.3?5%3 Other examples include identification of the
selenoproteomes in C. elegans,45° C. reinhardtii,>'® humans
and mice,®* Plasmodium,*® and a variety of archaea and
bacteria ¥*® aswell asin environmental genome projects.*%4
These studies have allowed a detailed view of selenopro-
teomes in individual organisms and environmental samples.

Although considerable efforts in recent years have been
made to elucidate molecular details of Sec decoding in
different species, and the selenoproteomes of most widely
used model organisms have been the subject of intensive
research, fundamental issues regarding the evolution of Sec
utilization remain incompletely understood. It has been
reported that Sec can greatly increase the catalytic efficiency
of selenoenzymes as compared with their Cys-containing
homologs.**® Despite this selective advantage and its dedi-
cated biosynthesis and decoding machinery, Sec is a rare
amino acid and is used very selectively in proteins and
organisms. Understanding the wide distribution of Sec and
yet its restricted use requires further studies.

One study used comparative genomic approaches to
generate a map of Sec-incorporating and selenouridine-
utilizing organisms, based on the analysis of about 200
completely sequenced prokaryotic genomes.** SelB and SelC
were defined as the signature of the Sec-decoding trait, and
Y bbB was defined as the signature of selenouridine synthesis,
with SelD defining overal Se utilization. Sec-decoding
species overlap and yet are distinct from organisms that
synthesize selenouridine. The two Se utilization traits can
be independently maintained, although both require SelD.
Phylogenetic analysis of Sec-decoding and selenouridine
synthesis provided evidence for the ancient origin of these
traits and demonstrated that their evolution was a dynamic
process. Speciation, differential gene loss, and acquisition
of entire sets of genes involved in each trait by horizontal
gene transfer were observed, indicating that neither the loss
nor the acquisition of the Se utilization trait is irreversible.
However, the fact that many organisms that are able to
decode Sec use thisamino acid only in asmall set of proteins
or evenin asingle protein is puzzling. It would be interesting
to determine what the factors are that restrict selenoprotein
utilization.

A subsequent comprehensive study examined the dynamics
of selenium utilization in al sequenced microorganisms at
the level of both Se utilization traits and selenoproteomes.*3
In addition to the identification of all components involved
in Sec decoding or the selenouridine pathway and all known
selenoprotein families, phylogenetic analyses were performed
to identify possible evolutionary histories for most proteins
involved. The distribution of Sec- and selenouridine-utilizing
organismsis shown in Figure 13. First, the searches revealed
that less than one-fourth of sequenced bacteria utilize Sec,
whose selenoproteomes have 1 to 31 selenoproteins. Sele-
noprotein-rich organisms (defined as containing six or more
selenoproteins) were mostly Deltaproteobacteria or Firmic-
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Figure 13. Occurrence of organisms with Se utilization traits in
archaea and bacteria. Sec, selenocysteine; SeU, selenouridine. All
organisms were classified into four groups: Sec (+), i.e., containing
the Sec utilization trait only; Sec & SeU (+), i.e., containing Sec
and SeU tilization traits; SeU (+), i.e, containing the SeU
utilization trait only; Sec & SeU (—), i.e., containing neither Sec
nor SeU utilization traits.

utes/Clostridia. Second, in most selenoprotein families,
especialy those containing rare selenoproteins and wide-
spread Cys-containing homologs, selenoproteins evolved
from Cys-containing ancestors, implying that the Cys-to-
Sec replacement is a general trend for most selenoproteins.
In contrast, only a small number of Sec-to-Cys conversions
were detected, and these were mostly restricted to Fdh that
is important for maintaining the Sec-decoding trait in
bacteria, and SelD families. Third, specific selenoprotein gene
losses were observed in a number of sister genomes of
selenoprotein-rich organisms. These observations revealed
adynamic and delicate balance between Sec acquisition and
selenoprotein loss. This balance is seen at three levels: loss
and acquisition of the Sec-decoding trait itself, with the
former as a predominant route; emergence/loss of seleno-
protein families; and Cys-to-Sec or Sec-to-Cys replacements
in different selenoprotein families. The Sec/Cys replacements
were mostly unidirectional, and an increased utilization of
Sec by existing protein families was counterbalanced by loss
of selenoprotein genes or entire selenoproteomes, which may
partialy explain the discrepancy between the catalytic
advantages offered by Sec and its limited use in nature.
Fourth, lateral transfer of the Sec trait was an additional
factor, and the first example of selenoprotein gene cluster
(hdrA-frhD-frhA) transfer between Sec-decoding archaea and
Deltaproteobacteria was described. Compared with other
lateral gene transfers between archaea and bacteria, seleno-
protein gene transfers would be much more difficult because
of different mechanisms of Sec insertion into polypeptide
chains.*1%413 Coherent clustering of selenoprotein genes in
Sec-decoding archaea and Deltaproteobacteria, and the
absence of the same operon in closely related organisms
indicate that this lateral transfer might have happened
recently. Finally, the oxygen requirement and optimal growth
temperature appeared to influence Se utilization at the level
of both Sec and selenouridine traits. Interestingly, although
both of these traits utilize Se, these environmental factors
affected the traits in a contrasting manner. Decreases in
oxygen concentration and/or increases in optimal growth
temperature appeared to preserve and even expand the use
of Sec, and the former also promoted the use of Sec forms
of selenoprotein families. In contrast, organisms possessing
the selenouridine trait (in situations in which the Sec trait
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has been lost) favored aerobic environment and mesophilic
conditions.*%

A similar comparative analysis was performed to inves-
tigate the dynamics of selenoproteins in eukaryotes.*® The
complete selenoproteomes of several newly sequenced model
eukaryotes were characterized, including Ostreococcus tauri
(26 selenoproteins), O. lucimarinus (29 selenoproteins),
Dictyostelium discoideum (5 selenoproteins), D. pseudoob-
scura (3 selenoproteins) and Thalassiosira pseudonana (16
selenoproteins). Combined with previously characterized
selenoproteomes (such as mammalian selenoproteomes), the
number of selenoproteins varied from zero (plants, fungi,
and some protists) to 29. Significant differences in the
composition of selenoproteomes could be seen even among
related organisms. SelK was the most widespread seleno-
protein. This protein of unknown function is present in nearly
all eukaryotes that utilize Sec (but is replaced with a Cys-
containing homolog in nematodes and severa other organ-
isms). An additional widespread selenoprotein was SelW,
which aso occurs in most (but not al) selenoprotein-
containing eukaryotes. Several other selenoprotein families,
such as GPx and TR, also had awide distribution. The origin
of many selenoproteins in mammals can be traced back to
the ancestral, unicellular eukaryotes. Many of these seleno-
proteins were preserved during evolution and remain in
vertebrates (including mammals), green algae, and a variety
of protists, whereas many other organisms, including land
plants, fungi, nematodes, insects, and some protists, mani-
fested massive, independent selenoprotein losses. Finally,
comparative analyses of selenoprotein-rich and -deficient
organisms suggested an interesting correlation: large sele-
noproteomes tend to occur in aquatic life forms, whereas
the organisms that lack selenoproteins or have small sele-
noproteomes are mostly terrestrial (with the notable exception
of mammals, whose large bodies and intraorganismal ho-
meostasis support an internal environment that may be less
dependent on habitat). Recent chacterization of fish seleno-
proteomes showed that fish genomes possess a large number
of selenoprotein genes (32—37 selenoprotein genes), which
provides additional evidence in support of the aquatic/
terrestrial hypothesis.>Y’

7. Evolutionary Interactions among Trace
Elements

It has been suggested that the selection of a specific metal
for use in enzymatic catalysis may result from the combina-
tion of its specific physicochemical properties, such as redox
potential and coordination chemistry, and its accessibility
in the environment for biological systemsS5® Although
comparative genomics of the utilization of Mo, Ni, Co, Cu,
and Se in the three domains of life generally showed
independent evolutionary histories, links or common features
were observed for several of these trace elements.

7.1. Mo and Se

A correlation between Mo and Se utilization in prokaryotes
was observed and appears to be mainly due to Fdh, which
isaMoco-binding protein and, in many organisms, isalso a
selenoprotein.4®34% Comparison of the distribution of Mo-
and Sec-utilizing organisms showed that Sec-utilizing organ-
isms were essentially a subset of Moco-dependent organisms
in prokaryotes (Figure 14A). Thus, the Sec utilization trait
appeared to be dependent on Mo utilization in prokaryotes,
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Figure 14. Interactions among trace elements. Relationships
between trace element utilization traits are shown by Venn
diagrams. (A) Distribution of Mo-utilizing and Sec-utilizing organ-
isms. (B) Distribution of Ni-utilizing and Co-utilizing organisms.

most likely because of the function of Fdh, a widespread
molybdoenzyme and the main user of Sec. However, this
enzymeis absent in eukaryotes. Accordingly, no link between
Se and Mo is seen in eukaryotes, although the majority of
Mo-utilizing organisms use Sec.

7.2. Ni and Co

Ni and Co may use the same or similar transport systems
in prokaryotes (see details in section 4.1), and many
organisms among archaea and bacteria utilize both trace
metals (section 4.6). Comparison of the distribution of Ni-
and Co-utilizing organisms showed a significant overlap of
the two utilization traits in prokaryotes (Figures 7A and 14B).
No interaction between Ni and Co is seen in eukaryotes.
Thus, the two utilization traits may have independent
evolutionary histories and very few of these organisms use
Ni and Co.

7.3. Other Interactions

In A. thaliana, the C-terminal domain of Cnx1 that
catalyzes the insertion of Mo into molybdopterin was found
to bind Cu.®® Either two water molecules (original Cnx1G)
or one water molecule and His618 (a Ser583Alavariant) are
the Cu ligands. This feature provides a molecular link
between Mo and Cu metabolism. However, when analyzing
other species, it turned out that such a relationship is not
conserved. A recent examination of the in vivo and/or in
vitro activity of two molybdoenzymes, DMSOR and NR, in
E. coli and R. sphaeroides, showed that their activities were
not affected when Cu was depleted from the media®
Comparative analysis of Cnx1G homologsin other organisms
showed that His618 is not conserved (unpublished data). It
is possible that while Cu may be utilized during Moco
biosynthesis in some organisms such as plants, it does not
appear to be strictly required for Moco biosynthesis in many
other organisms.

Similarly, a weak correlation between Ni and Se is seen
because the Ni—Fe hydrogenase FrhA is a selenoprotein in
several organisms. However, the Sec-containing form of
Ni—Fe hydrogenase is rare and only detected in Sec-decoding
archaea and several deltaproteobacteria, 334%

It should be noted that some of the trace elements that
are subjects of thisreview have known interactions with more
abundant metals, such as interactions between Cu and Fe,
or Cu and Zn (e.g., Cu Zn SOD). But these interactions are
beyond the scope of this review.
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7.4. Factors That Influence Evolution of Trace
Elements

Comparative genomics of trace elements has shown that
certain factors may influence their utilization. A recent
comparative study of Fe-, Zn-, Mn-, and Co-binding met-
allomes of more than 300 organisms within the three domains
of life showed that the overall abundances of these metal-
binding structures (or fold families) may correlate with the
theorized changes in the abundances of these metals after
the oxygenation of oceanic deep waters, implying that these
conserved trends may be proteomic imprints of changes in
trace metal bioavailability in the ancient ocean that highlight
amajor evolutionary shift in biological trace metal usage.5®
Among the factors analyzed, including habitat and environ-
mental and other factors (e.g., oxygen requirement, optimal
temperature, optimal pH, GC content, genome size, and gram
strain), only habitat types and oxygen requirement appeared
to have a significant influence (Figure 15).

Regarding Mo, Ni, and Co utilization, the mgjority of
microbes that do not utilize any of these elements were host-
associated, suggesting that the host-associated life style may
result in the loss of metal utilization, perhaps due to limited
space and resources. Further analysis of host-associated
conditions (intra- or extracellular) and the relationship
between these organisms and their hosts (i.e., symbiotic or
parasitic) showed that the mgjority of intracellular symbionts
and parasites|ost the ability to utilize Mo, Ni, or Co, whereas
more than 80% of extracellular symbionts utilized all of these
metals (Figure 15A). It is known that many parasites and
intracellular symbionts have extremely small genomes
because many of their genes become dispensable.>?* Thus,
it is possible that Mo, Ni, and Co are not necessary for
intracellular organisms and hence have been lost due to the
pressure on genome size, although these organisms may still
depend on host Mo-, Ni-, or Co-dependent proteins. In
contrast, their utilization mostly remained intact in extracel-
[ular symbionts, presumably because they are still essential
for their survival. Similar trends were observed in eukaryotes
where significant differences were found between parasites
and nonparasites for Mo, Ni, and Co (Figure 15B).

However, such correlations were not observed for Cu and
Se. Many parasites and symbionts still utilize Cu, suggesting
that Cu is essentia for their survival. On the other hand, Se
utilization is quite limited and many free-living organisms
also lack the ability to use Se. Interestingly, it was observed
that Cu was mainly used by aerobic organisms which also
have larger cuproproteomes, whereas organisms possessing
the Sec-decoding trait and large selenoproteomes favor
anaerobic and hyperthermic conditions (Figure 15C).404%3
Thus, oxygen appeared to play important roles in the
evolution of Cu and Se utilization, but with opposite effects.
In the future, it would be interesting to identify additional
factors which may affect the utilization of trace elements.

8. Conclusions

In this review, we discuss how bioinformatics and
comparative genomics can be used to examine the evolution
and function of trace element utilization. We describe recent
research that used computational studies, especially compara-
tive genomic analyses, to better understand the utilization
of five trace elements: Mo, Ni, Co, Cu, and Se. These
elements were chosen because they show scattered occur-
rence in organisms (i.e., some organisms use them and some
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Figure 15. Relationships between various factors and trace element utilization traits. (A) Distribution of organisms with different trace
element utilization traits based on various host-associated habitats in bacteria. Host-associated habitats were divided into four subgroups:
intracellular symbionts, extracellular symbionts, intracellular parasites, and extracellular parasites. Archaea were not included because too
few host-associated organisms in this domain have been sequenced. (B) Distribution of organisms with various trace element utilization
traits based on parasitic/nonparasitic habitats in eukaryotes. (C) Distribution of organisms with different trace element utilization traits
based on their requirement for oxygen. Four groups were defined: aerobic, anaerobic, facultative, and microaerophilic.

do not) yet are involved in important biological processes
in the three domains of life. For these trace elements, most
user proteins are well characterized and their dependence
on a specific element is evolutionarily conserved. Compared
to severa other metals, such as Fe, Zn, and Mn, which are
more widely used (presumably by all organisms) and more
easily interchanged (e.g., many Mn-containing proteins also
bind Zn or Fe), or other elements, such as|, Cr, and V, whose
utilization is very limited, the five elements discussed in this

review are especially attractive targets for comparative
genomics analyses.

Much effort has previously been placed on experimental
studies of metalloproteins; however, computational analyses
of trace element utilization have been limited or lacking for
most trace elements. Among the five elements discussed here,
only Se may be completely or amost completely character-
ized because of the dependence of Sec utilization on specific
Sec insertion machinery (which can be reliably identified)
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and availability of toolsfor prediction of selenoprotein genes.
The utilization of other metals can be understood only
partialy, especidly if the searches rely exclusively on aready
known metalloproteins. Nevertheless, even incomplete in-
formation provides significant advancesin our understanding
of metal utilization and offers new avenues for further
experimental analyses.

Several articles have been published recently that used
comparative genomic approaches to analyze the utilization
and evolution of trace elements. Most of them adopted
similar strategies based on known metalloproteins that are
strictly dependent on a specific metal, and factors involved
in metal utilization (transporters, regulators, cofactor bio-
synthesis proteins, etc.). These efforts mark the beginning
of a new approach in the area of biological trace elements.
These studies may not only help unravel the genera
principles of utilization of trace elements across the three
domains of life but they may also help explain how their
utilization changed during evolution and which environmen-
tal conditions and factors played a role in these processes.

In spite of the mostly independent utilization of trace
elements, several detected biological interactions provide
important clues regarding the common features and correla
tions in their use. It may be expected that, in the next few
years, additional computational studies on trace element
utilization will continue to generate new insights into the
biology of these elements.
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