University of Florence

International Doctorate in Structural Biolc
Cycle XXIII (2008-2010)

The investigation of metalloproteomes thro
bioinformatics in a comparative and evolution
perspective

Ph.D. thesis of
Leonardo Decaria

Tutor Coordinato

Prof. Antonio Rosal Prof. lvano Bertir

S.S.D. CHIM/03

This thesis has been approved by the University of Florence,

the University of Frankfurt and the Utrecht University






Pages

1. Introduction 1-5
2. Methods 6-9
3. Results & Discussions 10-21

3.1 Genome-based analysis of heme biosynthesis ankieuipt@rokaryotic
systems

3.2 The annotation of full zinc proteomes

3.3 Zinc proteomes, phylogenetics and evolution

3.4 Copper proteomes, phylogenetics and evolution

3.5 A simple protocol for the comparative analysisha structure and
occurrence of biochemical pathways across supetkimg

4 Conclusions & Prospective 22-24

5 References 25-26

6 Attachments






1. Introduction

Life on Earth developed in equilibrium with the hgdphere and the lithosphere, taking
from these all the elements necessary for perfaynessential functions (1). As a
consequence, a number of metal ions have beertestlggring evolution to take part in
many crucial biological processes and are thusnéasdor living organisms (2;3). In
particular, many proteins require metal ions orahebntaining cofactors to carry out
their physiological function (4;5). The interactianth metal ions must be controlled in
any moment of life: from the uptake to the traffiak within the living organisms for
their utilization, until the excretion when apprigpe. Systemic and cellular homeostatic
control of transition metal ions is necessarilyhtigo as to provide essential amounts of
metal ions while preventing toxicity in the contewf available binding sites in
metalloproteins. Many different steps lie betweeeatah selection of an organism and
metal selection of a metalloprotein. These “selgtifilters” determine which metal ions
enter the cell and reach its subcellular compartsieBukarya have more selectivity
filters than prokarya, as their cells contain msuécellular compartments. Coordination
chemistry of ligands that handle the metal ions/iges specificity during transit in the
cytoplasm and transport through membranes. Thelloy@tatein provides only the last
step in selecting the metal. How the correct mietalis incorporated into a protein turns
out to be a question of biology, in addition to theordination chemistry of the
metalloprotein. Usually metalloproteins are ideatfthrough biochemical studies that
probe the dependence of the function of the prstefrinterest on the presence of metal
ions. This is typically doni vitro on purified native or recombinant samples. At prés
the complexity of these processes and the resaecgnds associated with the needed
experimental work make it unfeasible to perform amplete identification of

metalloproteins at the level of entire metallopootes. Metalloproteomics includes



approaches that address the expression of mettkaps and their changes in biological
time and space. Experimental approaches to inwasetignetalloproteomes include
structural genomics, which provides insights irtie architecture of metal-binding sites
in metalloproteins and establishes ligand signatfirem the types and spacings of the
metal ligands in the protein sequence. Theoretagggroaches employ these ligand
signatures as templates for homology searchesguesee databases. In this way, the
number of metalloproteins in the iron, copper, amtc metalloproteomes in various
phyla of life can be estimated. So, bioinformatiesthods can give valuable support to
experimental ones and are especially importanbtaio insights into metalloproteomes,
metal by metal. Systems biology approaches reqgthiee combination of large-scale
studies to catalogue genome-wide data sets torohsadetailed as possible knowledge on
the molecules and their interactions. The invettigaof metalloproteomes in this
framework, therefore, implies the definition of #ifle metalloproteins encoded by an
organism in conjunction with their functional chetexization. This information is
essential for a comprehensive understanding oimiae of the processes occurring in
living systems. In the present Ph.D. thesis, weuded out attention on the highly

characterized and biologically relevant metals zaopper and iron-heme.

Zinc is essential for life and is the second mdsira@ant transition metal ion in living
organisms after irorf6). In contrast to other transition metal ionsglsias copper and
iron, zinc(ll) does not undergo redox reactions tluds filled d shell. Much is known
about its coordination in structural biology, itncperform both structural or catalytic
function in proteins involved in fundamental cedlulprocesses (7;8). For example,
carbonic anhvdrase is a Zn-binding enzyme with edinal role in the acid-base
homeostasis of living organisms by catalyzing teeersible dehydratation of carbonic

acid, a process critical to the transport and eation of carbon dioxide (9). Zinc may



also modulate signaling events, as it occurs itgss(es) maintaining zinc homeostasis,
e.g., through zinc-regulated protein expressior). (Udst transcriptional factors are Zn-
binding proteins, as they contain small proteindtiral motifs that can coordinate one or
more ions to help stabilize their folds, calledczfmgers. These motifs, or domains, can
be classified into several different structural iflaas and typically function as interaction
modules that bind DNA, RNA, proteins, or small noikes. Zinc fingers coordinate ions
with a combination of cysteine and histidine resgluand can be classified by the type
and order of these zinc coordinating residues,(€gsHis,, Cys, and others). A more
systematic method classifies them into differeotdfgroups"” based on the overall shape

of the protein backbone in the folded domain.

Copper is an essential trace metal utilized asfactar in a variety of protein€ll). In
eukaryotes, copper-dependent metalloenzymes aral fou multiple cellular locations
(12;13). At variance with other metal ions, thetpnes involved in copper trafficking are
about 50% of the entire copper proteome, i.e., fihali of all cellular copper proteins
and they traffic copper as copper(l) ions. In eykts and in a few bacterial systems
such as cyanobacteria, copper(l) ions pass thrdghmembranes of the cells using
permeases or ATPases and enter the cytoplasm. &ta is necessarily imported in the
cells as copper(l) since the copper(ll) ion woukdreduced in the cytoplasm to copper(l)
without the necessary control. Excess copper, hewesy highly toxic to most organisms
(14;15). Accordingly, a complex machinery of prateithat bind the metal ion controls
the uptake, transport, sequestration, and effluxcagper in vivo (16;17). Indeed, the
intracellular concentration of free copper ionsdtdobe maintained at an essentially
negligible level, as the copper ions may catalyze formation of radicals which can
damage cell membranes. On the other hand, newfupeal Cu-binding proteins need to

uptake copper ions to achieve their mature, adtwm. This dual goal can be obtained if



systems permitting rapid and efficient metal transhnd simultaneously preventing
nonspecific reactions involving copper are in place particular, so-called
metallochaperones, which deliver copper to spedificacellular targets, lower the
activation barrier for copper transfer to their gfie partners, thereby circumventing the

significant thermodynamic overcapacity for coppeelation of the cytoplasm.

Iron is the most abundant metal in living organismsparticular heme is the prosthetic
group of many proteins that carry out a varietykef biological functions, including
oxygen transport and sensing, enzyme catalysis ededtron transfer. Iron binding
proteins essential for life are, for example, isuiphur proteins. These proteins are
characterized by the presence of iron-sulfur chsstentaining sulfide-linked di-, tri-, and
tetra-iron centers in variable oxidation statesndsulfur clusters are found in a variety of
metalloproteins, such as the ferredoxins, as veeNIADH dehydrogenase, hydrogenases,
Coenzyme Q - cytochrome c¢ reductase and nitrogeresesulfur clusters are best
known for their role in the oxidation-reduction céans of mitochondrial electron
transport. Both Complex | and Complex Il of oxidatiphosphorylation have multiple
Fe-S clusters. With the exception of a few spesieh aBorrelia burgdorferi (18), the
growth of microbial pathogens within the host regsiiron as an essential nutrient (19).
Given the scarcity of free iron in tissues and s;ellhich is exacerbated by further
limitation imposed by the host in response to iitec(20), pathogenic bacteria evolved
a number of iron acquisition strategies, includihg secretion of siderophores (21) and
the uptake of heme from host heme proteins (22 2R)dies or&aphylococcus aureus
indicated that heme is a preferential iron souorehiman pathogens, consistent with the
localization of most body iron in hemoglobin andaghpbin (24;25). Therefore, bacterial
systems for heme uptake are considered as importanénce factors, and represent

promising targets for novel therapeutic approaches.



In the past few years, CERM developed methodsh®prediction of metal-binding sites
on the basis of the protein sequence only (26).dixpy these, we are able to identify
metalloproteins by searching for known metal-bigdianctional domains and known
metal binding patterns (MBPSs) in their sequencasthe reported projects, developed
during the three years of Ph.D., we performed resgatific (zinc, copper and iron-
heme) calculations aimed at analyzing and chaiactgr the complete set of
metalloproteins (the metalloproteome) encoded bg thlly sequenced organisms
available on the NCBI website. Once defined thealt@iroteomes of the selected set of

organisms, we subjected them to phylogenetic,ssiizdl and biochemical analyses.

Finally, we produced a bioinformatic tool, called&B and freely available from the
CERM website. It addresses the matter of the ifleation of metalloproteins in
databases of gene sequences, exploiting the prdpesearch method. In a simple-to-use
manner (and eventually helped by an exhaustiveritdito the user can perform a
customized research running the given scripts. Td@ is self-updating, as can
automatically download the requested databasesn Rfed PDB, from the respective
websites. To prove its functioning, we charactelingo metabolic pathways involving

metalloproteins in more than 1100 prokarya.

As a long-standing goal of the biological scientlks,understanding of life at the systems
level is experiencing a rekindling of interest. Bl&imics and metalloproteomics are
emerging fields addressing the role, uptake, trarsmnd storage of trace metals essential
for protein functions. On these basis an exhaustif@mation on metalloproteomes is
crucial to correctly represent the role of metalsion living organisms. Bioinformatics
can usefully support experimental procedures, piingi high-throughput screenings able

to analyze great amounts of data in a relativedyragned time.



2. Methods

For predicting metalloproteomes we developed atfanal domain-based search method
(26), whose flowchart is reported in Figure 1. Thethod is mainly based on the Pfam

library (27;28), an on-line database of profilehmden Markov models (HMMs).
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Figure 1 — The research method for metalloprotein
prediction developed at CERM.

Each Pfam HMM represents a protein family or domand it is calculated from a
multiple sequence alignment (sequence profile) &signing to each residue in each

position a value proportional to its position-sfiecioccurrence. In this way, the



functionally relevant residues are highlighted, they are typically conserved in the
sequence alignment. The profiles in Pfam that spowad to metal-binding domains can
be selected by querying the library for the domawh®se annotation contains the metal
name or symbol and then checking the primary liteeato discard domains erroneously
retrieved. In addition, the Pfam domains are idigxatialso in the sequence of proteins of
known 3D structure that are available from the RR8). In our experience this is quite
useful when trying to collect ensembles of protéhat bind a given ligand (which can be
an organic cofactor, a metal ion or a metal-coimgircofactor), as sometimes not all the
domains that can bind the ligand have been anmbtadesuch in Pfam. Instead, if the
ligand is present in the 3D structure of the prgtehis information can be readily
extracted from the PDB database together with tagem of amino acids that are
involved in the protein-ligand interaction. Thetdatis called the Metal Binding Pattern
(MBP) and is defined by the identity and spacinghe& amino acids, e.g., G&XzoH,
where X is any amino acid. The MBP can be usefapplied as a filter to reduce the
number of false positives (i.e. of the proteinsdmted to bind the cofactor but which in
reality are unable to bind it) by rejecting thetpros that lack it. After collecting a list of
metal-binding domains, we look for their occurrennethe protein sequences of the
organisms we want to investigate and we check teeircence of the associated MBPs

(Metal Binding Patterns) in them.

The strategy has been fully implemented in a paekR{PGB, which is downloadable at

http://www.cerm.unifi.itthome/research/genomebrowditml The use of RDGB allows

the user to perform all the operations that arelegd¢o implement the aforementioned
strategy with minimal intervention and to gathdrrakults in an ordered manner, with a
tabular summary. This minimizes the (bio)informatioeeded, thus facilitating non-

experts. The RDGB tool can be run on computersnigaiinux as their operating system.



It is written in python and uses a variety of diffiet scripts and programs, contained in
the subfolderOTools that is created upon installation. The tool isidikd in two main
python executables,Retrieving domains.py and Genome browsing.py, that run
consecutively as the first one builds part of tgut to the second script (Figure 2). The
first part of the procedure is the collection o thfam domains of interest, which can be
directly input by the user, obtained from the asmlyof sequences with known 3D
structure or both. In these last two cases, omaare Ligand Binding Pattern (as the tool
recognizes any kind of ligand, e.g. metal ionsactirs or others) can be associated to

the retrieved Pfam domains, thanks to PDB strustaralysis.

Retrieving_domains.py

INPUT INPUT

YES Pfam domains list (opt.)
2
PDB structures 7 q Threshold for Hmmer

PDB structures list
Ligands list (opt.)
NO

E Structures download from PDB
'E;UT d ins list (2 [ Pfam domains identification in structures
amigdomains list () \_Association of LBPs to Pfam domains (1) J

L (" Download of HMM profiles | OUTPUT
|_ describing the Pfam domains B

List.domains.YES.Ligands.PDB-based (1)

List.domains.NO.Ligands.PDB-based
QUTPUT Requested folders

Retrivieving_domains.log

|
Genome_browsing.py
1 OUTPUT
INPUT [ Proteomes scan | Requested organisms data
Organisms list (2) _’ Reversa-chack —’ Final.log
L LBP filtering (1) 3 Genome_browsing.log
Final.xls

(1) = if Ligands list is submitted
(2) = case sensitive

Figure 2 — Flowchart of the RDGB tool processes

The second part of the procedure is the scannintpéooccurrence of proteins containing

the Pfam domains in the entire proteome sequenicéiseoorganisms of interest. The



proteomes analyzed include all chromosomally endquleteins as well as those encoded
by plasmidic DNA. At the end of the whole calcubatj in the main working folder the
user can findbne folder per each organism analyzed, with onéokldr per each Pfam
domain analyzed, storing the proteins that cortileast one of the domains of interest.
To reduce the rate of false positivelgr domains that are associated to a LBP, the
sequences are filtered by requesting that theyagorihe LBP (only the amino acids
falling within the domain boundaries). A toleranck 20% is applied to the spacing
between amino acids in the LBP. The user can chodsd type of output data and
folders have to be produced by the tool in the marking folder, e.g. Pfam output data,
retrieved LBPs in the submitted structures, FASTé&guences and Pfam domains

composition of the submitted structures and so on.



3. Results & Discussion

The studies described in this thesis improved ondewstanding of the role of
metalloproteins in biological processes. Here warsarize the published or submitted
papers, in chronological order. As mentioned beftite research projects developed in
the three years of the PhD program focused on hleacterization of zinc, copper and
iron-heme metalloproteomes. The first project assled the processes of heme uptake
and biosynthesis in 474 prokarya, part of them qgghs. These are fundamental
processes in living organism and reliable viruleimckcators for pathogens. In the second
work, we re-investigated the ensemble of Zn-pratgiresent in a selected group of 57
organisms taken as representative for archea,rimeted eukarya in order to extend their
functional annotation. We then significantly expaddon these results to elucidate
phylogenetic evolution through Zn-proteomes comjms, i.e. on the basis of enzyme
and transcriptional factors content in 821 orgasisiie interesting outcome of this work
prompted us to tackle also Cu-proteomes with tmeesapproach and goal, to obtain a
phylogenetic examination based on detailed analysis metalloproteins. The
computational strategy for the identification of talproteins in proteomes (see
Methods and Figure 1) has been fully implemented Imoinformatic tool, called RDGB
(fifth paper), which can be downloaded from the GERveb site. As examples to
illustrate the use of the tool functioning, we &werized the aromatic compound
degradation process in 1136 prokarya, involvingg-and iron binding proteins, as well

as the occurrence of proteins involved in the bitisgsis of the Cucofactor.

10



3.1 Genome-based analysis of heme biosynthesis anpdake in prokaryotic systems

Organisms can meet their heme demands by taking ftom external sources Figures
3A for Gram-positive and 3B for Gram-negative bda)eor by producing the cofactor
through a dedicated biosynthetic pathway (Figureof)both. In the present work, we
analyzed the distribution of proteins specificalhwolved in the processes of heme
biosynthesis and heme uptake in 474 prokaryotiarusgns (225 pathogens), retrieving

nearly 12,000 protein domains.

A Extracellular medium

Cytoplasm V

Periplasm

HemV

Cytoplasm

Figure 3 — Heme uptake systems in prokarya.
A) Gram-positive B) Gram-negative bacteria

Of these, we predicted that 168 can only synthelsezae (35 pathogens), 20 can only
take up heme from an external source (19 pathogems) 218 can perform both
processes (65 pathogens), as judged on the bastbeofpresence or absence of
corresponding protein systems similar to those rilesat in the literature. The large

majority of archea (37 in total) is able to synihesheme, using the precorrin-2
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alternative pathway, whereas only a few specids ddlcheme biosynthesis enzymes. No

archeal organism can take up heme.
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Figure 4 - The heme biosynthesis pathway (conserved
in eukaryotes and prokaryotes).

Archea thus seem to be able to acquire iron froenetktracellular medium only using
siderophores. Bacteria display a substantially drigifferentiation than archea. For
example, most proteobacteria (Gram-negative) cathsgize as well as take up heme. In
firmicutes (Gram-positive) only some species arde ato perform heme uptake.
Considering virulence, Gram-negative bacteria tbah take up heme are equally
distributed between pathogenic and non-pathogémstead, for Gram-positive bacteria,

heme uptake seems to be more related to pathogenici

Among all the analyzed organisms, we singled outesmstances of possible variations
with respect to the “canonical” pathways that maynorth of experimental investigation.
In addition, we used homology modeling to builcedes of structural models for two key
domains in the heme uptake pathway (data not regpom the publication). The

inspection of these models and the analysis ofctiteesponding sequence alignments
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suggested that there are possible alternative mafde=mme binding. Again, this is an area

where future experimental work would be quite usefu

3.2 The annotation of full zinc proteomes

The zinc proteomes of 57 representative living oigas including members of archea,
bacteria, and eukarya were available when we sdtatis work (30). These 57 zinc
proteomes were previously predicted to encode catmely 18,336 potential zinc
binding proteins, which had been grouped into emdesnon the basis of sequence
similarity. Functional information, either based awmailable experimental data or on
computational biology methods, was described inattreotation of most of these protein
sequences, which was relevant for all proteins givan ensemble. Of the 18,336 zinc
proteins, 1,472 did not have a defined functiomadcdation as no hit was retrieved from
the GO database. For 1090 of them (74#)obtained an extended functional annotation
using a combination of predictive methods. The igyalf functional prediction parallels
the amount of information for the analyzed sequgtitemore detailed and reliable is the
proposed functional prediction. We exploited bo#iysence-based and structure-based
bioinformatics tools (when available) to apply &iagmal functional prediction method.
The coverage of functional annotation originallgluded about 92% of all zinc proteins,
which, after our contribution, increased to 98%gufe 5 shows the total assignment
results in a pie-graph. As mentioned above, afteramalysis we were able to improve
significantly data the functional assignment of @uevious work, and new functional
annotations could be made for the predicted zilmtepmes of organisms grouped from
all the three domains of life (archea, bacterikaeyn) and of courskelomo sapiens. In

the reference work, and subsequently in this drey¢lease n° 36 of the human genome
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was analyzed, counting about 40000 proteins. Thal fiunctional annotation that we
propose for the human Zn-binding proteins retrievedvering 9,2% of the total
proteome, shows that 44% of them are involvedandcription, followed by hydrolases
at 12%, in accord with the total eukarya behavior-hydrolases (light blue) cover the

highest percentage in prokarya, 44% in Archea &8d & bacteria (respectively A and B

in Figure 5).
A) B)
5% 1% 4%

CIDNA-replication
OHydrolase
Blsomerase
Dligase
Mlyase
W Oxidoreductase
BProtein-Ubiquitin binding
ESignal

C) D} [IStorage-Homeostasis

B Structural

B Transcription
B Transferase
M Translation
@ Transport

M Unknown
BZn-finger

Figure 5 - Functional annotations of the 57 zinc pteomes analyzed:
A) Archea, B) Bacteria, C) Eukarya, D) human.

Transcriptional factors (green) are mostly presemukarya, where they constitute 37%.
Of the Zn-proteome These proteins are often chanaed by the well-known Zn-finger
domain, which is able to bind DNA due to its triginsional conformation. Gene
expression regulation is one of the typical step gmtein level control in eukarya.
Considering the still unknown sequences (2 % oftttal 18336), most of them are
hypothetical, putative or predicted eukaryotic phos. As the most of them had no hits

against the Pfam database and prediction of codjfysequences from eukaryotic
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genomes is highly hampered by introns, we reasgndbfined these sequences as

probable false positives.

3.3 Zinc proteomes, phylogenetics and evolution

To put zinc proteomes in an evolutionary perspective investigated 821 complete Zn-
proteomes, 52 from archea, 723 from bacteria anftat6 eukarya available from the
NCBI. In particular we focused our attention on tia® major groups of Zn-proteins:
hydrolytic enzymes and zinc fingers. There is aadable change in the importance of
these two sets of proteins which coincides withnges in element availability in the
environment (6). In order to give a comparativecact of the data and their analysis, we
divided bacteria into those with a small proteormhédess than 1,500 proteins and those
with a larger proteome. The smaller proteomes avstiy of bacteria found in animal
hosts while the larger are of bacteria which inegahare free. The two groups have
considerable differences in their content of zimot@ns. We took the archea and the
larger bacteria as representing possible early dooh life or at least life of low
complexity. There is little difference in the zipmtein content of bacteria and archea and
between anaerobic and aerobic prokaryotes. Amangstryotes we have placed them in
order of complexity and quite probable in orderesblution starting from single cell
metazoans, protozoa, followed by multicellular eykées in the order of single
organismsC. elegans, D. melanogaster, andHomo sapiens. The increases in zinc finger
proteins in both numbers and percentages is setildav the order of complexity and
probably the order of evolution. Figure 6 showsva step changes in increase of these
proteins between prokaryotes and unicellular osyansj protozoa and between protozoa,

that is unicellular organisms and multicellular amggms. Complexity of organisms is
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associated with changes of message systems andtedhat the zinc fingers are very
important transcription factors. The smaller petaga and number of transcription
factors in plants can be correlated with the veaffeent complexity of them compared

with Homo sapiens.
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Figure 6 - A timescale comparison of small genomés small and
large prokaryotes, then in unicellular and finally in multicellular
eukaryotes. It is notable that the percentages intZfinger content rise
within this evolutionary series. The percentage vak of EC:3.4 in
small bacteria is higher than in the large bacteria

We observed a greater percentage of hydrolytic ginteins in small bacteria and instead
a low level in eukarya. In particular we see tha thumber of EC: 3.4 enzymes, the
peptidases and proteases, has a very differemrpaitt the various organisms. Except for
the fly, D. melanogaster, the percentage varies little being slightly loweall eukaryotes

than in prokaryotes. The high value in the fly cbube related to its need to
metamorphosing. The content of the EC:3.4 enzynsedigh in all the analyzed

organisms and we consider that this is a refleatioeukaryotes of the need to hydrolyze

connective tissue for growth.
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3.4 Copper Proteomes, phylogenetics and evolution

This paper is a continuation of the study of thewmxtion between the changing
environment and the changing use of particular efgmin organisms in the course of
their combined evolution (s€23 Zinc Proteomes, phylogenetics and evolution). Here we
treat the changes in copper proteins in histogcétle same increasingly oxidizing
environmental conditions (11). We investigated 48Bplete proteomes, 52 from archea,
337 from bacteria (247 aerobic and 90 anaerobid) 46 from eukarya available in
NCBI. Within bacteria, we considered only the oligars characterized in their oxygen
request, so known aerobic or anaerobic. Our chegample here is that of the copper
proteins primarily involved in homeostasis, oxidag&C:1.-) and electron carriers.
Bacteria have been divided into aerobic and an&erelhile eukarya were considered
respecting to their complexity, using the selecteganisms in the order: single-cell
eukaryotesS. cerevisiae, T. brucei and P. falciparum and multicellular eukaryotes.
elegans, D. melanogaster, A. thaliana andH. sapiens. The activities of the proteins in all
the organisms have been divided using their méjeret separate functions: homeostatic
proteins, electron transfer proteins and oxidasested as a sum of all such enzymes.
Striking features in the eukaryotes are the rapmteiase in the numbers of all three
groups of copper proteins with complexity of thelteellular organisms and the even
greater increase in plants, illustrated Aythaliana. Figure 7 reports the percentages
content of oxidases, homeostatic and electron ezai@u-proteins, to be calibrated
considering the whole genome sizes of the organi€lus data indicate that copper was
not used by the earliest anaerobic prokaryote#, \®as not an available element before
there was oxidation of sulfides. Free copper iongrganisms are known to be poisonous
and hence cells have always had proteins for maintaa very low level of total copper,

especially in their membranes and cytoplasm. Thdrobis managed through storage in
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homeostatic buffer proteins, such as metallothizsé the cytoplasm and entry and exit
pumps in the outer membrane. However copper becaone and more valuable in cells
as oxygen became more available, especially inases in eukaryotic vesicles and

outside cells.

0,50
0,45
0,40

0,35
0,30 W Aerobic prokarya
WS, cerevisiae
0,25
mC. elegans
0,20
H. sapiens
0,15
A. thaliana

0,10

0,05

0,00

%EC:1.- % homeostasis % Electron carrier

Figure 7 - The total percentages of copper protefmincluding oxidases,
homeostatic and electron carriers.

We could observe the great difference between timteat feature of copper and zinc
proteins, described in 3.3. There are extremely tmpper transcription factors or

hydrolases in marked contrast to those of zinccis in virtually no oxidases, and they
are largely in different cell compartments. Thebaracteristics are indicative of the

separate nature of the two metals. Copper is ofrusgidations as it can change valence
but, as stated above, it presents a risk, espgamdissociation with the cell nucleus. Zinc
is more available and useful for hydrolytic reacsipit is nearly as powerful a Lewis acid
as copper but unlike copper it cannot catalyze xedactions. It can also act in signaling

even to the nucleus in transcription factors &s af low risk.
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3.5 A simple protocol for the comparative analysi®f the structure and occurrence

of biochemical pathways across superkingdoms

In this work, we proposed a coherent, easy protémolthe identification of a set of

proteins that can constitute an entire biochempzthway on the basis of homology
relationships detected through the presence ofeteed domains and integrating, when
available, 3D structural information. This protogotegrates all the tools that we have
developed for and tested in our previous publicationto a single package, which we

called RDGB, Figure 8.

ROGBEY

Retrieving Domains &
Genome Browsing

Figure 8 — The RDGB logo. The tool is available for
downloading in the bioinformatic section of the
CERM website (seeMethods for details)

The tool not only integrates all the needed scrgptd makes them easy to use for non-
experts but enforces the use of a tested, intgrrahsistent protocol in order to
guarantee the reliability of the results. In aduffiit provides a pre-ordered manner of
storing the data which can be useful for subsequeralyses as well as further
computational analyses. As an example, we analyaedbiochemical pathways, the
degradation of aromatic hydrocarbons and the adgedailthe Cuy cofactor, in 1136
completely sequenced prokaryotic genomes. Arontgtdrocarbons such as toluene or
biphenyl are common contaminants of soil and grawatdr and are listed as priority
pollutants by the U.S. Environmental Protection Age(31). One of the most attractive

means to remove these compounds from polluted @mwients is through
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bioremediation. Microbial cells cultivated on ardmahydrocarbons often exhibit the
induction of enzymes involved in metabolic pathw&32;33). The genes encoding these
enzymes can be located either in plasmids or irmmbsomal DNA. The bacterial
degradation of aromatic hydrocarbons consists ofyntaaction steps, which have often

been broadly separated into peripheral and cepatalways, Figure 9.
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Figure 9 - Overview of the degradation of
simple aromatic hydrocarbons, such as toluen
biphenyl, benzoate, naphthalene.

The substrates of interest in the present groypafesses range from toluene to biphenyl
and naphthalene, including various other compoundshich the aromatic ring(s) are

differently substituted (34;35). Looking for theegence of all the proteins involved in the
considered processes, we were able to define 9d@nisms unable to aerobically
degrade aromatic hydrocarbons, whereas 178 organigare found to possess the right

enzymatic portfolio. For the remaining 39 organisregen after a manual check, we

could identify only one out of the proteins neededdegradation process. It is possible
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that they use an unconsidered substitute for omeecihe protein deficiency, or it can be
that they loss the capability of degrading aromatmpounds due to protein deletion.
Cytochromec oxidases use the ucofactor as the entry point of the electron tlsat i
delivered by cytochromeinto the enzyme (36). Gus a dinuclear copper site contained
in subunit 1l of the enzyme (Cox2) whose corresteasbly is crucial for enzyme function
(37). The assembly process is mediated by the Eohabtallochaperone P@Q and the
Scol thiol-disulfide reductase, which maintains @ys residues in the Gubinding site
of Cox2. We identified which of the same prokargairganisms of the previous section
contained enzymes with a soluble Achinding domain. These were 549, corresponding
to 48,3% of the ensemble investigated. The occueeof both PCMC and Scol
homologous was less frequent, corresponding raspgcto 32.3% and 40.2% of the
organisms analyzed. It is relevant to address thieccurrence of these proteins. 283
organisms contained all three proteins, correspantti 24.9% of the dataset. In 57 cases
(5.0% of the organisms) a ggontaining domain could not be detected but S&dQ%)

or PCiC (0.2%) or both (3.8%) were contained in the prote. The relatively common
occurrence of the pair Scol and RCuin the absence of any ggontaining enzyme
may suggest that the mechanism of formation ofahecofactor, or a close variant of it,
may be relevant also for the assembly of otheraemqrymes. A Carcontaining enzyme
co-occurs with either Scol or P£ILiin respectively 120 (10.6% of all organisms) 88d
(3.3%) instances, demonstrating that none of tkessory proteins is always required for
proper Cy assembly. Finally, it is worth noting that 108 angsms (9.5%) encode a £u
containing enzyme while lacking both Scol and RCuThis indicates that some yet
uncharacterized assembly mechanisms may be operatisome organisms such as

Mycobacteria (and various other Actinobacter®aproteobacteria and Cyanobacteria.
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4. Conclusions & Perspectives

Metalloproteins are known to be fundamental actwrsbiological key processes,
including signal transduction, redox reactions,lutat respiration and so on. They
represent one of the most diverse classes of pst&vith the intrinsic metal atoms
providing catalytic, regulatory, or structural ess& roles critical to protein function.
With the advent of genome sequencing, a huge degalifgorotein primary sequences has
been accumulating. In parallel, a number of biaimfatic tools to investigate and expand
upon this information, e.g. reconstructing and ding relationships between protein
families and superfamilies, have been developetphriBingly enough, very few of these
resources are dedicated to the analysis of theastien between metal ions and proteins,
in spite of the importance of the roles that mepddsy in many proteins (both functional

and structural).

In this framework, we analyzed entire metalloprates and specific metabolic pathways
involving metalloproteins, for a deeper charaction of the role, uptake, transport and
storage of trace metals essential for life. Theoreg data clearly indicate that in higher
organisms zinc is essential not only to guarariiegotoper functioning of a wide range of
enzymatic activities, but mainly to achieve a tigiuntrol of gene expression. The
recruitment of zinc in the latter group of physmilal processes is a distinctive feature of
eukaryota, and has been key to the developmenteif sophisticated mechanisms of
interaction with the environment and, in multicluorganisms, of cell differentiation.

Instead, copper became more and more valuable lils as oxygen became more
available, especially in oxidases in eukaryoticisles and outside cells. However, the
value of copper therefore increased externallyesn grom unicellular to multicellular

eukaryotes.
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As microbial pathogens require iron as an essentizient, they evolved a number of
acquisition strategies to import heme from the apdHlular medium. We obtained a
comprehensive picture of the capabilities of badlteria and archaea to carry out heme
biosynthesis and uptake, providing a basis forhtiristudies, for example, aimed at the

development of molecular tools able to block tharhuman pathogens.

In this decade, there has been tremendous develdpmihe fields of biology that end in
“omics’. The best-known discipline among themgenomics, but in the last years other
well-developed disciplines raised up, as proteonaosl metalloproteomics (38;39).
Recent improvements in high-throughput sample sejoar, mass spectrometry,
crystallography and NMR spectroscopy impact andtipes/ on the proteomic treatment
of proteins in systems biology. Bioinformatics im@ng by side to these techniques,
many research groups are providing continuouslyatgel and improved web servers,
tools and databases for proteins prediction, aislystructural and functional
characterization (40;41). The field of “computabrbiology” is thought to be a
fundamental research landmark in the future, evexperimental works will be clearly
required to further investigate the considered agenor just confirm the available
prediction. By now, to further enhance the bioinfatics development in the
metalloproteomics field, we developed RDGB, a framvbioinformatic tool that can

significantly integrate the net of web resourceailable for the scientific community.
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Heme is the prosthetic group of many proteins that carry out a variety of key biological functions. In
addition, for many pathogenic organisms, heme (acquired from the host) may constitute a very
important source of iron. Organisms can meet their heme demands by taking it up from external sources,
by producing the cofactor through a dedicated biosynthetic pathway, or both. Here we analyzed the
distribution of proteins specifically involved in the processes of heme biosynthesis and heme uptake
in 474 prokaryotic organisms. These data allowed us to identify which organisms are capable of
performing none, one, or both processes, based on the similarity to known systems. Some specific
instances where one or more proteins along the pathways had unusual modifications were singled
out. For two key protein domains involved in heme uptake, we could build a series of structural models,
which suggested possible alternative modes of heme binding. Future directions for experimental work

are given.

Keywords: heme ¢ heme biosynthesis ¢ heme uptake ¢e NEAT domain e Peripla_BP_2 domain

Introduction

Heme is the prosthetic group of many proteins that carry
out a variety of key biological functions, including oxygen
transport and sensing, enzyme catalysis and electron transfer.'?
The biosynthesis of heme occurs via a multistep process highly
conserved across living organisms.** The pathway (see Figure
1) starts from d-aminolevulinic acid and proceeds through the
formation of porphobilinogen and hydroxymethylbilane to
uroporphyrinogen III, which is the common precursor of heme
and other tetrapyrroles, such as chlorophyll and vitamin B;,.*
In prokaryotes, two distinct enzymes can catalyze the conver-
sion of coproporphyrinogen III to protoporphyrinogen IX: one
(called hemF) is homologous to the eukaryotic coproporphy-
rinogen oxidase and requires oxygen as a substrate, whereas
the other (called hemN) is an oxygen-independent enzyme
whose physiological oxidant is unknown.* Similarly, for the
subsequent formation of protoporphyrin IX, prokaryotes can
employ either the eukaryotic-like protoporphyrinogen oxidase
hemY or the alternative enzyme hemG." Previous genome
analyses indicated that, while hemN and hemF can be both
encoded in prokaryotic genomes, hemG and hemY appear to
be mutually exclusive.* Heme biosynthesis in the bacterium
Desulfovibrio vulgaris® as well as in the archaeon Methanosa-
rcina barkeri® is known to deviate from the most common
pathway at uroporphyrinogen III, which in these organisms is
converted to the unusual intermediate precorrin-2 by two
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Figure 1. The heme biosynthesis pathway (conserved in eukary-
otes and prokaryotes). The alternative pathway forming the
Precorrin-2 intermediate for Archaea is also shown. Adapted from
the KEGG database (http://www.genome.jp/kegg).

methylation reactions using S-adenosyl-L-methionine as the
methyl donor.®

With the exception of a few species such as Borrelia burg-
dorferi,” the growth of microbial pathogens within the host
requires iron as an essential nutrient.® Given the scarcity of
free iron in tissues and cells, which is exacerbated by further
limitation imposed by the host in response to infection,’
pathogenic bacteria evolved a number of iron acquisition
strategies, including the secretion of siderophores and the
uptake of heme from host heme proteins.!® Studies on Sta-
phylococcus aureus indicated that heme is a preferential iron

10.1021/pr8004309 CCC: $40.75  © 2008 American Chemical Society



Heme Uptake and Biosynthesis in Prokaryotes

A Extracellular medium
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Figure 2. Heme uptake systems in bacteria. (A) Gram-positive
bacteria. Staphylococcus has two alternative membrane heme
transporters called HrtAB®* and HtsAC,"" Streptococcus pyogenes
has Shr = IsdB/H,®® Shp = IsdA/C®® and HtsABC = IsdDEF (with
HtsA = IsdE).®” (B) Gram-negative bacteria. Note that the
nomenclature varies among species, e.g., Shu in Shigella,68 Phu
in Pseudomonas,®® Cha in Campylobacter,”® Huv in Vibrio.”'
Some organisms may possess multiple uptake systems (e.g., Phu
and Has in Pseudomonas®®). In some cases HemR is associated
with an auxiliary protein such as PhuW (with PhuR) in Pseudomo-
nas® and ChaN (with ChaR) in Campylobacter.”®

source for human pathogens, consistent with the localization
of most body iron in hemoglobin and myoglobin.'! Therefore,
bacterial systems for heme uptake are considered as important
virulence factors, and represent promising targets for novel
therapeutic approaches. Several studies have provided struc-
tural and functional insights into the molecular components
of these systems, as well as on their regulation mechanisms,
contributing to establish models for the heme uptake machin-
eries of both Gram-positive and Gram-negative bacteria (see
Figure 2). Gram-positive bacteria (Figure 2A) use cell wall-
anchored proteins to relay heme from host proteins to a
specific ABC transporter, for delivery into the cytoplasm. In the
well-characterized Isd system of S. aureus, heme transfer across
the cell wall envelope involves the IsdA, IsdB, IsdC, and IsdH
proteins, all of which contain one or more copies of a heme-
binding domain called NEAT.'>"'> Heme is then imported
through the IsdDEF complex into the cytoplasm, where it
undergoes degradation by the monooxygenases IsdG and IsdI.*
In Gram-negative bacteria (Figure 2B), heme must first be
transported across the outer membrane by a cell-surface
receptor, which is energized by a TonB—ExbB—ExbD system
exploiting the proton motive force of the inner membrane.'®
Outer membrane receptors contain a transmembrane, heme-

research articles

specific Plug domain.!”'® Gram-negative bacteria can acquire
heme directly from heme proteins of the host, or through
extracellular heme-chelating proteins called hemophores, ex-
emplified by Serratia marcescens HasA.'® The subsequent
transfer of heme from the periplasm to the cytoplasm is
mediated by ABC transporters resembling those of Gram-
positive bacteria. The understanding of this machinery relies
on studies conducted on systems present in various proteo-
bacterial species, including Yersinia enterolitica,*® Yersinia
pestis,*' Shigella dysenteriae,®* Vibrio cholerae®® Pseudomonas
aeruginosa,** and Bradyrhizobium japonicum.*® In the Hem
system of Yersinia species, for instance, heme passes from the
outer membrane protein HemR to HemT, a soluble periplasmic
carrier (equivalent to the membrane-anchored IsdE protein of
Gram-positive bacteria) which shuttles it to the HemUV
complex for translocation through the inner membrane. Once
in the cytoplasm, heme is bound by HemS, which is hypoth-
esized to function in both heme storage and heme delivery to
oxygenases (HemO) for degradation.?%%”

The understanding of the homeostasis of metal ions in living
systems is a current frontier of bioinorganic chemistry.?® In this
work, we used bioinformatics methods to identify genes
encoding protein components of systems for heme biosynthesis
and uptake in prokaryotic genomes, and we built homology
models of selected proteins to integrate the currently available
structural data. Our approach, which we successfully applied
to the investigation of metalloprotein families such as cyto-
chrome ¢*® and Sco,* or of macromolecular machineries such
as the cytochrome ¢ maturation systems,*! is based on the
detection of homologues of the protein(s) of interest in
complete proteomes followed by the inspection of the neigh-
borhood of the genes encoding them. Possible homologues are
detected with high sensitivity using hidden Markov models
(HMMs) and then filtered on the basis of their manually
curated functional annotation that is available from the COG
database.*? This methodology is conceptually similar to what
is typically done in other studies of protein families and
metabolic pathways across different proteomes, where ho-
mologies are most commonly detected using BLAST and
context-based techniques are adopted to identify functional
partners.** 3> The present use of HMMs is motivated by their
higher performance with respect to BLAST.3¢37

The present work resulted in a comprehensive picture of the
capabilities of both bacteria and archaea to carry out heme
biosynthesis and uptake, providing a basis for further studies,
for example, aimed at the development of molecular tools able
to block them in human pathogens.

Methods

Identification of Genes Encoding Protein Domains Rel-
evant to Heme Biosynthesis and Uptake. We used the Pfam
database®® (http://pfam.sanger.ac.uk) to identify the domains
associated to the proteins involved in the processes of heme
biosynthesis and uptake, based on the available literature data.
Table 1 shows the domains that were taken into consideration,
using the Hem system of Yersinia and the Isd system of
Staphylococcus as the reference for Gram-negative and Gram-
positive bacteria, respectively. Additionally, we mapped the
same proteins onto the COG (Cluster of Orthologous Groups)
database® (http://www.ncbi.nlm.nih.gov/COG), thus, linking
the identified domains to one or more COG codes (Table 1). It
should be noted that in both Pfam and COG databases the
selected domains/codes may not be all uniquely associated to
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Table 1. Functional Domains Characterizing the Heme Biosynthesis and Uptake Systems in Prokaryotes

domain Pfam code COG code protein process no. of organisms®

ALAD PF00490 COGO0113 HemB Biosynthesis 383
Porphobil_deam PF01379 COGO0181 HemC Biosynthesis 387
Porphobil_deamC PF03900 COG0181 HemC 371
HEM4 PF02602 COG1587 HemD Biosynthesis 379
URO-D PF01208 COG0407 HemE Biosynthesis 335
Coprogen_oxidas PF01218 COG0408 HemF Biosynthesis 211
HemN_C PF06969 COG0635 HemN Biosynthesis 388
Amino_oxidase PF01593 COGI1232 COGI1231 HemG Biosynthesis 143
HemY_N PF07219 COG3071 COG3898 HemY Biosynthesis 174
Ferrochelatase PF00762 COG0276 HemH Biosynthesis 354
NEAT PF05031 COG5386 IsdA/B/C/H Uptake 42
Plug PF07715 COG1629 HemR Uptake 219°
TonB_dep_Rec PF00593 COG1629 HemR

Peripla_BP_2 PF01497 COG0614 COG4558 IsdE, HemT Uptake 347
FecCD PF01032 COG0609 IsdF, HemU Uptake 324
HasA PF06438 - HasA Uptake 13
Shp ¢ - Shp Uptake 11
HtaA PF04213 - HtaA Uptake 8

“Number of organisms containing at least one instance of the domain. ” The Plug and TonB_dep_Rec domains are taken into account only when
co-occurring in the same protein. ¢ For this domain, there is no Pfam profile available. Consequently, a profile was built using the 11 sequences found in

the 11 strains of S. pyogenes.

heme biosynthesis and uptake, therefore, leading to the inclu-
sion of proteins that are involved in other processes. We
discarded the domains/codes common to different processes
that did not bring additional information with respect to the
domains of Table 1. In particular, we did not use the ATPase
component of the ABC transporter (IsdD, HemV) because it is
redundant with regards to FecCD (IsdF, HemU), that is, all ABC
transporters that contain FecCD contain also an ATPase
component, yet the converse is not true. Similarly, we did not
use the TonB—ExbB—ExbD system that energizes not only the
outer membrane receptor HemR, but also other receptors.
Furthermore, we discarded the hemA gene because not all
heme biosynthesis pathways make use of it.

We used the HMMER program (http://hmmer.janelia.org)®®
to search the NCBI RefSeq sequence database® for matches
to the hidden Markov models (HMMs) representing the se-
lected domains. The HMMs were taken from the Pfam database
without modifications. We investigated 474 complete prokary-
otic genomes, 437 from Bacteria and 37 from Archaea. We
applied a cutoff for the E-value of 1.0, which is relatively high,
to minimize the possibility to miss distant homologues. The
resulting hits were filtered as follows: we retained those
assigned by the COGnitor program>**! to any of the COG
numbers corresponding to the query domain as in Table 1,
whereas we rejected those assigned to any other COG number.
We retained also all the domains (ca. 10%) that COGnitor could
not assign to any COG number. Finally, we compared all the
retained hits against the whole Pfam database. We considered
as true positives only those having the expected domain as the
best match.

To assign an organism as being able to perform heme
biosynthesis, uptake, or both, we required that its proteome
encoded the majority of the proteins involved in these pro-
cesses (i.e., those of Table 1). When one or a few proteins were
missing, we manually checked the neighborhood of the codify-
ing genes retrieved using SHOPS (http://bioinformatics.hol-
stegelab.nl/shops/).**> This approach permits the assignment
for organisms having heme biosynthesis or uptake systems
sufficiently similar to those already characterized (Figures 1 and
2). However, organisms assigned here as unable to perform one
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(or both) processes may carry it (them) out through alternative,
unknown systems.

Structural Modeling. We used the structural modeling
technique to obtain a deeper understanding of the mechanisms
of intermolecular interaction of selected domain families
(Peripla_BP_2, NEAT and Shp) with heme. For the modeling
of the Peripla_BP_2 heme-binding domain, we exploited the
available structure of the protein IsdE from S. aureus for Gram-
positive organisms (Figure 3A, PDB entry 2Q8Q, GI:
157835873)*® and the structure of the protein ShuT from S.
dysenteriae for Gram-negative organisms (Figure 3B, PDB entry
2R7A, GI: 158430665).** To model NEAT domains, we exploited
the available structure of the NEAT domain of the protein IsdA
from S. aureus (Figure 3C, PDB entry 2ITF, GI: 122920748).'
Finally, to model Shp domains, we used the structure of the
homologue from S. pyogenes (Figure 3D, PDB entry 2Q7A, GI:
158429663).*°> Some of these structures have multiple molecules
in the asymmetric unit. For modeling, only the first molecule
was used. All the models were built using the program
MODELER v.9.2, using default parameters.*® The sequences of
the template and target proteins were aligned with CLUST-
ALW.*7

Results and Discussion

Species-Wide Distribution of the Pathways for Heme
Biosynthesis and Uptake. We searched for potential homo-
logues of the proteins known to characterize the pathways for
the biosynthesis and the uptake of heme in 474 completely
sequenced prokaryotic genomes (see Table S1 and Table S2 in
the Supporting Information). Using the relevant Pfam sequence
profiles, we initially retrieved about 33 000 domains (in some
cases occurring within the same protein). As mentioned in
Methods, this ensemble resulted from the application of a
threshold of 1.0 for the E-value. Therefore, one expects that it
contains several hits obtained by chance (false positives). The
distribution of the E-values associated to the domains retrieved
by HMMER is shown in Figure S1 in Supporting Information.
False positives were removed through the use of both the COG
and Pfam databases, yielding a total of slightly less than 12 000
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Figure 3. Ribbon representation of known structures of heme-transporters: (A) the Peripla_BP_2 domain from S. aureus IsdE (PDB
code 2Q8Q); (B) the Peripla_BP_2 domain from S. dysenteriae ShuT (PDB code 2R7A); (C) the NEAT domain from S. aureus IsdA (PDB
code 2ITF); (D) the Shp domain from the S. pyogenes Shp protein (PDB code 2Q7A). The axial ligands of the iron ion are shown.

domains that were considered as true positives. The distribu-
tion of the E-values of the 10 315 positive domains having a
COG assignment indicates that, although the large majority of
them (9930, 96.3%) are below 107, there is a non-negligible
fraction of higher E-values (Figure S1 in Supporting Informa-
tion). In particular, 110 domains have E-values larger than 0.01,
of which 66 have E-values larger than 0.1. Therefore, the
selected threshold of 1.0 allowed us to detect a number of
relatively distant homologues. Missing these hits would have
led to possible errors in assigning an organism as capable of
heme biosynthesis or uptake. For example, we would have
missed the HemB protein of Geobacter metallireducens as well
as the Plug-containing protein of Chlorobium chlorochromatii,
resulting in apparently incomplete biosynthesis and uptake
pathways, respectively. Our final data set included all the
relevant proteins encoded in the 63 prokaryotic genomes
available in the COG database. For the same 63 genomes, using
only the COG system would have resulted in the loss of 3.5%
of the hits. The results are summarized in Table 2. The very
large number of proteins retrieved for some domains, in
particular for the heme uptake process, can be accounted for
by their relatively low specificity (e.g., FecCD).

The above data allowed us to characterize heme biosynthesis
and uptake in all the considered prokaryotes. Out of 474
organisms, 168 can only synthesize heme, including 38 (27
Archaea and 11 Bacteria) that synthesize heme via the precor-
rin-2 pathway. Twenty organisms can only take up heme from
an external source, and 218 can perform both processes (out
of which, 12 synthesize heme via precorrin-2). Sixty-eight
organisms are not able to synthesize heme or to take it up from
the extracellular medium. These assignments are based on the
presence or absence of heme biosynthesis or uptake systems
sufficiently similar to those already characterized in the litera-
ture (Figures 1 and 2). In the remainder, we will refer to

Table 2. Number of Proteins Retrieved (top part, heme
biosynthesis; middle part, uptake; the number of organisms
where the proteins were retrieved is given in parenthesis) and
Number of Organisms Performing the Investigated Biological
Processes (bottom part)

Bacteria (437)

Archaea Gram — Gram +
37) (311) (126) Total
hemB 30 (30) 290 (273) 82 (80) 372 (353)
hemC 30 (30) 277 (277) 82 (80) 359 (357)
hemD 33 (30) 283 (269) 122 (80) 405 (349)
hemE 33 268 (264) 68 (68) 336 (332)
hemF 0 (0) 213 (211) 0 (0) 213 (211)
hemN 1(1) 547 (279) 114 (108) 661 (387)
hemG 0 (0) 183 (77) 169 (66) 352 (143)
hemY 0 (0) 175 (174) 0 (0) 175 (174)
hemH 33 282 (267) 94 (84) 376 (351)
IsdA/B/C/H 0 (0) 1(1) 108 (41) 109 (42)
HemR 0 (0) 2775 (219) 0 (0) 2775 (219)
IsdE, HemT 150 (33) 665 (208) 453 (106) 1118 (314)
IsdF, HemU 89 (30) 649 (201) 459 (93) 1108 (294)
HasA 0 (0) 16 (13) 0 (0) 16 (13)
Shp 0 (0) 0 (0) 11 (11) 11 (11)
HtaA 0 (0) 0 (0) 8 (8 8 (8)
Biosynthesis only 30 95 43 138
Uptake only 0 8 12 20
Biosynthesis 0 181 37 218
and Uptake
None 7 27 34 61

organisms as being able/unable to perform heme biosynthesis
or uptake on this basis, although in principle some organisms
could rely on different systems to perform one or both
processes. The results of our predictions compare well with
experimental evidence (Table S3 in Supporting Information).
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The large majority of Archaea (37 in total) is able to
synthesize heme using the precorrin-2 pathway, whereas only
a few species lack all heme biosynthesis enzymes. No archaeal
organism can take up heme. Archaea thus seem to be able to
acquire iron from the extracellular medium only using sidero-
phores. Bacteria display a substantially higher differentiation
than Archaea. For example, most Proteobacteria (Gram-nega-
tive) can synthesize as well as take up heme. HemY and HemG
were not retrieved in e-proteobacteria, which thus probably use
a functionally equivalent enzyme to perform the corresponding
step. Our extended data set fully confirms that HemG and
HemY are mutually exclusive. In Firmicutes (Gram-positive)
only some species of Staphylococcus, Bacillus, Clostridium, and
all the Listeria are able to perform heme uptake. All Spirocha-
etes are unable to perform both heme uptake and biosynthesis,
with the main exception of Leptospira, which synthesizes heme
using the classic pathway.*® The entire group of Chlamydiae/
Verrucomicrobia can only synthesize heme. Some selected
cases identified in bacterial genomes that constitute unique
or unexpected results are discussed below.

The Gram-positive bacteria Lactococcus, some species of
Lactobacillus and Streptococcus, Leuconostoc mesenteroides, and
Enterococcus faecalis do not use the systems described above
for the synthesis or the uptake of heme. Instead, they only have
ferrochelatase (encoded by the gene hemH) and an O,-
independent coproporphyrinogen III oxidase (encoded by the
gene hemN). These two enzymes could actually function in
dismantling heme (e.g., the putative ferrochelatase could act
as a ferrolyase)*” acquired through an uncharacterised uptake
system.

Among Proteobacteria, Zymomonas mobilis (o.-proteobac-
teria) and Anaeromyxobacter dehalogenans (5-proteobacteria)
are anaerobic organisms that are able to synthesize heme. Their
genomes encode an O,-independent coproporphyrinogen III
oxidase, but also the O,-dependent enzyme (encoded by the
gene hemF). Whether the latter enzyme is actually ever
produced by the cell remains to be ascertained. In general, we
noted that HemN is much more widespread than HemF (Table
1). Thirteen organisms encode only the O,-dependent enzyme
HemF. Among aerobic organisms, 29 encode only HemN.

All organisms belonging to the Chlamydiae/Verrucomicrobia
group lack the C-terminal part of porphobilinogen deaminase
(encoded by the gene hemC), resulting in a polypeptide of 240
residues, whereas the most common form of this enzyme
comprises about 320 amino acids. It has been proposed that
the C-terminal domain that is missing in Chlamydiae/Verru-
comicrobia is involved only in interactions with the cell
membrane and not in the catalytic activity.>® Porphobilinogen
deaminase is also modified in Leptospira, where it additionally
performs the function generally carried out by the product of
the gene hemD (uroporphyrinogen III synthetase). The C-
terminal domain of the enzyme is replaced by the Pfam domain
B_83352, which comprises about 270 residues. This domain is
apparently responsible for conferring the additional functional-
ity to Leptospira porphobilinogen deaminase.*® An analogous
situation was detected also in Bdellovibrio bacteriovorus (5-
proteobacteria). Unfortunately, it was not possible to build
reliable models for the B_83352 domain, for which an experi-
mental structural characterization is thus needed. It is impor-
tant to note that the enzymes analyzed are relatively often able
to catalyze more than one step along the heme biosynthesis
pathway,®! also through unusual intermediates.>? This consid-
eration can justify the apparent lack of some enzymes in the
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pathway of as many as 38 organisms. In these cases, the ability
to synthesize heme could be maintained thanks to an extension
of the catalytic capabilities of some enzymes.

The pathway for heme uptake is generally more strictly
conserved than that for heme biosynthesis. We detected
exceptions in Sodalis glossinidius morsitans (y-proteobacteria),
which is known to be able to take up heme,*® but for which
we could not identify the Plug domain in its HuvA receptor. In
Actinobacteria (Gram-positive), heme uptake is performed only
by a few species, such as Corynebacterium diptheriae or
Corynebacterium jeikeium but not Corynebacterium efficiens,
through the extracellullar HtaA heme-binding domain.>* This
domain was found only in some Actinobacteria, which, on the
other hand, lack proteins containing the NEAT domain.

Considerations for the Treatment of Pathogenic Organ-
isms. A total of 189 Gram-negative bacteria out of 311 analyzed
are able to acquire heme from the extracellular medium, while
122 are not. Regarding Gram-positive bacteria, 49 out of 126
can take up heme. Among all the 474 organisms analyzed, 225
(155 Gram-negative bacteria, and 70 Gram-positive bacteria)
are reported to be pathogenic for humans, animals or plants.

Eighty-eight Gram-negative pathogens are able to perform
heme uptake, such as Porphyromonas gingivalis, Campylobacter
Jjejuni, Haemophilus influenzae, Salmonella enterica, S. dysen-
teriae, and Y. pestis. Also plant pathogens such as Ralstonia
solanacearum, Pseudomonas syringae pv tomato and Erwinia
carotovora atroseptica are in this group. The remaining 67
Gram-negative pathogens cannot acquire heme from the
extracellular medium, including Legionella, Leptospira, Chlamy-
dophyla pneumoniae, Francisella and Xylella. Out of 70 Gram-
positive pathogenic bacteria that have been investigated, 39
are able to perform heme uptake. Together with the highly
characterized S. aureus, this group comprises Bacillus anthracis,
Clostridium tetani, Listeria and S. pyogenes. The Gram-positive
pathogens that cannot take up heme comprise Mycobacteria,
and E. faecalis. The virulence of some strains of Streptococcus
pneumoniae has been connected to hemin/iron transport.>
We identified the two corresponding ABC transporters,®® but
we did not detect any associated NEAT domain. Therefore, we
assigned S. pneumoniae as unable to take up heme. This is an
example where the existence of an uncharacterized component
of the uptake system needs to be ascertained experimentally.

Gram-negative bacteria that can take up heme are equally
distributed between pathogenic and nonpathogenic. Instead,
for Gram-positive bacteria, heme uptake seems to be more
related to pathogenicity: 39 out of 49 bacteria taking up heme
are pathogenic. Wide-spectrum treatment of bacterial infec-
tions through inibition of heme uptake thus appears more likely
for Gram-positive rather than Gram-negative bacteria, while
organism-specific treatment is certainly viable for bacteria of
both groups, due to the importance of the heme uptake process
as a source of iron.?

Structural Modeling of Domains Involved in Heme
Uptake. As mentioned, inhibition of the heme uptake process
may constitute a successful approach to the treatment of
pathogens. For this reason, we wanted to analyze in further
detail the mechanisms by which the cofactor is recognized and
seized by the domains that are specifically devoted to this task.
This can be achieved through the analysis of their three-
dimensional structure, which can be obtained by the homology
modeling approach.’”*® Qut of those listed in Table 1, we
focused on the NEAT, Peripla_BP_2 and Shp domains, as they
are strictly required components of the heme transport path-
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Figure 4. Iron-binding residues in Peripla_BP_2 domains. (A)
Model for Gram-positive bacteria (some Bacillus, Clostridium,
Lactobacillus, Listeria, Staphylococcus, and Streptococcus). This
model is of B. anthracis Gl: 47778325. (B) Model for all the Gram-
positive bacteria not in panel A, where Met78 is substituted by
His (some Bacillus and Listeria). This model is of Listeria
monocytogenes Gl: 16804469. (C) Model for Gram-negative
bacteria, where the possible ligand may be not a Tyr residue.
Both a His and a Met residue are present in the binding pocket.
Also shown is a Tyr residue located in a spatially close loop. This
model is of D. vulgaris Gl: 46579061. Residue numbering is as
in 2Q8Q in panels A and B, and as in 2R7A in panel C.

way but at the same time feature a significant sequence
variability. It is important to note that the Peripla_BP_2 domain
is known to be involved in the transport of molecules other
than heme, for example, vitamin B,,,%® while the NEAT'? and
Shp*>%° domains are heme-specific. The Shp domain is a
modification of the NEAT domain that has been identified in
S. pyogenes.*® These domains are probably evolutionarily linked,
but their sequences have diverged significantly (see later).

We analyzed the sequences of proteins containing the
Peripla_BP_2 domain in Gram-positive bacteria that were
predicted to be capable of heme uptake, with respect to the
known structure 2Q8Q. Forty-two sequences, from Bacillus,
Clostridium, Lactobacillus, Listeria, Staphylococcus, and Strep-
tococcus conserve both heme iron ligands, Met78 and His229
(residue numbering of 2Q8Q). In 14 sequences, from Bacillus
and Listeria, His229 is conserved, whereas Met78 is substituted
by His. Domains from Corynebacterium species, on the other
hand, lack both residues. These organisms are different also
in that HtaA functionally replaces NEAT.>* We can thus propose
that, in Gram-positive bacteria, except Corynebacterium spe-
cies, the axial ligands to the heme iron ion can only be Met/
His or His/His (Figure 4A,B).

The known heme-binding Peripla_BP_2 domains from Gram-
negative bacteria do not contain the Met78 and His229
residues. Instead, the available structures of the PhuT and ShuT
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Table 3. Number of Proteins Containing at Least one NEAT
Domain Identified in This Work

no. of
proteins no. of NEAT
containing domains in
organism NEAT each protein
Bacillus anthracis str. Ames 4 1-1-1-5
Bacillus anthracis str. Ames_0581 1-1-1-1-5
Bacillus anthracis str. Sterne 1-1-1-1-5
Bacillus cereus (3 strains) 1-1-1-5
Bacillus clausii 1-4
Bacillus halodurans 1-5
Bacillus thuringiensis (2 strains) 1-1-1-5
Clostridium novyi 1-2-3

Clostridium perfringens (3 strains)
Clostridium tetani

Lactobacillus brevis

Listeria (3 species)

Staphylococcus aureus (7 strains)®
Staphylococcus aureus str. RF122¢
Staphylococcus aureus str. MRSA252¢
Streptococcus pyogenes (11 strains)

1-3
1-1-2(1)-3(1)
1(0)-1-1-2(1)-2
1-1-2(1)

2

W OTRE NDNDNDNDWRDNDNR GO
—
|
B

“Among the NEAT domains identified in the various strains of S.
aureus, some lack the single ligand of the heme iron (Tyr166), and have
been reported not to be able to bind heme.®? In these cases, we reported
in parenthesis the number of domains that do conserve Tyr166 and are
thus predicted to be able to bind the cofactor.

proteins** demonstrate that a Tyr serves as the iron axial ligand,
with the sixth coordination position being vacant. Multiple
sequence alignments showed that this Tyr ligand is conserved
only in 85 out of the 189 Gram-negative organisms that are
predicted to be capable of taking up heme. For the other
organisms, there is no obvious indication of the identity of the
fifth ligand, which can be either another Tyr that does not align
with that of PhuT and ShuT (e.g., being located in a loop facing
the opposite side of the heme) or even a different amino acid.
For example, structural modeling of Desulfovibrio Peripla_BP_2
domains suggested that the heme iron ion may be bound to
either a His or a Met residue relatively close in sequence to
the Tyr of ShuT, or, alternatively, to a Tyr residue located within
another loop (Figure 4C). The latter Tyr residue is in fact quite
far away from the iron ion in our model; however, the loop
where it is located may be sufficiently flexible to allow the side
chain to coordinate the iron ion.

The mechanism of function of Peripla_BP_2 and NEAT
domains are expected to be quite different; nevertheless, in a
large number of instances, they presumably adopt the same
Tyr/- mode of iron coordination (see also below). This can be
due to Tyr/- guaranteeing a low barrier for heme release along
the transport pathway. However, Tyr/- is not the only mode
of heme binding in Peripla_BP_2 domains from both Gram-
positive and Gram-negative bacteria.

All NEAT domain-containing proteins, which were found
only in Gram-positive bacteria, are cell-wall anchored, and
many of them contain multiple NEAT domains. The NEAT
domain was originally identified through bioinformatic meth-
ods and proposed to be involved in iron uptake as a receptor
of an iron-siderophore complex.'® Table 3 reports the number
of proteins containing one or more NEAT domains identified
in this work, and the number of NEAT domains in each protein.
The three-dimensional structure of the NEAT domain of S.
aureus IsdA has been solved in both the apo- (PDB code 2ITE)
and holo-forms (PDB code 2ITF).'? The structure of the holo-
form of IsdC from the same organism is also available (PDB
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Ser82 } Tyr87

| Mett11

Figure 5. Iron-binding residues in NEAT domains. (A) Model for
NEAT domains from Bacillus, Listeria, Lactobacillus, and Sta-
phylococcus. Tyr166 is the iron-binding residue, Tyr87 and
Tyr170 interact with heme via base-stacking, Ser82 via H-
bonding. This model is of Listeria innocua Gl: 16801354, domain
1. (B) Model for NEAT domains from Clostridium and S. pyo-
genes. Tyr166 is not conserved, the iron-binding residues are
Met83 (residue numbering as in 2ITF, corresponding to Met66
in 2Q7A) and Met111 (corresponding to Met153 in 2Q7A). This
model is of S. pyogenes Gl: 15675635, domain 1.

code 206P).%! These structures show that the heme iron is
coordinated by a single amino acid, Tyr166 (numbering as in
2ITF). This key residue is not conserved in all the NEAT-
containing proteins that we identified in the various strains of
S. aureus, as already noted in the literature.®® Although it is
possible that the domains lacking Tyr166 bind heme in a
different manner than in the 2ITF structure, the literature
indicates that at least some of them do not interact appreciably
with the cofactor.®> Therefore, in Table 3, we report in
parenthesis also the number of NEAT domains that are
(predicted to be) competent for binding. The majority of the
strains of S. aureus contain four proteins harboring NEAT
domains, all of which contain a single domain conserving
Tyrl66. Staphylococcus aureus str. RF122 and Staphylococcus
aureus str. MRSA252 constitute exceptions. In Staphylococcus
aureus str. RF122, there is one additional protein, which
however lacks Tyr166 and therefore may not be able to bind
heme. In the same organism, IsdH contains two NEAT domains
instead of three, as found in other strains, and both are
predicted to be heme-binding (Table 3). In Staphylococcus
aureus str. MRSA252, IsdH is lacking altogether. It therefore
appears that the role of IsdH can be flexible and, importantly,
is not strictly required.

All NEAT domains from Bacillus, Listeria, and Lactobacillus
conserve Tyr166, and are therefore likely to bind heme similarly
to what is observed in the 2ITF structure. These domains in
fact contain also the Tyr87 and Tyr170 residues that have been
shown to stabilize the adduct with base-stacking interaction
with the pyrrolic rings, as well as Ser82, which acts as a H-donor
in the hydrogen bond with a carboxylic group of the heme
(Figure 5A). The number of NEAT-containing proteins in the
above organisms ranges from 2 to 5, of which one is a multi-
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NEAT-domain protein and all others are single-domain, except
for Lactobacillus brevis, which has two single-domain proteins
(Table 3). The total number of heme-binding NEAT domains
in a single organism can thus be as large as 9, versus 4 that is
typical for S. aureus. A sequential pathway for heme delivery
from methemoglobin to the cytoplasm of S. aureus, via the
NEAT and then the Peripla_BP_2 domains, has been recently
characterized in vitro.%® In S. aureus, the NEAT domains not
binding heme have been proposed to be involved in recogni-
tion of the heme-binding proteins of the host, such as hemo-
globin.®? The same function could be carried out also by the
Bacillus or Listeria multidomain proteins. This would be in
agreement with experimental indications that hemoglobin
forms an adduct with the first domain of S. aureus IsdH with
an approximate molar ratio of 1:4.%% In addition, it is tempting
to speculate that the multi-NEAT-domain proteins can also act
as heme reservoirs from which the single-domain proteins can
extract heme when there is limitation of an external source. In
any case, due to the fact that three to five heme-binding
domains are present in the same polypeptide, one would expect
an increased efficiency in extracting heme from the host source.

When analyzing the NEAT domains identified in Clostridium
species as well as in S. pyogenes, different possible heme-
binding mechanisms became apparent, similarly to the case
of the Peripla_BP_2 domain. Indeed, all the clostridial NEAT
domains lack Tyr166. However, our structural models suggest
that Met83, which is conserved in these organisms, can act as
an iron axial ligand (Figure 5B). The side of the heme plane
where both Tyr166 and Tyr170 lie is relatively exposed in the
model structures, possibly permitting some structural rear-
rangements. Met/Met coordination of the heme iron has been
observed in the structure (PDB code 2Q7A)*° of a modified
NEAT domain, called Shp, that is encoded in S. pyogenes in
the same operon of a protein containing two classical NEAT
domains (Table 3). These two Met residues are Met66 and
Met153 (Figure 3D). The superposition of the structures of the
NEAT domain (2ITF) and of the Shp domain (2Q7A) showed
that there is a correspondence between residue 83 of the former
and Met66 of the latter, and between the axial ligand Tyr166
of the former and Met153 of the latter. The structural super-
position is of good quality, with a backbone rmsd of ca. 2.8 A.
High structure similarity and the correspondence between
Tyr166 and Met153 ligands has been highlighted also in the
comparison of 206P (the NEAT domain of IsdC) to 2Q7A.*°
Sequence alignments of the NEAT domains of Clostridia and
of the various strains of S. pyogenes, and the Shp domains
showed that Met83, which corresponds to the axial ligand
Met66 of Shp, is conserved in the large majority of sequences.
In addition, a second Met residue in the aforementioned NEAT
domains (Metl111) aligns well with the second axial ligand of
the Shp domains (Met153) and is also quite conserved. Thus,
it can be proposed that the majority of the NEAT domains of
Clostridia are capable of binding heme, with the iron ion
featuring Met/Met coordination (Figure 5B) as seen in Shp
domains, rather than Tyr/- coordination as proposed for most
Gram-positive bacteria. A few domains are probably not able
to bind heme due to the absence of both Met83 and Met111,
and also of Tyr166, and may play a role analogous to that of
the NEAT domains of S. aureus that lack Tyr166. For the NEAT
domains of S. pyogenes, sequence alignments to the NEAT
domains that use Tyr166 to coordinate the heme iron allowed
us to identify also a Tyr potentially corresponding to the axial
ligand Tyr166. In the structural models of S. pyogenes NEAT
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domains calculated using as template either a NEAT structure
(2ITF), or the Shp structure (2Q7A), Met/Met coordination
appears more likely on considerations of steric hindrance, with
the Tyr corresponding to Tyrl66 involved in base-stacking
interactions with the heme moiety. However, experimental
studies are needed to ascertain whether the NEAT domains of
S. pyogenes feature Met/Met or Tyr/- iron coordination, as well
as to validate our proposition of Met/Met coordination in
Clostridia.

Concluding Remarks

We identified nearly 12 000 protein domains potentially
involved in heme uptake or biosynthesis in 474 prokaryotic
organisms. Of these, we predicted that 168 can only synthesize
heme, 20 can only take up heme from an external source, and
218 can perform both processes, as judged on the basis of the
presence or absence of corresponding protein systems similar
to those described in the literature. Among these organisms,
we singled out some instances of possible variations with
respect to the “canonical” pathways that may be worth
experimental investigation. Many pathogenic Gram-positive
bacteria can take up heme, whereas this feature is less frequent
among Gram-negative pathogens.

We used homology modeling to build a series of structural
models for two key domains in the heme uptake pathway. The
inspection of these models and the analysis of the correspond-
ing sequence alignments suggested that there are possible
alternative modes of heme binding. Again, this is an area where
future experimental work would be quite useful.
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Table S1. List of the investigated organisms.

Acidobacteria bacterium Ellin345
Acidothermus cellulolyticus 11B
Acidovorax JS42

Acidovorax avenae citrulli AACO00-1
Acinetobacter baumannii ATCC 17978
Acinetobacter sp ADP1

Actinobacillus pleuropneumoniae L20
Aeromonas hydrophila ATCC 7966
Aeropyrum pernix

Agrobacterium tumefaciens C58 Cereon
Agrobacterium tumefaciens C58 UWash
Alcanivorax borkumensis SK2
Alkalilimnicola ehrlichet MLHE-1
Anabaena variabilis ATCC 29413
Anaeromyxobacter dehalogenans 2CP-C
Anaplasma marginale St Maries
Anaplasma phagocytophilum HZ
Aquifex aeolicus

Archaeoglobus fulgidus

Arthrobacter FB24

Arthrobacter aurescens TC1

Aster yellows witches-broom phytoplasma AYWB
Azoarcus BH72

Azoarcus sp EbN1

Bacillus anthracis Ames

Bacillus anthracis Ames 0581

Bacillus anthracis str Sterne

Bacillus cereus ATCC14579

Bacillus cereus ATCC 10987

Bacillus cereus ZK

Bacillus clausii KSM-K 16

Bacillus halodurans

Bacillus licheniformis ATCC 14580
Bacillus licheniformis DSM 13

Bacillus subtilis

Bacillus thuringiensis Al Hakam
Bacillus thuringiensis konkukian
Bacteroides fragilis NCTC 9434
Bacteroides fragilis YCH46

Bacteroides thetaiotaomicron VPI-5482
Bartonella bacilliformis KC583
Bartonella henselae Houston-1
Bartonella quintana Toulouse
Baumannia cicadellinicola Homalodisca coagulata
Bdellovibrio bacteriovorus
Bifidobacterium adolescentis ATCC 15703
Bifidobacterium longum

Bordetella bronchiseptica

Bordetella parapertussis



Bordetella pertussis

Borrelia afzelii PKo

Borrelia burgdorferi

Borrelia garinii PBi

Bradyrhizobium japonicum

Brucella abortus 9-941

Brucella melitensis

Brucella melitensis biovar Abortus
Brucella suis 1330

Buchnera aphidicola

Buchnera aphidicola Cc Cinara cedri
Buchnera aphidicola Sg

Buchnera sp

Burkholderia 383

Burkholderia cenocepacia AU 1054
Burkholderia cenocepacia HI2424
Burkholderia cepacia AMMD
Burkholderia mallei ATCC 23344
Burkholderia mallei NCTC 10229
Burkholderia mallei NCTC 10247
Burkholderia mallei SAVP1
Burkholderia pseudomallei 1106a
Burkholderia pseudomallei 1710b
Burkholderia pseudomallei 668
Burkholderia pseudomallei K96243
Burkholderia thailandensis E264
Burkholderia xenovorans L.B400
Campylobacter fetus 82-40
Campylobacter jejuni

Campylobacter jejuni 81-176
Campylobacter jejuni RM1221
Candidatus Blochmannia floridanus
Candidatus Blochmannia pennsylvanicus BPEN
Candidatus Carsonella ruddii
Candidatus Pelagibacter ubique HTCC1062
Candidatus Ruthia magnifica Cm Calyptogena magnifica
Carboxydothermus hydrogenoformans Z-2901
Caulobacter crescentus

Chlamydia muridarum

Chlamydia trachomatis

Chlamydia trachomatis A HAR-13
Chlamydophila abortus S26 3
Chlamydophila caviae
Chlamydophila felis Fe C-56
Chlamydophila pneumoniae AR39
Chlamydophila pneumoniaec CWL029
Chlamydophila pneumoniae J138
Chlamydophila pneumoniae TW 183
Chlorobium chlorochromatii CaD3
Chlorobium phaeobacteroides DSM 266
Chlorobium tepidum TLS



Chromobacterium violaceum
Chromohalobacter salexigens DSM 3043
Clostridium acetobutylicum

Clostridium difficile 630

Clostridium novyi NT

Clostridium perfringens

Clostridium perfringens ATCC 13124
Clostridium perfringens SM101
Clostridium tetani E88

Clostridium thermocellum ATCC 27405
Colwellia psychrerythraea 34H
Corynebacterium diphtheriae
Corynebacterium efficiens YS-314
Corynebacterium glutamicum ATCC 13032 Bielefeld
Corynebacterium glutamicum ATCC 13032 Kitasato
Corynebacterium jeikeium K411
Coxiella burnetii

Cyanobacteria bacterium Yellowstone A-Prime
Cyanobacteria bacterium Yellowstone B-Prime
Cytophaga hutchinsonii ATCC 33406
Dechloromonas aromatica RCB
Dehalococcoides CBDBI1
Dehalococcoides ethenogenes 195
Deinococcus geothermalis DSM 11300
Deinococcus radiodurans
Desulfitobacterium hafniense Y51
Desulfotalea psychrophila LSv54
Desulfovibrio desulfuricans G20
Desulfovibrio vulgaris DP4
Desulfovibrio vulgaris Hildenborough
Ehrlichia canis Jake

Ehrlichia chaffeensis Arkansas

Ehrlichia ruminantium Gardel

Ehrlichia ruminantium Welgevonden
Ehrlichia ruminantium str. Welgevonden
Enterococcus faecalis V583

Erwinia carotovora atroseptica SCRI11043
Erythrobacter litoralis HTCC2594
Escherichia coli 536

Escherichia coli APEC O1

Escherichia coli CFT073

Escherichia coli K12

Escherichia coli O157H7

Escherichia coli O157H7 EDL933
Escherichia coli UTI89

Escherichia coli W3110

Francisella tularensis FSC 198
Francisella tularensis holarctica
Francisella tularensis holarctica OSU18
Francisella tularensis novicida U112
Francisella tularensis tularensis



Frankia CclI3

Frankia alni ACN14a

Fusobacterium nucleatum

Geobacillus kaustophilus HTA426
Geobacter metallireducens GS-15
Geobacter sulfurreducens

Gloeobacter violaceus

Gluconobacter oxydans 621H
Gramella forsetii KT0803
Granulobacter bethesdensis CGDNIH1
Haemophilus ducreyi 35000HP
Haemophilus influenzae

Haemophilus influenzae 86 028NP
Haemophilus somnus 129PT

Hahella chejuensis KCTC 2396
Haloarcula marismortui ATCC 43049
Halobacterium sp

Haloquadratum walsbyi
Halorhodospira halophila SL1
Helicobacter acinonychis Sheeba
Helicobacter hepaticus

Helicobacter pylori 26695
Helicobacter pylori HPAG1
Helicobacter pylori J99
Herminiimonas arsenicoxydans
Hyperthermus butylicus

Hyphomonas neptunium ATCC 15444
Idiomarina loihiensis L2TR
Jannaschia CCS1

Lactobacillus acidophilus NCFM
Lactobacillus brevis ATCC 367
Lactobacillus casei ATCC 334
Lactobacillus delbrueckii bulgaricus
Lactobacillus delbrueckii bulgaricus ATCC BAA-365
Lactobacillus gasseri ATCC 33323
Lactobacillus johnsonii NCC 533
Lactobacillus plantarum

Lactobacillus sakei 23K

Lactobacillus salivarius UCC118
Lactococcus lactis

Lactococcus lactis cremoris MG1363
Lactococcus lactis cremoris SK11
Lawsonia intracellularis PHE MN1-00
Legionella pneumophila Lens
Legionella pneumophila Paris
Legionella pneumophila Philadelphia 1
Leifsonia xyli xyli CTCBO0

Leptospira borgpetersenii serovar Hardjo-bovis JB197
Leptospira borgpetersenii serovar Hardjo-bovis L550
Leptospira interrogans serovar Copenhageni
Leptospira interrogans serovar Lai



Leuconostoc mesenteroides ATCC 8293
Listeria innocua

Listeria monocytogenes

Listeria monocytogenes 4b F2365
Listeria welshimeri serovar 6b SLCC5334
Magnetococcus MC-1
Magnetospirillum magneticum AMB-1
Mannheimia succiniciproducens MBELS5SE
Maricaulis maris MCS10

Marinobacter aquaeolei VT8
Mesoplasma florum L1

Mesorhizobium BNC1

Mesorhizobium loti

Methanobacterium thermoautotrophicum
Methanococcoides burtonii DSM 6242
Methanococcus jannaschii
Methanococcus maripaludis C5
Methanococcus maripaludis S2
Methanocorpusculum labreanum Z
Methanoculleus marisnigri JR1
Methanopyrus kandleri

Methanosaeta thermophila PT
Methanosarcina acetivorans
Methanosarcina barkeri fusaro
Methanosarcina mazei
Methanosphaera stadtmanae
Methanospirillum hungatei JF-1
Methylibium petroleiphilum PM1
Methylobacillus flagellatus KT
Methylococcus capsulatus Bath
Moorella thermoacetica ATCC 39073
Mycobacterium JLS

Mycobacterium KMS

Mycobacterium MCS

Mycobacterium avium 104
Mycobacterium avium paratuberculosis
Mycobacterium bovis

Mycobacterium bovis BCG Pasteur 1173P2
Mycobacterium leprae

Mycobacterium smegmatis MC2 155
Mycobacterium tuberculosis CDC1551
Mycobacterium tuberculosis H37Rv
Mycobacterium ulcerans Agy99
Mycobacterium vanbaalenii PYR-1
Mycoplasma capricolum ATCC 27343
Mycoplasma gallisepticum
Mycoplasma genitalium

Mycoplasma hyopneumoniae 232
Mycoplasma hyopneumoniae 7448
Mycoplasma hyopneumoniae J
Mycoplasma mobile 163K



Mycoplasma mycoides
Mycoplasma penetrans
Mycoplasma pneumoniae
Mycoplasma pulmonis

Mycoplasma synoviae 53
Myxococcus xanthus DK 1622
Nanoarchaeum equitans
Natronomonas pharaonis

Neisseria gonorrhoeae FA 1090
Neisseria meningitidis FAM18
Neisseria meningitidis MC58
Neisseria meningitidis Z2491
Neorickettsia sennetsu Miyayama
Nitrobacter hamburgensis X14
Nitrobacter winogradskyi Nb-255
Nitrosococcus oceani ATCC 19707
Nitrosomonas europaea
Nitrosomonas eutropha C71
Nitrosospira multiformis ATCC 25196
Nocardia farcinica [IFM10152
Nocardioides JS614

Nostoc sp

Novosphingobium aromaticivorans DSM 12444
Oceanobacillus iheyensis
Oenococcus oeni PSU-1

Onion yellows phytoplasma
Parachlamydia sp UWE25
Paracoccus denitrificans PD1222
Pasteurella multocida

Pediococcus pentosaceus ATCC 25745
Pelobacter carbinolicus

Pelobacter propionicus DSM 2379
Pelodictyon luteolum DSM 273
Photobacterium profundum SS9
Photorhabdus luminescens
Picrophilus torridus DSM 9790
Pirellula sp

Polaromonas JS666

Polaromonas naphthalenivorans CJ2
Porphyromonas gingivalis W83
Prochlorococcus marinus AS9601
Prochlorococcus marinus CCMP1375
Prochlorococcus marinus MED4
Prochlorococcus marinus MIT9313
Prochlorococcus marinus MIT 9301
Prochlorococcus marinus MIT 9303
Prochlorococcus marinus MIT 9312
Prochlorococcus marinus MIT 9515
Prochlorococcus marinus NATL1A
Prochlorococcus marinus NATL2A
Propionibacterium acnes KPA171202



Pseudoalteromonas atlantica T6c
Pseudoalteromonas haloplanktis TAC125
Pseudomonas aeruginosa

Pseudomonas aeruginosa UCBPP-PA14
Pseudomonas entomophila L48
Pseudomonas fluorescens Pf-5
Pseudomonas fluorescens PfO-1
Pseudomonas putida KT2440
Pseudomonas syringae phaseolicola 1448A
Pseudomonas syringae pv B728a
Pseudomonas syringae tomato DC3000
Psychrobacter arcticum 273-4
Psychrobacter cryohalolentis K5
Psychromonas ingrahamii 37
Pyrobaculum aerophilum

Pyrobaculum calidifontis JCM 11548
Pyrobaculum islandicum DSM 4184
Pyrococcus abyssi

Pyrococcus furiosus

Pyrococcus horikoshii

Ralstonia eutropha H16

Ralstonia eutropha JMP134

Ralstonia metallidurans CH34
Ralstonia solanacearum

Rhizobium etli CFN 42

Rhizobium leguminosarum bv viciae 3841
Rhodobacter sphaeroides 2 4 1
Rhodobacter sphaeroides ATCC 17029
Rhodococcus RHA1

Rhodoferax ferrireducens T118
Rhodopseudomonas palustris BisA53
Rhodopseudomonas palustris BisB18
Rhodopseudomonas palustris BisB5
Rhodopseudomonas palustris CGA009
Rhodopseudomonas palustris HaA2
Rhodospirillum rubrum ATCC 11170
Rickettsia bellii RML369-C

Rickettsia conorii

Rickettsia felis URRWXCal2

Rickettsia prowazekii

Rickettsia typhi wilmington
Roseobacter denitrificans OCh 114
Rubrobacter xylanophilus DSM 9941
Saccharophagus degradans 2-40
Saccharopolyspora erythraca NRRL 2338
Salinibacter ruber DSM 13855
Salmonella enterica Choleraesuis
Salmonella enterica Paratypi ATCC 9150
Salmonella typhi

Salmonella typhi Ty2

Salmonella typhimurium LT2



Shewanella ANA-3

Shewanella MR-4

Shewanella MR-7

Shewanella W3-18-1

Shewanella amazonensis SB2B
Shewanella baltica OS155
Shewanella denitrificans OS217
Shewanella frigidimarina NCIMB 400
Shewanella loihica PV-4

Shewanella oneidensis

Shigella boydii Sb227

Shigella dysenteriae

Shigella flexneri 2a

Shigella flexneri 2a 2457T

Shigella flexneri 5 8401

Shigella sonnei Ss046

Silicibacter TM 1040

Silicibacter pomeroyi DSS-3
Sinorhizobium meliloti

Sodalis glossinidius morsitans
Solibacter usitatus Ellin6076
Sphingopyxis alaskensis RB2256
Staphylococcus aureus COL
Staphylococcus aureus MW2
Staphylococcus aureus Mu50
Staphylococcus aureus N315
Staphylococcus aureus NCTC 8325
Staphylococcus aureus RF122
Staphylococcus aureus USA300
Staphylococcus aureus aureus MRSA252
Staphylococcus aureus aureus MSSA476
Staphylococcus epidermidis ATCC 12228
Staphylococcus epidermidis RP62A
Staphylococcus haemolyticus
Staphylococcus saprophyticus
Staphylothermus marinus F1
Streptococcus agalactiae 2603
Streptococcus agalactiae A909
Streptococcus agalactiae NEM316
Streptococcus mutans

Streptococcus pneumoniae D39
Streptococcus pneumoniae R6
Streptococcus pneumoniae TIGR4
Streptococcus pyogenes M1 GAS
Streptococcus pyogenes MGAS10270
Streptococcus pyogenes MGAS10394
Streptococcus pyogenes MGAS10750
Streptococcus pyogenes MGAS2096
Streptococcus pyogenes MGAS315
Streptococcus pyogenes MGASS5005
Streptococcus pyogenes MGAS6180



Streptococcus pyogenes MGAS8232
Streptococcus pyogenes MGAS9429
Streptococcus pyogenes SSI-1
Streptococcus sanguinis SK36
Streptococcus thermophilus CNRZ1066
Streptococcus thermophilus LMD-9
Streptococcus thermophilus LMG 18311
Streptomyces avermitilis

Streptomyces coelicolor

Sulfolobus acidocaldarius DSM 639
Sulfolobus solfataricus

Sulfolobus tokodaii

Symbiobacterium thermophilum IAM14863
Synechococcus CC9311

Synechococcus CC9605
Synechococcus CC9902
Synechococcus elongatus PCC 6301
Synechococcus elongatus PCC 7942
Synechococcus sp WH8102
Synechocystis PCC6803
Syntrophobacter fumaroxidans MPOB
Syntrophomonas wolfei Goettingen
Syntrophus aciditrophicus SB
Thermoanaerobacter tengcongensis
Thermobifida fusca YX

Thermococcus kodakaraensis KODI1
Thermofilum pendens Hrk 5
Thermoplasma acidophilum
Thermoplasma volcanium
Thermosynechococcus elongatus
Thermotoga maritima

Thermus thermophilus HB27

Thermus thermophilus HB8
Thiobacillus denitrificans ATCC 25259
Thiomicrospira crunogena XCL-2
Thiomicrospira denitrificans ATCC 33889
Treponema denticola ATCC 35405
Treponema pallidum

Trichodesmium erythraeum IMS101
Tropheryma whipplei TWO08 27
Tropheryma whipplei Twist
Ureaplasma urealyticum
Verminephrobacter eiseniae EF01-2
Vibrio cholerae

Vibrio fischeri ES114

Vibrio parahaemolyticus

Vibrio vulnificus CMCP6

Vibrio vulnificus YJO16
Wigglesworthia brevipalpis

Wolbachia endosymbiont of Brugia malayi TRS
Wolbachia endosymbiont of Drosophila melanogaster



Wolinella succinogenes
Xanthomonas campestris
Xanthomonas campestris 8004
Xanthomonas campestris vesicatoria 85-10
Xanthomonas citri

Xanthomonas oryzae KACC10331
Xanthomonas oryzae MAFF 311018
Xylella fastidiosa

Xylella fastidiosa Temeculal
Yersinia enterocolitica 8081
Yersinia pestis Antiqua

Yersinia pestis CO92

Yersinia pestis KIM

Yersinia pestis Nepal516

Yersinia pestis biovar Mediaevails
Yersinia pseudotuberculosis IP32953
Zymomonas mobilis ZM4
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Table S3. Comparison between literature data and predictions made in the present work on
organisms known to be capable of performing heme biosynthesis and/or uptake. All predictions
were correct with the exception of that for Sodalis glossidinius. At variance with the experimental
data, we assigned this organism as being unable to carry out heme uptake because no Plug domain

was detected in its genome.

Biosynthesis

Organism Reference Experiment Prediction
Bacillus subtilis (D) Yes Yes
Borrelia burgdorferi (2) No No
Desulfovibrio vulgaris (3) Yes (via precorrin-2) Yes (via precorrin-2)
Escherichia coli @) Yes Yes
Leptospira spp. (5) Yes Yes
Methanosarcina barkeri (6) Yes (via precorrin-2) Yes (via precorrin-2)
Myxococcus xanthus (7) Yes Yes
Neisseria gonorrhoeae (8) Yes Yes
Salmonella typhimurium 9) Yes Yes
Staphylococcus aureus (10) Yes Yes
Uptake
Organism Reference Experiment Prediction
Borrelia burgdorferi (2) No No
Bradyrhizobium japonicum (11 Yes Yes
Campylobacter jejuni (12) Yes Yes
Porphyromonas gingivalis (13) Yes Yes
Pseudomonas aeruginosa (14) Yes Yes
Serratia marcescens (15) Yes Yes
Shigella dysenteriae (16) Yes Yes
Sodalis glossinidius (17) Yes No
Staphylococcus aureus (18) Yes Yes
Vibrio cholerae (19) Yes Yes
Yersinia enterocolitica 20) Yes Yes
Yersinia pestis 21 Yes Yes
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Figure S1. Distribution of HMMER E-values for all hits and for only the hits assigned by
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Abstract We obtained an extended functional annotation
of zinc proteins using a combination of bioinformatic
methods. This work was performed using a number of
available predicted zinc proteomes of various representa-
tive organisms, leading to the almost complete annotation
of, among others, the predicted human zinc proteome. The
computational tools exploited included sequence-based
and, when possible, structure-based functional predictions.
We assigned a hypothetical function to 74% of the 1,472
sequences analyzed that lacked annotation in the starting
dataset. We also added new functional categories, not
described in the reference dataset, such as ubiquitin binding
and DNA replication. As a general conclusion, we can state
that the quality of each functional prediction parallels the
amount of information for the sequence analyzed: the lar-
ger the amount of information, the more detailed and
reliable is the proposed functional prediction. Among the
findings, we have propose a zinc binding site for archaeal
zinc-importing proteins. Furthermore, we propose two
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groups of transcriptional regulators that are involved in
fatty acid metabolism.
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Introduction

Zinc is essential for life and is the second most abundant
transition metal ion in living organisms after iron. In
contrast to other transition metal ions, such as copper and
iron, zinc is present in cells in a single oxidation state,
zinc(II), which does not undergo redox reactions owing to
its filled d shell. In the present work, we want to further our
understanding of the biochemical functions that underlie
the requirement of organisms for zinc. The present work
constitutes a bioinformatic contribution toward mapping
the many cellular processes involving zinc.

The zinc proteomes of 57 representative living organ-
isms including members of Archea, Bacteria, and Eukarya
are available [1]. These 57 zinc proteomes were previously
predicted to encode cumulatively 18,336 potential zinc-
binding proteins, which had been grouped into ensembles
on the basis of sequence similarity [1]. Functional infor-
mation, either based on available experimental data or on
computational biology methods, was described in the
annotation of most of these protein sequences, which was
relevant for all proteins in a given ensemble. Functional
hints for additional protein ensembles were provided by the
Gene Ontology (GO) database [2]. Of the 18,336 zinc
proteins, 1,472 (784 from Eukarya, 212 from Archea, and
476 from Bacteria) did not have a defined functional
annotation and no hit was retrieved from the GO database;
their annotations typically described them as hypothetical,
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putative, or predicted proteins [1]. Of these sequences, 932
grouped into 204 ensembles, whereas the remaining 540
did not cluster into any group.

In the present work, we attempted to make functional
predictions for these proteins by using sequence- and/or
structure-based approaches, exploiting online as well as
stand-alone bioinformatics databases and software tools
[3-5] (see “Materials and methods”). We assigned a
hypothetical function to 1,090 sequences (74% of 1,472),
of which 721 constituted 132 ensembles of homologs (65%
of the 204 ensembles of putative zinc proteins). For the 382
remaining sequences there were not enough data to assign a
function even at a low level of confidence. The coverage of
functional annotation originally included about 92% of all
zinc proteins, which, after our contribution, increased to
98%. It was found that hydrolytic activity is the most
represented zinc-related function in our dataset (33% of the
total), followed by transcription (24% of the total). Spe-
cifically for eukaryotic zinc proteins, a role in transcription
is proposed for more than 37% of these proteins. The
present data confirmed the dominant role of zinc fingers in
the regulation of expression in eukaryotes, within both
activators and repressors. This research shows that an
essentially complete annotation of the zinc proteome can
be achieved for every living organism whose genome
sequence is available.

Materials and methods

The prediction of the zinc proteomes [1] from which the
present work started to obtain an extended functional
annotation of all zinc proteins was essentially based on the
use of a list of known zinc-binding domains available in the
Pfam database [6, 7], filtered [8] with the available zinc-
binding patterns (ZBPs). Below, we briefly recapitulate the
procedure that was used in [1] to obtain these data. The
Pfam domains that had been retrieved using “Zn” and
“zinc” as query keywords were analyzed manually to
collect a list of physiological zinc-binding domains. In
parallel, all the structures in the Protein Data Bank (PDB)
[9] that physiologically bind at least one zinc ion were
selected. In both cases, physiological and nonphysiological
zinc binders were separated by manually checking the lit-
erature for each of the systems under analysis (protein
domains or individual structures). The composition in
terms of Pfam domains was determined using the HMMER
2.0 [10] program for all the proteins of known structure
where zinc binding is of physiological relevance. The
residues coordinating the zinc ion(s) defined the ZBP for
each structure analyzed [11-13]. When a ZBP was made up
of residues contained in a known Pfam domain, the latter
was associated with the ZBP. This resulted in a list of zinc-
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binding Pfam domains that was as extended as possible;
one or more ZBPs were assigned to all zinc-binding Pfam
domains having a structurally characterized representative
[1]. The physiological relevance of zinc binding was typ-
ically supported by the available scientific literature.
Andreini et al. [1] obtained the list of predicted zinc pro-
teins by making use of the aforementioned Pfam domains
and the associated ZBPs, when available, to scan the pro-
teomes of 57 selected organisms using HMMER 2.0. No
experimental verification of these predictions has been
carried out. The overall procedure was recently reviewed
in [8].

Sequence-based methods

We started our search by analyzing all of the sequences of
interest against the entire Pfam database (release 23.0)
[6, 7, 14] as we deemed that defining the composition in
terms of functional domain(s) (including also those not
endowed with zinc-binding capability) for each unknown
sequence constitutes the most reasonable starting point for
any subsequent analysis (see also our workflow for
metalloprotein prediction in [8] and the diagram for com-
parative genomic analyses of trace elements in [15]).
Unfortunately, not all the Pfam domains feature a detailed
functional description. For example, in various cases only
structural similarities to other proteins are reported. For this
reason, we complemented the information available from
Pfam with queries to the COG database [16, 17]. Each
cluster of an orthologous group of proteins (COG) consists
of individual proteins or groups of paralogs from at least
three lineages and thus corresponds to an ancient conserved
domain. In other words, each COG contains protein
sequences or groups thereof that, in different species,
evolved from a common ancestral gene by speciation and
are thus orthologous. Usually, orthologous proteins have
the same Pfam domain composition, thereby making the
two methods complementary for the identification of
orthology relationships. The identification of orthologs is
important for reliable predictions of protein function
because they normally retain the same function in the
course of evolution. In contrast to the Pfam-based methods,
which are mainly dependent on sequence similarity, the use
of COGs, which take into account the phylogenetic dis-
tance between homologs, is more appropriate to identify
relationships between distant proteins with low sequence
similarity [16, 17]. To predict putative transmembrane
regions in the sequences analyzed, we used TMHMM
[18-21] as a stand-alone program, whereas we used
pSORT [18, 22, 23], an online tool, to predict the cellular
localization. For eukaryotic sequences, these were the only
sequence-based tools employed. In contrast, for prokaryotic
proteins we additionally exploited the STRING [24-26] and
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ShOPs [27] tools. The former shows the possible functional
partners of the target protein, on the basis of its COG
classification, taking into account a variety of experimen-
tally validated data (such as physical interactions, occur-
rence in the same metabolic pathways, gene fusions, and co-
occurrence or coexpression in different organisms). ShOPs
is an online server that allows the visualization of operons.
The latter analysis can give indirect but very useful hints
about the hypothetical function of a protein when it is
codified within an operon containing genes that code for
other proteins of known function [28].

Structure-based approach

For each of the 204 functionally unassigned ensembles of
homologs that were contained in the starting dataset of
predicted zinc proteins [1], we created a hidden Markov
model (HMM) profile [10] and queried the entire PDB to
identify related proteins with known structures to be used
as templates in homology modeling, performed using
Modeller 6v2 [29-31]. With a structural model of the target
protein, the most conserved residues within the ensemble
and/or the Pfam domain HMM profile (which reflects the
information of a greater number of sequences) to which the
target protein belongs could be mapped onto the protein
surface. This, in turn, allowed us to define potential func-
tionally important regions such as catalytic pockets or
binding sites. As we are dealing with proteins predicted to
bind zinc, it is also important to verify whether the pro-
posed binding residues are close in space in the proposed
model, i.e., whether they define a reasonable zinc binding
site.

No HMM profile was created for the 540 sequences that
did not cluster with other proteins in an ensemble in the
original dataset. For these we therefore queried the PDB
using each individual amino acidic sequence. When the
PDB templates corresponded to proteins lacking a func-
tional characterization (e.g., for structures determined
within structural genomics projects), we used bioinfor-
matics tools for structural analysis, such as ProFunc [32],
WHISCY [33], ProMate [34], and CastP, to obtain addi-
tional functional hints. ProFunc is an online server pro-
viding clues on a protein’s likely or possible function from
its 3D structure. This analysis is based on the use of various
databases, including the PDB and UniProt [35, 36] for the
identification of structurally characterized clefts, folds, or
binding motifs on the protein surface. WHISCY, ProMate,
and CastP can identify active residues on the target protein
surface and consequently define potential functional areas,
such as protein—protein binding sites, enzyme active sites,
or small-ligand binding pockets.

When homology modeling was not applicable, we per-
formed protein threading, also known as fold recognition,

using the online tool Phyre [37, 38]. Protein threading is a
method to predict protein structures that aims at assigning
known folds to proteins that do not have homologs with
known structure. The prediction is made by aligning each
amino acid of the target sequence to a position in the tem-
plate structure, taken from a library of diverse folds, and
evaluating how well the target fits the template, typically
using a simplified potential for energy calculation. After the
best-fit template has been selected, the structural model of
the sequence is built on the basis of the alignment with the
chosen template. The quality of the final structural predic-
tion is measured through an expectation value (E value)
[37, 38], which estimates quantitatively the number of
possible errors given the size of the library used (thus, the
lower the better). The functional predictions derived from
the analysis of structural models obtained through threading
have a lower degree of confidence with respect to the case
of structural models obtained by homology modeling,
because the models are inherently of lower quality.

For each ensemble we manually checked the consis-
tency between the results given by all the tools used, and
the support provided by the relevant scientific literature.

Results and discussion
Overview of functional annotations

We have complemented the already-available information
on homology relationships among the predicted zinc pro-
teins contained in our reference dataset using the COG
database [16, 17], which, however, does not cover all of the
organisms addressed in this work. The Pfam and COG
assignments showed a good agreement. Indeed, the
sequences in each of the starting ensembles of zinc proteins
had the same composition in terms of Pfam domains as
well as, when available, the same COG annotation. This
provides significant evidence that the 204 groups of
sequences defined in the original prediction of the zinc
proteome [1] with which we started our analysis were
indeed groups of homologs. In addition, we analyzed all
the 540 individual sequences that could not be assigned to
any ensemble (i.e., they did not have homologs in the
organisms subjected to analysis in [1]).

Of the 1,472 sequences lacking functional information
in [1], only for about 26% could we obtain structural
models of any kind. These can be further separated into
homology models (150), threading models encompassing
the entire length of the target protein (100), and threading
models encompassing only a part of the target protein
(134). It is to be noted that we imposed a relatively
restrictive threshold on the degree of sequence similarity
between the target and template sequences (40% sequence
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identity over the entire target length), to ensure that only
reliable models were produced [39]. On the other hand, we
used a relatively loose threshold (£ value lower than 10.0)
to select results from threading to ensure that the maximum
amount of structural information could be obtained. We
were thus left with 1,086 proteins for which no structural
information could be gathered at all. We obtained useful
functional information from the analysis of sequence fea-
tures alone for 704 of these proteins (Table S1).

In total, we therefore assigned, with variable degrees of
confidence, a possible function to 1,090 proteins, of which
721 belonged to 132 ensembles of homologs. This
assignment is entirely based on the application of bioin-
formatic methods and therefore is typically not supported
by specific experimental evidence (although there may be
experimental evidence available for other, relatively close
systems). The assignment results are shown in the pie
graph in Fig. la. After our analysis, the functional
assignment of the zinc proteomes has almost been com-
pleted (Figs. 1b, 2; the percentage distribution of the
functional categories assigned is given in Table S2). In the
reference work, and subsequently in this work, release
number 36 of the human proteome was analyzed, counting
about 40,000 proteins, of which 9.2% constituted the zinc
proteome. The present functional annotation shows that
44% of human zinc proteins are involved in the regulation

A 6%
B Transferase

B Translation B
B Transport
W Unknown

9%

O DNA-replic ation

O Hydrolase

Elsomerase

DOlLigase

HLyase

B Oxidoreductase

DO Protein- Ubiquiin- binding
B Signal

DO Storage-Homeos tasis
D Structural

B Transcription

B Zn-finger

24%

5% ae 3%

Fig. 1 The functional assignment obtained for a the 1,472 sequences
analyzed in this work that were previously unassigned, and b all the
18,336 proteins in the complete 57 zinc proteomes
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of gene expression, followed by 12% hydrolases (Fig. 2d).
These figures compare well with the average distribution in
Eukarya. The present work also provided some new hints
on the cellular role of various families of zinc proteins, as
discussed in more detail below. The portfolio of functional
categories to which we could assign zinc-binding proteins
was larger and finer-grained than that described in [1],
thanks to a more detailed comparison of the various dat-
abases used in this work, using functional categories from
GO as the reference.

It must be pointed out that about 75% of the proteins
still lacking a functional assignment are hypothetical,
putative, or predicted eukaryotic proteins. The average size
of unassigned ensembles is 2.9, indicating that a significant
fraction of them in fact contain only two/three proteins.
Nearly two thirds of the proteins that we could not assign
had no hits against the Pfam database. To a large extent,
these sequences may actually be the result of noncodifying
regions of the genome sequence that were erroneously
interpreted, e.g., due to wrong positioning of introns [40].

In the following, we analyze three selected case studies.
These cases were chosen on the basis of the different
content of information available for each of them, to
exemplify the degree of insight that can be reached in each
case. In the first test case, the amount of available infor-
mation is extensive also at the functional level. In the
second case, at the time of preparation of this manuscript,
there was good structural information but hardly any even
indirectly relevant functional information; nevertheless, the
information obtained from the analysis of gene organiza-
tion features allowed us to obtain a detailed functional
prediction. Similarly, for the third case study, we could
obtain a detailed functional prediction, on the basis of the
analysis of potential physiological protein partners.

ZIP proteins

Four archeal sequences contained the ZIP domain, which is
characteristic of various transmembrane zinc transporters
found in all domains of life [41-43]. ZIP proteins move
zinc to the cytoplasm from the extracellular medium or
from vacuoles, in contrast with the action of cation diffu-
sion facilitator proteins, which mediate the reverse process.
Through structure threading methods, we could model part
of the NP_147044.1 sequence onto the PDB structure of a
CI™ transporter with 11 transmembrane regions (PDB code
1KPL [44]) (Fig. 3). In particular, although the E value
(see “Materials and methods”) is quite poor (4.0), the
model can be used to interpret the common sequence
properties of this ensemble of proteins. On the basis of the
high conservation in sequence of the residues involved
(Fig. 3b), we propose that Hx(3)Ex(29)H is the putative
ZBP; note that the Glu ligand is either conserved or
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Fig. 2 Functional annotations A
of the zinc proteomes [1]:

a Archea, b Bacteria, ¢ Eukarya,
d human. The color coding is as
in Fig. 1. The corresponding
numeric values are given in
Table S2

1% 2%
5% 3%
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=
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Fig. 3 a Protein structure threading onto 1KPL for the representative
sequence NP_147044.1. The side chains of the amino acids in the
proposed zinc-binding pattern Hx(3)Ex(29)H are shown. b The
hidden Markov model (HMM) logo of the ZIP domain; the three
residues are highlighted with asterisks

B 5%

1% 4%

44%

13%

conservatively substituted by Asp. The present proposition
is reinforced by the fact that these residues are close in
space in the structural model (Fig. 3a). Note that although
zinc binding by ZIP proteins has been established, the
mode by which this is accomplished is still not fully sup-
ported by structural evidence; the present data therefore
provide novel insight into the atomic-level features of the
archaeal system.

A putative regulator of the metabolism of fatty acid

When we collected our data, for an ensemble of 27 archeal
sequences we identified a homolog of known structure with
PDB code 2GNR (from Sulfolobus solfataricus). This was
the structure of a protein dimer solved at the Joint Center of
Structural Genomics. The protein was described as having
unknown function. Each subunit binds a zinc ion with the
known ZBP Cx(2)Cx(10)Cx(2)C. Using STRING, we
found a functional correlation between the target protein
and acetyl-CoA acetyltransferase, the first enzyme in the
fatty acid biosynthetic pathway. Other putative functional
partners were 3-hydroxy-3-methylglutaryl-CoA synthe-
tase, 3-hydroxyacyl-CoA dehydrogenase, 3-ketoacid-CoA

@ Springer



J Biol Inorg Chem

transferase, hydroxymethylglutaryl-CoA reductase, and
pyruvate/ferredoxin oxidoreductase, which are all involved
in the fatty acid anabolism. These enzymes are coded by
genes in well-defined operons, upstream of which is loca-
ted the codifying sequence of the protein under analysis
here. Finally, the zinc-binding knuckle contained in

B

..,E!;.E;_iggiji"f £ ;,EC‘ e P i QL s BlE

eashtl UglYE '_SE:-:&
Fig. 4 a The homodimeric Protein Data Bank structure of 3IRB. The
two monomers are in light blue and green, the eight Cys constituting
the zinc-binding pattern are in yellow. The residues constituting the
putative acetyl-CoA binding-pocket are reported in red. b HMM logo
of the corresponding ensemble of proteins (only one monomer is
shown)

v

Fig. 5 Proposed model for

dimerization for YacG based on A
the 1LV3 structure. a Protein

surface, b protein backbone
representation, showing the side

chains of the highly conserved

residues (stereoview), and ¢

HMM logo of the corresponding
ensemble of proteins

the structure corresponds to a known zinc-finger fold,
potentially able to bind DNA. Figure 4a shows the struc-
ture of the protein, with the two subunits in light blue and
green. As the sequence logo shows, the four Cys in each
subunit are either completely or very highly conserved
(Fig. 4b). CastP [45] recognized a putative binding pocket;
the residues involved are shown in red in Fig. 4a. The size
and shape of the pocket were compatible with acetyl-CoA,
the starting molecule for biosynthesis of fatty acids. All
these hints allowed us to propose that these proteins are
putative transcriptional factors regulating fatty acid
metabolism, possibly responding to acetyl-CoA concen-
tration. It has to be noted that, after the completion of this
work, the reference PDB structure 2GNR was superseded
by 3IRB (doi:10.2210/pdb3irb/pdb), classified as acyl-CoA
binding protein. We considered the recent data as a vali-
dation of the proposed functional predictions.

A putative transcriptional factor regulating pilin
biosynthesis

Twelve bacterial sequences had a homolog of known
structure corresponding to PDB entry 1LV3 [46], which is
a monomeric zinc-binding protein (YacG) with unknown
function whose structure was solved by the Northeast
Structural Genomics Consortium. In these sequences, we
identified a DNA-binding zinc-finger domain that is present
in known transcriptional factors. We now additionally
propose that they are involved in the type II secretion
system. Using the STRING tool, we identified various
putative functional partners belonging to this system, such
as PilA (pre-pilin), a precursor of type IV fimbrial pilin,
PilB, and PilC, ATPases for PilA maturation and assembly,
and PilD, a peptidase processing the N-terminal region of
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PilA. In archea and bacteria, polymers of type IV fimbrian
pilin form flagella, for twitching motility, and f-pilus, for
DNA transfer in processes such as conjugation, infection,
and transformation. All the reported codifying sequences
are contained in well-characterized operons, having the
target sequence downstream. A model for the possibly
functionally active YacG homodimer, which is com-
monly the oligomerization state for transcriptional factors,
could be successfully built (Fig. 5). The HMM-logo in
Fig. 5c shows that the zinc-binding residues are completely
conserved.

Conclusions

Genome sequencing projects are continuously making
new DNA sequences and potential protein sequences
available. Several of these are not experimentally char-
acterized, and thus a hypothetical function can be pro-
posed only by functional prediction [47, 48]. Functional
prediction can be a powerful and relatively high confi-
dence method to this end, exploiting sequence and/or
structural features [49, 50]. The composition of the ana-
lyzed sequences in terms of functional domain(s), their
cellular localization, hints about functional partners, and
conservation of residues among homologs are all impor-
tant information allowing computational biologists to
figure out hypothetical functions. The analysis of protein
structures and protein surfaces can provide even more
reliable and detailed hints [51].

There are computational approaches reported in the lit-
erature that can provide the metal proteome for each com-
pletely sequenced genome. We showed that this information
can be complemented for the zinc proteome by an essentially
complete functional annotation, again as the result of the
systematic application of computational prediction meth-
ods. An experimental verification of these predictions is thus
generally warranted, at least for selected cases of particular
interest, where the purpose would be beyond the validation
of the functional predictions proposed in this work. The
annotations of the zinc proteomes of the 57 organisms
analyzed are available at http://www.cerm.unifi.it/home/
research/genomebrowsing.html.
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Seq. ID Pfam COG hmmtop |pSORT |Structural data

NP_011304.2 ATP_bind_3 COG0037 o|C Homology modeling
NP_013797 .1 No hits COG1112 o(C Homology modeling
NP_054758.2 No hits No hits 11T Homology modeling
NP_068860.1 DUF35 COG1545 ofC Homology modeling
NP_068874.1 ﬁgg:g:::::_c DUF35 COG1545 o(C Homology modeling
NP_068971.1 DUF35 COG1545 o|C Homology modeling
NP_068974.1 DUF35 COG1545 ofC Homology modeling
NP_069041.1 DUF35 COG1545 o|C Homology modeling
NP_069044.1 No hits COG1096 o|C Homology modeling
NP_069122.1 DUF35 COG1545 o|C Homology modeling
NP_069362.1 Nop10p C0OG2260 o|C Homology modeling
NP_069799.1 DUF35 COG1545 o|C Homology modeling
NP_070121.1 DUF35 COG1545 o|C Homology modeling
NP_070150.1 ATP_bind_3 COG0037 o|C Homology modeling
NP_070424 .1 ATP_bind_3 COG0037 1T Homology modeling
NP_071239.1 DUF35 COG1545 o|C Homology modeling
NP_104365.1 Glyoxalase COG0346 o|C Homology modeling
NP_104942.1 Metallophos COG1692 o|C Homology modeling
NP_106959.1 DUF329 C0OG3024 o|C Homology modeling
NP_125745.1 No hits COG1096 o|C Homology modeling
NP_126184.1 ATP_bind_3 ExsB COG0037 o|C Homology modeling
NP_126361.1 Mov34 COG1310 o|C Homology modeling
NP_126530.1 Nop10p C0OG2260 ofC Homology modeling
NP_127340.1 Thil tRNA_Me_trans COG0037 o|C Homology modeling
NP_147226.1 Nop10p C0G2260 o(C Homology modeling
NP_147238.1 No hits COG1096 o|C Homology modeling
NP_147309.1 ATP_bind_3 COG0037 o|C Homology modeling
NP_147414.1 No hits COG1310 o|C Homology modeling
NP_148226.1 DUF35 COG1545 o|C Homology modeling
NP_148374.1 ATP_bind_3 RecR COG0037 o|C Homology modeling
NP_148579.1 DUF35 COG1545 o|C Homology modeling
NP_177744.1 ATP_bind_3 COG0037 11T Homology modeling
NP_181956.1 ATP_bind_3 COG0037 o(C Homology modeling
NP_212639.1 Metallophos COG1692 o|C Homology modeling
NP_213713.1 FdhE COG3058 o|C Homology modeling
NP_213916.1 ATP_bind_3 PAPS_reduct [COG0037 o|C Homology modeling
NP_214163.1 Mov34 COG1310 o|C Homology modeling
NP_214229.1 Metallophos COG1692 o|C Homology modeling
NP_228012.1 Thil ATP_bind_3 ExsB COG0037 o|C Homology modeling
NP_247081.1 Nop10p C0OG2260 o|C Homology modeling
NP_248152.1 ATP_bind_3 COG0037 1T Homology modeling
NP_248483.1 Thil ATP_bind_3 ExsB COG0037 o(C Homology modeling
NP_248560.1 DUF35 COG1545 o|C Homology modeling
NP_249330.1 NLPC_P60 COG1310 ][e; Homology modeling
NP_253220.1 DUF329 C0OG3024 0|C Homology modeling
NP_253497 1 FdhE COG3058 1T Homology modeling
NP_273379.1 DUF329 C0OG3024 o|C Homology modeling
NP_276314 .1 ATP_bind_3 COG0037 ][e; Homology modeling
NP_276424.1 Nop10p C0OG2260 o|C Homology modeling
NP_276435.1 No hits COG1096 ][e; Homology modeling
NP_276514.1 DUF35 COG1545 o|C Homology modeling
NP_276852.1 ATP_bind_3 COG0037 ][e; Homology modeling
NP_279323.1 ATP_bind_3 COG0037 o|C Homology modeling
NP_294125.1 No hits COG1310 ][e; Homology modeling
NP_295005.1 Metallophos COG1692 o|C Homology modeling




NP_347552.1
NP_347553.1
NP_375928.1
NP_376178.1
NP_376519.1
NP_376861.1
NP_377035.1
NP_377305.1
NP_377416.1
NP_377780.1
NP_377781.1
NP_378262.1
NP_378420.1
NP_389579.1
NP_390560.1
NP_393510.1
NP_393831.1
NP_394387.1
NP_394578.1
NP_394658.1
NP_394910.1
NP_414643.1
NP_416482.1
NP_418327.1
NP_421143.1
NP_421756.1
NP_422038.1
NP_438182.1
NP_439052.1
NP_440942.1
NP_444227 1
NP_484459.1
NP_486947.1
NP_490829.1
NP_497144.1
NP_497145.1
NP_499197.1
NP_499201.1
NP_499865.1
NP_505382.2
NP_510006.1
NP_519816.1
NP_520951.1
NP_559262.1
NP_559672.1
NP_559708.1
NP_559910.1
NP_560037.1
NP_560050.1
NP_560441.1
NP_560888.1
NP_572767.1
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NP_610920.2
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No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
C0OG1499
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits

ONOOOO -

zd41o-4Ho0z41o0z1o0o0zZzzz440zZzzZz4Z2z4d4zz4zo040040z0zz2z0044-4H00-40 4 o40000-444
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N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A




NP_194628.1
NP_194895.1
NP_195501.1
NP_195616.2
NP_195841.1
NP_195948.1
NP_196259.2
NP_196525.1
NP_197073.1
NP_197147.1
NP_197327.1
NP_197702.1
NP_198209.1
NP_198904.1
NP_198935.1
NP_199175.1
NP_199554.1
NP_199731.1
NP_199856.1
NP_200011.1
NP_200205.1
NP_200322.1
NP_200565.1
NP_200572.1
NP_200742.2
NP_201348.1

NP_207185.1

NP_207750.1
NP_208197.1

NP_212148.1

NP_212633.1
NP_212795.1
NP_214073.1
NP_214206.1
NP_219908.1
NP_219956.1

NP_220297 .1

NP_220913.1
NP_227959.1
NP_227993.1

NP_228409.1
NP_228435.1
NP_228904.1
NP_229276.1

NP_229442 1

NP_247390.1
NP_247569.1
NP_247603.1
NP_247759.1
NP_248030.1
NP_248086.1
NP_248133.1

zf-RanBP
zf-HIT

No hits
Kinesin

GCK

Nramp

DnaJ HSCB_C
No hits
zf-GRF

C1.3
zf-C3HC4
zf-C3HC4
zf-GRF
zf-CCCH

No hits

No hits

U-box
zf-CCCH

Sell zf-MYND
zf-CCCH
Yippee

Stig1

GCK

GCK
Homeobox
zf-MYND UCH

Reslll DEAD Helicase C

DUF164
Radical_SAM

Reslll DEAD Helicase C

Ribosomal_L36
No hits

No hits

No hits

DUF164
Chlam_OMP3

Reslll DEAD Helicase C

Reslll DEAD Helicase C

No hits

Reslll DEAD Helicase C

PHP

Phosphodiest
Abi

Ribosomal_L36

OTCace_N OTCace Pyrl

Pyrl_C

No hits
zf-C2H2
Radical_SAM
Arch_ATPase
Zip
Radical_SAM
DUF116

No hits
No hits
COG5109
No hits
No hits
No hits
No hits
COG5109
No hits
No hits
No hits
No hits
No hits
No hits
C0G1439
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits

COG1198

COG1579
No hits

COG1198

No hits
No hits
No hits
C0OG1198
COG1579
No hits

COG1198

COG1198
C0OG2331
COG1198

No hits
No hits
No hits
No hits

No hits

No hits
C0G4049
No hits
No hits
C0OG0428
No hits
No hits
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N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A

N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A




NP_248399.1
NP_248500.1
NP_248660.1
NP_249217.1
NP_249725.1
NP_249841.1
NP_249880.1
NP_250041.1
NP_250540.1
NP_250584.1
NP_250830.1
NP_250950.1
NP_251817.1
NP_251941.1
NP_251973.1
NP_252795.1
NP_252926.1

NP_253737.1

NP_268809.1
NP_268843.1

NP_269679.1
NP_273222.1
NP_273596.1

NP_274087.1
NP_274104.1
NP_274675.1
NP_275127.1
NP_275751.1
NP_276409.1
NP_276461.1
NP_276468.1
NP_276820.1
NP_276874.1
NP_277011.1
NP_279326.1
NP_279412.1
NP_279481.1
NP_279864.1
NP_279923.1
NP_280285.1

NP_280419.1

NP_280495.1
NP_280642.1
NP_280836.1
NP_280951.1
NP_280952.1
NP_281035.1
NP_281068.1
NP_295064.1
NP_295303.1
NP_295604.1
NP_296325.1
NP_346953.1
NP_347114.1

Lectin_legB
SWIM

NMD3

No hits

SEC-C
Pyocin_S HNH
DUF335
DUF899
DUF1272
Penicil_amidase
Metallothio_Pro
AP_endonuc_2
Glyoxalase
Phosphodiest
DUF692
DUF692
Catalase

Reslll DEAD Helicase C

AP_endonuc_2
DUF335

Reslll DEAD Helicase C
Ribosomal_L36
Reslll DEAD Helicase C

OpcA

SEC-C

PgiA PgiA
DUF692
Rib_5-P_isom_A
PadR

FwdE
Rubredoxin
Prismane
NMD3

PHP

No hits

No hits
Peptidase_M48
No hits

SWIM

No hits
Ribonuc_red_IgN
Ribonuc_red_IgC
Zip
Radical_SAM
MCM

Abi

Abi

No hits

NMD3
Glyoxalase
Glyoxalase

No hits

No hits

No hits

No hits

No hits
No hits
C0OG1499
No hits
No hits
No hits
COG3091
C0G4312
COG3813
No hits
No hits
No hits
No hits
No hits
C0G3220
C0G3220
No hits

COG1198

No hits
COG3091

COG1198
No hits
COG1198

No hits
No hits
C0G2995
C0G3220
No hits
No hits
No hits
No hits
No hits
C0OG1499
No hits
No hits
No hits
No hits
No hits
No hits
No hits

No hits

COG0428
No hits
No hits
No hits
No hits
No hits
C0OG1499
No hits
No hits
No hits
C0OG1198
No hits
No hits
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N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A

N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A




NP_347655.1
NP_348347.1

NP_349893.1
NP_375843.1
NP_376053.1
NP_376108.1
NP_376168.1
NP_376393.1
NP_376404.1
NP_376732.1
NP_377039.1
NP_377088.1
NP_377648.1
NP_377723.1
NP_377761.1
NP_377839.1
NP_377930.1
NP_378614.1
NP_388076.1
NP_388135.1
NP_388360.1
NP_388420.1
NP_388500.1
NP_388900.1
NP_388920.1
NP_389243.1

NP_389453.1

NP_389563.1
NP_389875.1
NP_390312.1
NP_391268.1
NP_391419.1
NP_391508.1
NP_391923.1
NP_393503.1
NP_393654.1
NP_394448.1
NP_394467.1
NP_414944.1
NP_415470.1
NP_415749.1
NP_416347.1
NP_416469.1
NP_416476.1
NP_416626.3
NP_416922.1
NP_417419.1

NP_418370.1

NP_419048.1
NP_419801.1
NP_421528.1
NP_421629.1
NP_421700.1
NP_421868.1
NP_421945.1

Zn_dep_PLPC
Reslll DEAD Helicase C

GerA

No hits
Ribosomal_L40e
SWIM

No hits

No hits

NMD3

zf-RanBP

HTH_5 AsnC_trans_reg
No hits

No hits

SWIM

No hits

SWIM

MerR Peptidase M48
zf-RanBP

Abi

No hits

DUF335

HTH_5
TFIIB_Zn_Ribbon
No hits

DAO Rieske
Put_Phosphatase

Reslll DEAD Helicase C

GntR UTRA
Metallophos
NusB

No hits

No hits
SWIM
Glyoxalase
No hits

Rpr2
NMD3

No hits

HNH

PqiA PqiA
SEC-C

PqiA PqiA
Vsr
DJ-1_Pfpl
SWIM
HTH_6 SIS
DUF335

Reslll DEAD Helicase C

Abi
Peptidase_M14
No hits
DUF1272
DUF692

Abi
Peptidase_ M56

No hits
C0OG1198

No hits
No hits
No hits
No hits
No hits
No hits
C0OG1499
COG1716
No hits
No hits
COG1716
COG4715
No hits
COG4715
No hits
COG1716
No hits
No hits
COG3091
No hits
No hits
No hits
No hits
No hits

COG1198

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
C0OG1499
No hits
No hits
C0G2995
No hits
COG2995
No hits
No hits
No hits
No hits
COG3091

COG1198

COG1266
No hits
No hits
COG3813
C0G3220
C0G4449
No hits
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N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A




NP_422049.1
NP_422276.1
NP_422384.1
NP_428268.1

NP_438503.1

NP_439331.1
NP_439444 1
NP_439492.1
NP_439742.1
NP_439953.1
NP_441019.1
NP_441277.1
NP_441614.1
NP_441677.1

NP_441816.1

NP_441935.1
NP_442594 .1
NP_442605.1
NP_442782.1
NP_442832.1
NP_442915.1
NP_443160.1
NP_443189.1
NP_476672.1
NP_476737.3
NP_476917 .1
NP_477317.1
NP_477332.1
NP_477493.2
NP_484460.1
NP_484591.1

NP_484772.1

NP_484789.1
NP_484830.1
NP_484948.1
NP_485643.1
NP_485752.1
NP_486113.1
NP_486117.1
NP_486181.1

NP_486531.1

NP_486890.1
NP_488195.1

NP_488288.1

NP_488475.1
NP_488784.1
NP_489246.1
NP_489375.1
NP_490701.1
NP_490719.1
NP_490824.1
NP_491022.2

DUF692

SWIM

No hits

FCH DEP RhoGAP

Reslll DEAD Helicase C

DUF335

No hits

No hits
DUF692
Metallophos
CP12

No hits

Abi

HypA

Reslll DEAD Helicase C

Peptidase_ M10
FHA

No hits

AAA DUF815
SWIM

Abi

zf-MYND
DUF335

PHD
zf-RanBP

No hits

PDZ C1_1
NMD3

No hits

No hits

PP2C

Response_reg GAF PAS
PAS_4 PAS_3 GAF

Glyoxalase

Abi

CP12

FHA

Abi

ArgJ

No hits

Abi

HTH 5 HTH_11
HTH_DeoR

CP12

SWIM

LexA DNA bind Reslli
DEAD Helicase C
No hits

SWIM

RVT_1 GIIM HNH
No hits

No hits

Ank zf-MYND
zf-C2H2
DUF1399

C0G3220
No hits
No hits
No hits

COG1198

COG3091
No hits
No hits
C0G3220
No hits
No hits
No hits
No hits
No hits

COG1198

No hits
No hits
No hits
No hits
C0OG4279
C0G4449
No hits
No hits
No hits
No hits
No hits
No hits
C0OG1499
No hits
No hits
No hits

No hits

No hits
No hits
No hits
No hits
C0G4449
No hits
No hits
COG1266

No hits

No hits
COG4279

COG1198

No hits
COG4715
No hits
No hits
No hits
No hits
No hits
No hits
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N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A




NP_491090.1
NP_491110.1
NP_491253.1
NP_491414.2
NP_491646.3
NP_491764.1
NP_491838.1
NP_491976.2
NP_491988.1
NP_492047.1
NP_492114.2
NP_492122.2
NP_492183.2
NP_492199.2
NP_492391.2
NP_492553.1
NP_492632.1
NP_492772.1
NP_492879.2
NP_492899.1
NP_493018.1
NP_493224.1
NP_493359.1
NP_493432.1
NP_493433.1
NP_493620.2
NP_493629.2
NP_494124.1
NP_494346.1
NP_494369.1
NP_494509.1
NP_494701.3
NP_494874.1
NP_494936.1
NP_494943.1
NP_494944 1
NP_495429.2
NP_495656.1
NP_495679.1
NP_495859.1
NP_496101.1
NP_496102.1
NP_496274.1
NP_496323.1
NP_496368.1
NP_496395.1
NP_496539.1
NP_496806.2
NP_496808.1
NP_496811.1
NP_496835.1
NP_496852.1
NP_496911.1
NP_497090.1
NP_497136.1
NP_497410.1
NP_497624.1
NP_497688.2

No hits

No hits

No hits

No hits

No hits

C1_1

No hits
RRM_1

No hits

No hits
NMD3

No hits
Activin_recp
zf-C3HC4
No hits
Nicastrin
No hits
zf-MYND
zf-C2H2

No hits
DUF1280
No hits

No hits

No hits

No hits
zf-MYND

No hits
MATH BTB
No hits

No hits

No hits
zf-C2H2

No hits

No hits

No hits

No hits
zf-C3HC4
No hits
ARID

No hits
Extensin_2 zf-nanos
Extensin_2 zf-nanos
No hits
zf-MYND

No hits

No hits

No hits

No hits
Peptidase_A17 rve
No hits

No hits

No hits

No hits

No hits

AT _hook
No hits

No hits
RWD zf-C3HC4

C0G1439
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
C0OG1499
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
COG1196
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
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N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A




NP_497785.1

NP_497796.1
NP_497863.1
NP_497887.1
NP_497896.1
NP_497992.1
NP_498049.2
NP_498067.2
NP_498124.2
NP_498497.1
NP_498747.2
NP_498827.1
NP_498846.1
NP_499137.1
NP_499237.1
NP_499330.2
NP_499430.1
NP_499432.1
NP_499474.1

NP_499558.1

NP_499727 .1
NP_499772.1
NP_499873.1
NP_500320.1
NP_500335.1

NP_500488.1

NP_500903.1
NP_501162.1
NP_501222.1
NP_501344.1
NP_501499.1
NP_501546.1
NP_501597.1
NP_501618.2
NP_501619.2
NP_501697.1
NP_501785.1
NP_501814.2
NP_501957.1
NP_502173.2
NP_502290.1
NP_502429.1
NP_502562.1
NP_502597.1
NP_502750.1
NP_502841.1
NP_502868.1
NP_503022.1
NP_503139.1
NP_503172.1
NP_504367.1
NP_504391.1
NP_504696.1

SAM_2 SAM_1 SAM 2
TIR

Yippee

No hits

No hits

zf-MYND PDCD2_C
No hits

FLYWCH

Polyketide cyc
zf-C2H2

GATA

No hits

No hits

No hits

No hits

No hits

No hits

No hits

No hits

zf-BED

Toprim Topoisom_bac zf-
GRF

No hits

Kunitz_BPTI

No hits

No hits

Yippee

ShTK ShTK ShTK ShTK

No hits

No hits

No hits
Dynactin_p62
No hits
zf-CCHC

No hits
FLYWCH
FLYWCH
Peptidase_A17 rve
zf-BED

No hits

No hits

No hits

No hits

No hits

No hits

No hits

No hits

No hits

No hits

PHD

No hits

PHD

Srb

No hits
Metallothio 2

No hits

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits

No hits

No hits
No hits
No hits
No hits
No hits

No hits

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
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N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A




NP_504806.1

NP_504862.1

NP_504916.1
NP_505031.1
NP_505182.1
NP_505184.1
NP_505271.1
NP_505273.1
NP_505285.1
NP_505492.1
NP_505663.2

NP_505769.2

NP_505802.1
NP_505973.1
NP_506163.1
NP_506288.1
NP_506289.1
NP_506316.1
NP_506317.2
NP_506320.3
NP_506516.1
NP_506647.1
NP_506653.1
NP_506675.1
NP_506703.1
NP_506835.1
NP_507339.1
NP_507450.1
NP_507451.1
NP_507558.1
NP_507610.1
NP_507643.2
NP_507645.2
NP_507780.1
NP_507936.1
NP_507938.1
NP_507998.1
NP_508158.2
NP_508305.1
NP_508353.1
NP_508472.1
NP_508531.1
NP_508532.1

NP_508646.1

NP_508850.2
NP_508879.1
NP_508940.3
NP_508967.1

LysM LysM LysM Self-
incomp_S1
Glyco_hydro_18

LysM LysM LysM LysM
LysM LysM LysM LysM
LysM LysM LysM LysM
Self-incomp_S1
Glyco_hydro_18

DUF316 Trypsin
No hits

PHD
Peptidase_A17 rve
No hits
Peptidase_A17 rve
No hits

No hits

TTL

ELM2 Myb DNA-binding
zf-C2H2

7tm_1

zf-C3HC4
zf-CCCH

DM

DM

No hits

No hits

zf-C2H2

No hits

No hits

No hits

No hits

No hits

TIL

No hits

No hits

No hits

ShTK

No hits

TIL TIL TIL TIL
TIL TIL TIL

DNA pol B 2
No hits

No hits

SAM 1

No hits

No hits
Endonuclease 7
zf-CCHC

No hits

No hits

RVT_1 Peptidase A17
RnaseH rve
zf-MYND
zf-C2H2

No hits

zf-RanBP

COG3979

COG3979

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits

No hits

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits

No hits

No hits
No hits
No hits
No hits
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N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A




NP_508983.2

NP_509216.1
NP_509552.1
NP_509661.1
NP_509662.1
NP_510374.1
NP_510587.1
NP_510645.1
NP_510794.1
NP_510821.1
NP_518370.1
NP_518585.1
NP_519060.1
NP_519234.1
NP_520613.1
NP_521300.1

NP_521421.1

NP_523665.2
NP_523726.2
NP_523747.1
NP_523766.1
NP_524224.2
NP_524253.1
NP_524254.1
NP_524768.2

NP_525081.1

NP_536786.1
NP_558746.1
NP_558854.1
NP_558868.1
NP_559059.1
NP_559166.1
NP_559282.1
NP_559336.1
NP_559451.1
NP_559778.1
NP_560012.1
NP_560328.1
NP_560568.1
NP_560885.1
NP_563644.1
NP_563718.1
NP_563840.1
NP_563856.1

NP_564704.2

NP_564894.1
NP_565108.2
NP_565134.1
NP_565541.1
NP_565576.1
NP_565578.1
NP_565848.1
NP_565858.1
NP_566100.2

THAP 2-Hacid_dh 2-
Hacid_dh_C

No hits
Peptidase_A17
PHD

No hits

No hits

THAP

No hits

No hits

TSP_1
Peptidase_M23
No hits

No hits

DUF899
Metallophos
DUF746 DUF746

Reslll DEAD Helicase C

zf-CCCH
zf-C3HC4

zf-BED

zf-C2H2

THAP

MSSP

MSSP

zf-MYND
Glyco_hydro_20b
Glyco_hydro 20
Tsg

zf-C2H2
TFIIB_Zn_Ribbon
zf-RanBP
Transposase 35
SWIM

SWIM

DUF1610

NMD3
TFIIB_Zn_Ribbon
Abi

No hits
Transposase 35
TFIIB_Zn_Ribbon
No hits

UBA

FSH1
Acid_phosphat_A
WLM zf-RanBP zf-
RanBP

zf-MYND
zf-CCCH

CP12

No hits

zf-MYND UCH
No hits

DUF618

PLACS8

CP12

No hits

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
C0G2331
No hits
C0G4312
No hits
No hits

COG1198

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits

No hits

No hits
No hits
No hits
COG1716
No hits
No hits
No hits
No hits
C0OG1499
No hits
No hits
No hits
No hits
No hits
No hits
No hits
COG1054
No hits

No hits

No hits
No hits
No hits
COG5109
No hits
No hits
No hits
No hits
No hits
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N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A




NP_566389.1
NP_566691.1
NP_567225.1
NP_567672.1
NP_568119.1
NP_569080.1
NP_569840.1
NP_569947.2
NP_570037.1
NP_570852.1
NP_572344.1
NP_572348.1
NP_572479.1
NP_572539.2
NP_572603.1
NP_572609.1
NP_572623.1
NP_572685.2
NP_572692.1
NP_572809.1
NP_572823.1
NP_572882.1
NP_572888.2
NP_573014.2
NP_573181.1
NP_573209.1
NP_573304.1
NP_573387.1
NP_603650.1

NP_604053.1

NP_608409.1
NP_608511.1
NP_608582.2
NP_608644.1
NP_608744.1
NP_608838.1
NP_608971.1
NP_608988.1
NP_609051.1
NP_609072.1
NP_609317.1
NP_609360.2
NP_609485.2
NP_609495.1
NP_609568.3
NP_609652.2
NP_609889.1
NP_609998.1
NP_610136.1
NP_610202.3
NP_610311.1
NP_610529.1
NP_610532.1
NP_610684.1
NP_610730.1
NP_610915.2
NP_610944.1

Yippee
zf-CCCH
zf-MYND PDCD2_C
No hits
No hits
IGFBP
No hits
DUF335
No hits
zf-C2H2
zf-AD
zf-C2H2
DUF753
No hits
No hits
Yippee
No hits
zf-C2H2
PHD

No hits
BTB
Yippee
SET WW
DUF1740
No hits
No hits
No hits
PWWP
GatB_N

Reslll DEAD Helicase C

Acyltransferase
No hits

RRM_1 zf-RanBP
No hits
zf-C3HC4
zf-AD

No hits

PPI_Ypi1
DPPIV_N

IBR

No hits

No hits

WD40 WD40 WD40
Mov34

OATP

No hits

C1_3

zf-C2H2
zf-MYND
zf-MYND
Dynactin_p62
No hits

No hits
zf-MYND
zf-MYND

RWD zf-C3HC4
zf-MYND

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
COG4049
No hits
No hits
No hits
No hits
C0G1439
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
COG1196
No hits
No hits
No hits
No hits

COG1198

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
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N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A




NP_611012.1
NP_611181.1
NP_611408.2
NP_611426.1
NP_611536.1
NP_611557.2

NP_611612.1

NP_611703.1
NP_611889.1
NP_611890.1
NP_612000.2
NP_612007.1
NP_612054.1
NP_612471.1
NP_612569.1
NP_613386.1
NP_613802.1
NP_613862.1
NP_613884.1
NP_614209.1
NP_614218.1
NP_614557.1
NP_615163.1
NP_615164.1
NP_615315.1
NP_615427.1
NP_615430.1
NP_615682.1
NP_615704.1
NP_615870.1
NP_617110.1
NP_617116.1
NP_617511.1
NP_617550.1
NP_617812.1
NP_618144.1
NP_618254.1
NP_618608.1
NP_618740.1

NP_618796.1

NP_618881.1
NP_619245.1
NP_619380.1
NP_621774.1
NP_621860.1
NP_622200.1
NP_622239.1
NP_622254.1
NP_622343.1
NP_622370.1
NP_622399.1
NP_622508.1
NP_622743.1

No hits

No hits

CUE zf-RanBP

No hits

No hits

DUF618 RRM_1
DUF753 Activin_recp
DUF753 DUF753 DUF753
DUF753 Activin_recp
DUF753

No hits

No hits

zf-MYND PDCD2_C
DC_STAMP

PHD

THAP

zf-MYND

No hits

No hits

NMD3

zf-C2H2

Met_10
Mur_ligase_M
dCMP_cyt deam_1
HTH_5

SWIM

HTH_5 DUF1724
Aminotran_1_2
SWIM

SWIM

APH
Dnad_CXXCXGXG
Peptidase_ M50
AAA AAA_3 AAA 5
zf-AN1

Abi

Phosphodiest
DUF434
Metalloenzyme

No hits

HTH_5

NMD3

YHS Fer4 FrhB_FdhB_N
FrhB_FdhB_C

DUF1724
DUF1724
NTP_transf 2
Transposase_35
Transposase 35
Transposase_35
Transposase 35
Transposase_35
Transposase 35
HTH_5
Transposase 35
Transposase_35
Transposase 35

No hits
No hits
No hits
No hits
COG5109
No hits

No hits

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
C0OG1499
C0G4049
No hits
No hits
No hits
No hits
C0OG4279
COG4742
No hits
COG4715
COG4715
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
C0OG1499

No hits

C0OG4742
COG4742
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
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N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A




NP_622819.1
NP_623122.1

NP_623167.1
NP_623266.1
NP_623310.1
NP_623537.1
NP_623559.1
NP_623735.1
NP_624108.1
NP_624718.1

NP_624949.1

NP_625154.1
NP_625395.1
NP_625756.1
NP_625920.1
NP_626902.1
NP_626904.1
NP_627084.1
NP_627401.1
NP_627422.1
NP_627450.1
NP_627639.1
NP_627734.1
NP_628157.1
NP_628416.1
NP_628612.1
NP_628741.1
NP_629008.1
NP_629221.1
NP_629415.1
NP_629628.1
NP_630136.1
NP_630155.1

NP_630451.1

NP_630608.1
NP_630658.1
NP_630747.1
NP_631057.1
NP_631205.1
NP_636418.1
NP_638247.2
NP_638380.1

NP_639110.1

NP_640339.3
NP_647653.1
NP_647733.1
NP_647742.1
NP_647752.1
NP_647774.1
NP_648169.2
NP_648303.1
NP_648372.1
NP_648392.1
NP_648527.1

Transposase_35
Reslll DEAD
PhnA_Zn_Ribbon
SWIM
Transposase_35
Transposase 35
Transposase_35
Transposase 35
No hits
Peptidase_M28
zf-C3HC4
Peptidase_M48
Peptidase_M56
Endonuclease 7
Peptidase_M48
No hits

No hits

Collagen
SEC-C

No hits

No hits

Clp_N CIip_N
AP_endonuc_2
No hits

No hits

SEC-C

MarR HTH_5
Glyoxalase
Peptidase_M48
Peptidase_M14
Trypsin
Meth_synt 2
PIG-L
Phosphodiest
DUF692
Peptidase_M48
Peptidase_M56
Metallophos
AP_endonuc_2
No hits

HTH_5

Abi

No hits

PDZ

No hits

Reslll DEAD Helicase C

Rhodanese
WD40

No hits
zf-CXXC
THAP

No hits
CBM_14 CBM_14
No hits

No hits

IBR
DUF706

No hits
C0OG1198

COG4715
No hits
No hits
No hits
No hits
No hits
No hits
No hits

COGO0501

No hits
COG0501
C0OG1198
No hits
No hits
No hits
No hits
C0G2331
No hits
No hits
No hits
No hits
No hits
No hits
No hits
COG0501
No hits
No hits
No hits
No hits
No hits
C0G3220

COGO0501

No hits
No hits
No hits
No hits
No hits
No hits
No hits
C0G2331

COG1198

COG1054
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
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N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A




NP_648556.2
NP_648574.1
NP_648619.1
NP_648633.1
NP_648748.1
NP_648758.1
NP_648912.2
NP_648926.3
NP_649058.1
NP_649084.1
NP_649166.1
NP_649226.1
NP_649426.3
NP_649593.1

NP_649714.1

NP_649797.2
NP_649941.3
NP_650059.1
NP_650403.1
NP_650419.1
NP_650515.1
NP_650589.1
NP_650591.1
NP_650706.1
NP_650805.1
NP_650839.1
NP_650856.2
NP_650955.1
NP_651047.1
NP_651110.1
NP_651224.1
NP_651263.1
NP_651739.1
NP_651872.1
NP_652607.1
NP_653169.1
NP_653265.2
NP_659005.1
NP_659445.1
NP_659499.1
NP_660148.2
NP_661843.1

NP_662078.1

NP_662971.1
NP_671735.1
NP_671791.1
NP_671838.1
NP_680175.2
NP_680282.1
NP_680587.1
NP_680598.2
NP_680664.1
NP_683273.1
NP_683301.1
NP_683506.1
NP_683614.1

No hits

No hits

No hits
DC_STAMP
DUF1692
zf-CCHC
LIM

No hits

No hits
zf-MYND
No hits
Ldl_recept_a
Chromo

No hits
zf-MYND TUDOR
TUDOR
zf-C3HC4
zf-C2H2
Mucin
THAP THAP
zf-CCHC
zf-BED
zf-MYND
No hits

No hits

HIT
FLYWCH
ADH_N

No hits

PDz
Lectin_leg-like
zf-C2H2
zf-BED
PHD
zf-CCHC
DUF1671
No hits

No hits
zf-MYND
Yippee
Churchill
DUF134
No hits

Reslll DEAD Helicase C

No hits
No hits
No hits
zf-GRF
zf-CCHC
No hits
zf-GRF
No hits
zf-GRF
No hits
zf-GRF
zf-GRF
zf-GRF

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits

No hits

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
COG1063
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits

COG1198

C0OG2331
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
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N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A




NP_689808.2
NP_689873.1
NP_694585.1

NP_696014.1

NP_696938.1
NP_716272.1
NP_716465.1
NP_716947.1
NP_716976.1
NP_717222.1
NP_717348.1
NP_717614.1
NP_718671.1
NP_718734.1
NP_723123.2
NP_723214.1
NP_723535.1
NP_723663.1
NP_725094.1
NP_725394.1
NP_725535.1
NP_725563.1
NP_725655.1

NP_726121.2

NP_726426.1
NP_726509.1
NP_726770.2
NP_727123.1
NP_727617.1
NP_727620.1
NP_727839.2
NP_727889.1
NP_728761.1
NP_728762.1
NP_728763.1
NP_728764.1
NP_728765.1
NP_729575.1
NP_729576.1
NP_729606.1
NP_730192.2
NP_730762.2
NP_730763.2
NP_730906.1
NP_731012.1
NP_731014.1
NP_731402.2
NP_732421.1
NP_732476.2
NP_733023.2
NP_733057.1
NP_733073.1

No hits

No hits

DapB_N
Peptidase_ M9 N
Peptidase_ M9 PPC PPC
PPC

No hits

Hpt

DUF335

SRP54 N SRP54
Polysacc_deac_1
No hits

HNH

DUF692

No hits

7tm_1

zf-C2H2

IBR

No hits

C1._3 PHD

zf-AD

zf-AN1

No hits

RhoGEF

No hits

DUF753 Activin_recp
DUF753 DUF753 DUF753
DUF753 Activin_recp
DUF753

No hits

No hits

DUF335

zf-C2H2

No hits

No hits

DUF1740

IPPT

No hits

No hits

No hits

No hits

No hits

No hits

No hits

IBR

LIM

Chromo

Chromo

zf-MYND 20G-Fell_Oxy
No hits

No hits

zf-C2H2

HIT

ADH_N

PHD

zf-AD

No hits

No hits
No hits
No hits

No hits

CO0G1198
No hits
COG3091
No hits
No hits
No hits
No hits
C0G3220
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits

No hits

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
COG1063
No hits
No hits
No hits

- oo
=00

o
O

2 000200 NUNOOOOOOOOO
400Z0044000000000

QOO WOOOOOODOOOWW-_2 222 a2 200002200~

@)

ozod1zozzzzzozdA4A4A4A4d44H00zZ24400 4

N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A




NP_733543.1

NP_733665.1
NP_740974.1
NP_741256.1
NP_741257.1
NP_741258.1
NP_741535.1
NP_741552.1
NP_741621.1
NP_741651.1
NP_741698.1

NP_741795.1

NP_741841.1
NP_741866.1
NP_741888.1

NP_741897.2

NP_775735.1
NP_775832.1
NP_783321.2
NP_788620.1
NP_788621.1
NP_788622.1
NP_788623.1
NP_788624.1
NP_788625.1
NP_788626.1
NP_788735.1

NP_796632.1

NP_797082.1
NP_797405.1
NP_797989.1
NP_798203.1
NP_798231.1
NP_798396.1
NP_798770.1
NP_798987.1
NP_799394.1
NP_809034.1
NP_810128.1
NP_811258.1

NP_811664.1

NP_811942.1
NP_811970.1
NP_812817.1
NP_813417.1
NP_817088.1
NP_820411.1
NP_820541.1

NP_820794.1
NP_840260.1

PG_binding_1
Peptidase_M15_3
zf-C2H2

No hits

zf-C2H2

No hits

No hits

DM

No hits

zf-MYND 20G-Fell_Oxy
No hits

No hits

EB EB EB EB EB EB
EB EB Polysacc_deac_1

Polysacc_deac_1
GATA
No hits

MBT MBT MBT zf-C2HC

ZU5 Death
No hits
No hits
CH LIM
CH LIM
CH LIM
CH LIM
CH LIM
CH LIM
CH LIM
PHD

Reslll DEAD Helicase C

No hits

No hits
PqiA PqiA
No hits

No hits
PgiA PgiA
HTH_ 5
DUF335
DUF692
FtsX
Metallophos
Abi

Reslll DEAD Helicase C

HTH_AraC

SWIM

Glyoxalase

VWC

AAA AAA 5
tRNA_U5-meth_tr
No hits

Reslll DEAD Helicase C
No hits

No hits

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits

No hits

No hits
No hits
No hits

No hits

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits

COG1198

No hits
No hits
COG2995
No hits
No hits
C0G2995
No hits
COG3091
C0G3220
No hits
No hits
No hits

COG1198

No hits
No hits
No hits
No hits
No hits
No hits
C0OG2331

C0OG1198
No hits
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N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A




NP_841546.1

NP_841879.1
NP_842253.1
NP_848515.1
NP_849422.1
NP_849423.1
NP_849624.1
NP_849659.1
NP_849969.1
NP_850052.1
NP_850059.1
NP_850221.1
NP_850430.1
NP_863965.1
NP_864538.1
NP_865070.1
NP_865075.1
NP_865181.1
NP_865212.1
NP_865278.1
NP_866702.1
NP_866923.1
NP_866946.1
NP_867122.1
NP_867821.1
NP_867863.1

NP_868354.1

NP_868565.1
NP_868647.1
NP_868816.1
NP_868966.1
NP_869082.1
NP_869448.1
NP_869978.1
NP_870173.1
NP_870350.1
NP_870560.1
NP_870768.1
NP_870815.1
NP_871849.1
NP_871969.1
NP_872097.1
NP_872161.2

NP_872304.2

NP_872584.1
NP_892017.1

NP_892615.1

NP_938015.1
NP_940988.2
NP_942148.1
NP_945352.1

NP_950406.1

Reslll DEAD Helicase C

No hits

No hits

No hits

No hits

No hits

FSH1

GCK

SET zf-MYND
zf-CCCH
zf-GRF

No hits
AP_endonuc_2
No hits
Peptidase_ M50
No hits
Peptidase_ M50
Abi
Metallophos
DUF74
Metallophos
Glyoxalase
TPR_1 TPR_2
No hits

No hits

No hits

Reslll DEAD Helicase C

No hits

No hits
Peptidase_ M50
SWIM

SEC-C
Peptidase_M50
No hits
AP_endonuc_2
AP_endonuc_2
Peptidase_M50
No hits

No hits
zf-MYND

No hits

Yippee

zf-C2H2

SAM_2 RhoGAP START

No hits
No hits

Reslll DEAD Helicase C

SET zf-MYND
No hits

AA kinase
No hits

Reslll DEAD Helicase C

COG1198

No hits
C0OG2331
No hits
No hits
No hits
COG1054
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
COG1716
No hits
No hits
No hits
No hits
No hits
No hits

COG1198

No hits
C0G2331
No hits
COG4715
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits

No hits

No hits
No hits

COG1198

No hits
No hits
No hits
No hits

COG1198
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N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A

N/A

N/A
N/A
N/A
N/A

N/A




NP_950419.1

NP_951190.1

NP_951567.1
NP_951622.1
NP_951920.1
NP_952264.1
NP_952376.1
NP_953040.1
NP_953215.1
NP_953239.1
NP_954230.1
NP_954587.1
NP_954590.1
NP_963527.1
NP_967280.1
NP_967336.1
NP_967580.1
NP_968065.1
NP_968069.1
NP_968778.1
NP_969859.1

NP_970483.1

NP_970546.1
NP_973645.1
NP_974088.1
NP_974945.1
NP_995682.1
NP_995839.1
NP_995868.1
NP_995942.1
NP_995944 1

XP_039676.5

XP_048592.5
XP_066484.1
XP_086761.2
XP_371354.1
XP_371590.3
XP_931977.1
XP_931983.1
XP_933750.1
XP_934863.1
XP_935128.1
XP_935557.1
XP_936209.1
XP_937038.1
XP_937253.1
XP_937892.1
XP_941873.1
XP_941897.1
XP_942010.1
XP_942264.1
XP_942327.1

Fer2 Ferd
Molybdop_Fe4S4
Molybdopterin
Molydop_binding

Reslll DEAD Helicase C

Glyoxalase
No hits

No hits

HNH

Abi

No hits
Aldolase_lI
No hits

No hits
Peptidase_M10
zf-TRAF
NMD3
A_deaminase
Astacin

No hits
tRNA-synt_2b
No hits

No hits
DUF692
Reslll DEAD Zot
Helicase C
zf-CCCH
Yippee

MuDR SWIM
No hits

WD40 WD40 WD40
No hits

PDzZ C1_1
DC_STAMP
PHD

AAA 2 AAA AAA 5
Bromodomain
No hits

No hits

I-set

Kinesin
zf-DBF

No hits

No hits

No hits
zf-GRF

No hits

No hits

No hits

No hits

No hits

No hits
Kinesin

S_100 efhand
zf-GRF

LIM

zf-DBF

No hits

COG1198

No hits
No hits
C0G2331
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
C0G1499
No hits
No hits
No hits
No hits
No hits
No hits
C0G3220

COG1198

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits

COG0464

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
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N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A




XP_942456.1
XP_942845.1
XP_943286.1
XP_943415.1
XP_943760.1

XP_944000.1

XP_944050.1
XP_944714.1
XP_945726.1
XP_945923.1
XP_946007.1
XP_946358.1
XP_946440.1
XP_946874.1
XP_947332.1
XP_947390.1
XP_948594.1
XP_948758.1
XP_948907.1
XP_949920.1
XP_950904.1
XP_950975.1
YP_004282.1
YP_004467.1
YP_005315.1
YP_005375.1
YP_005911.1
YP_009318.1
YP_009487.1
YP_009790.1
YP_009923.1

YP_010503.1

YP_010699.1
YP_010744.1
YP_011424.1
YP_011742.1
YP_012153.1
YP_012406.1
YP_012528.1
YP_064425.1
YP_064884.1
YP_064930.1
YP_065942.1
YP_066112.1

YP_066156.1

YP_066448.1
YP_066580.1
YP_066802.1
YP_112622.1
YP_113046.1
YP_113722.1
YP_114215.1

YP_115000.1
YP_115220.1

zf-MYND

No hits

No hits
zf-B_box
zf-MYND
AAA 2 AAA AAA 5
Bromodomain
C1_1

No hits
zf-CCCH

C1 4

ADH_N

No hits

No hits

zf-C2H2

I-set

zf-C4

No hits

No hits

No hits
zf-C3HC4

No hits
ATP-sulfurylase
Abi

No hits

SWIM

PHP Glycos_transf 1
No hits
Cytochrom_ClII
Rhodanese

No hits

No hits

Reslll DEAD Helicase C

No hits

No hits
Transketolase_N
VanY

No hits

No hits
Ribosomal_L36
PqiA PqiA

No hits
Radical_SAM
Reslll DEAD DUF1610
No hits
Ald_Xan_dh_C
Ald_Xan_dh_C2
No hits

No hits

CMAS

Abi

No hits

No hits

No hits

Reslll DEAD Helicase C
PHP

No hits
No hits
No hits
No hits
No hits

COG0464

No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
C0OG1198
No hits
No hits
No hits
No hits

COG1198

No hits
No hits
No hits
No hits
C0G2331
No hits
No hits
COG2995
No hits
No hits
CO0G1198
No hits

No hits

No hits
C0OG2331
No hits
No hits
No hits
C0G2331
C0G2331

COG1198
No hits
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N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A




YP_115397.1
YP_115495.1
NP_001014491.1
NP_001021009.1
NP_001021502.1
NP_001021503.1
NP_001023028.1
NP_001024227.1
NP_001024228.1
NP_001024910.1
NP_001024911.1
NP_001024942.1
NP_001030761.1
NP_001031250.1
NP_001031741.1
NP_004764.1
NP_005890.2
NP_009729.1
NP_009798.1
NP_012432.1
NP_012589.1
NP_012839.1
NP_014734.2
NP_014815.1
NP_015192.1
NP_060391.1
NP_060941.1
NP_070634.1
NP_071226.1
NP_105467.1
NP_114064.1
NP_114068.1
NP_147044.1
NP_176981.1
NP_177900.2
NP_178139.1
NP_179618.1
NP_180175.1
NP_189118.1
NP_192586.1
NP_194611.2
NP_200628.2
NP_229381.1
NP_268578.1
NP_273388.1
NP_376169.1
NP_376438.1
NP_394805.1
NP_415796.1
NP_439379.1
NP_442311.1
NP_476700.1
NP_488714.1
NP_490860.1
NP_492148.2
NP_495093.1
NP_495094.1
NP_495096.1

No hits
DUF692

PB1 Z2Z
HMG_box
zf-C2H2
zf-BED zf-C2H2
2z

zf-BED
zf-BED
FLYWCH
FLYWCH
zf-CCCH
DUF1644
DUF1644
zf-HIT

zf-HIT

PB1 z2Z
zf-NPL4 NPL4
Zn_clus
Zn_clus
zf-HIT

zf-CHY
zf-CCCH
Zn_clus
Zn_clus
zf-NPL4 NPL4
zf-CCCH
DUF24
HTH_ 5

No hits

PB1 z2Z

PB1 727

Zip

DUF1644
DUF1644
DUF1644
zf-CCCH
DUF1644
DUF1644
DUF1644
zf-HIT

No hits
Phosphodiest
zf-CHY

No hits
DUF701
Phosphodiest
Phosphodiest
TPR_1 TPR_ 2
TPR_1 TPR_2
Metallophos
PB1 27
Metallophos
2z

zf-CCCH
zf-NPL4 NPL4 zf-RanBP
zf-NPL4 NPL4 zf-RanBP
zf-NPL4 NPL4 zf-RanBP

No hits
C0G3220
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
COG5100
No hits
No hits
No hits
C0OG4357
COGb5252
No hits
No hits
COG5100
COGb5252
COG1733
COG1733
No hits
No hits
No hits
COG0428
No hits
No hits
No hits
COGb5252
No hits
No hits
No hits
No hits
No hits
C0OG1524
C0OG4357
COG2956
C0OG4888
C0OG1524
C0OG1524
COG2956
COG2956
No hits
No hits
No hits
No hits
COGb5252
COG5100
COG5100
COG5100

OO0 000 20000000 _20WO0O000000O0 02200000 O0ONO0ODO0ODO0O0O0O0 2000000000000 O0O0O0
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N/A

N/A

Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading



NP_495097.1
NP_495452.1
NP_495460.2
NP_496175.1
NP_497502.1
NP_497850.2
NP_498227.1
NP_499579.1
NP_499886.1
NP_500269.1
NP_500489.2
NP_502940.1
NP_503271.1
NP_503273.1
NP_505144.2
NP_506132.1
NP_506487.1
NP_507173.1
NP_507486.1
NP_507535.1
NP_507948.1
NP_510727.2
NP_519033.1
NP_558704.1
NP_560453.1
NP_563977.1
NP_566784.1
NP_567874.1
NP_572387.1
NP_610401.1
NP_610955.1
NP_611037.1
NP_611050.1
NP_611123.2
NP_617583.1
NP_629391.1
NP_629967.1
NP_631351.1
NP_636460.1
NP_637547.1
NP_648982.1
NP_649864.1

NP_651288.1

NP_651406.1
NP_651407.3
NP_653205.2
NP_663307.1
NP_696596.1
NP_717989.1
NP_725574.2
NP_725575.1
NP_733110.2
NP_733111.1

zf-NPL4 NPL4 zf-RanBP
zf-nanos
zf-nanos
zf-C2H2 zf-C2H2
zf-C2H2
zf-HIT

THAP
zf-CXXC
zf-C2H2
zf-C2H2
zf-CCHC
zf-CCHC

C1 1

C1 1

zf-C2H2
zf-C2H2
zf-C2H2

zZ

C1 1
Retrotrans_gag zf-CCHC
Retrotrans_gag zf-CCHC
zf-C2H2
TPR_1 TPR_ 2
Zip

DUF701
DUF1644
DUF1644
DUF1644
zf-CCCH
zf-CCCH
Retrotrans_gag
C1.1

zf-HIT
Trehalase
zf-UBP

No hits
Phosphodiest
zf-UBP

No hits

No hits
zf-C2H2

JmjC zf-CXXC
Bromodomain
Bromodomain
Bromodomain
Bromodomain
Bromodomain BAH BAH
HMG_box
zf-C3HC4
zf-NPL4 NPL4
zf-CCCH
Retrotrans_gag
Phosphodiest
No hits
Trehalase

No hits
zf-NPL4 NPL4
zf-C3HC4

COG5100
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
No hits
CO0G2956
COG0428
C0G4888
No hits
No hits
No hits
No hits
COG5252
No hits
No hits
No hits
CO0G1626
No hits
No hits
C0OG1524
No hits
No hits
COG2956
No hits
No hits

No hits

No hits
COG5100
No hits
No hits
C0OG1524
COG2956
C0OG1626
C0OG1626
COG5100
No hits
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Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
Partial length threading
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Supplementary Table 2. Functional annotations (percentage) of the 57 zinc proteomes: A)
archaea; B) bacteria. C) eukarya; D) human.

DNA-replication
Hydrolase

Isomerase

Ligase

Lyase

Oxidoreductase
Protein-Ubiquitin-binding
Signal
Storage-Homeostasis
Structural

Transcription

Transferase

Translation

Transport

Unknown

Zn-fingers with unknown role

Archaea
2.30
42.81
1.43
5.85
3.73
3.05
0.31
1.43
0.00
4.85
10.77
14.37
5.04
2.68
1.37
0.00

Bacteria
4.05
48.59
3.95
5.28
6.21
5.98
0.46
1.94
0.03
1.15
5.58
10.13
0.11
5.31
1.22
0.00

Eukarya
1.42
20.89
0.34
12.81
1.00
1.65
0.36
7.55
0.22
1.07
37.11
6.97
0.79
4.32
2.71
0.78

Homo sapiens
0.40
18.98
0.26
12.32
1.00
1.08
0.13
6.56
0.48
1.27
43.81
7.59
0.58
3.65
1.22
0.66
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Evolution has not been studied in detail with reference to the changing environment.

This requires a study of the inorganic chemistry of organisms, especially metalloproteins.

The evolution of organisms has been analysed many times previously using comparative

studies, fossils, and molecular sequences of proteins, DNA and 16s rRNA (Zhang and
Gladyshev, Chem. Rev., 2009, 109, 4828). These methods have led to the confirmation of
Darwin’s original proposal that evolution followed from natural selection in a changing
environment often pictured as a tree. In all cases, the main tree in its upper later reaches

has been well studied but its lower earlier parts are not so well defined. To approach this

topic we have treated evolution as due to the intimate combination of the effect of chemical
changes in the environment and in the organisms (Williams and da Silva, The Chemistry of
Evolution, 2006, Elsevier). The best chemicals to examine are inorganic ions as they are common
to both. As a more detailed example of the chemical study of organisms we report in this

paper a bioinformatic approach to the characterization of the zinc proteomes. We deduce them
from the 821 totally sequenced DNA of organisms available on NCBI, exploiting a published
method developed by one of us (Andreini, Bertini and Rosato, Acc. Chem. Res., 2009, 42, 1471).
Comparing the derived zinc-finger-containing proteins and zinc hydrolytic enzymes in

organisms of different complexity there is a correlation in their changes during evolution

related to environmental change.

Introduction

Evolution has a well-mapped outline especially from the
Cambrian period to today. Many authors have described it
in diagrams with a tree-like structure using substantially two
methods: comparison of organisms while exploiting also fossil
evidence as Darwin did, or, more recently, using sequence
studies of DNA, RNA and proteins.I In all cases the recent
upper reaches of the tree have been well studied but the
earlier trunk and lower branches have not been so easy to
study. In an effort to overcome some of the difficulties, we
have begun a study of the environmental organisms and
changes from the earliest possible dates since it is changes in
the environment, which have had the greatest effect on early
evolution.” The environment can be examined and dated in
sediments and organisms are considered to have arisen in
large groups from bacteria to higher animals relative to these
datings. The dating of organisms is aided by knowledge
of the ages of fossils. The best chemicals for a comparative
study during evolution are the inorganic elements as they
are common to both. This paper is the first example of
a detailed examination based on bioinformatic analysis of
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one element, zinc, from organism DNA sequences, devised
3
by one of us.

Methods

We obtained 821 complete proteomes, 52 from archaea, 723
from bacteria and 46 from eukarya available on NCBI. We
selected zinc proteins from them as an example of inorganic
element chemistry involvement in organisms. We were able to
do so from our ability to recognize zinc-binding domains in
sequences of proteins. We recognized separately two major
groups of zinc proteins, those of the hydrolytic enzymes and
those of the zinc fingers as there are clear identifying structural
data on both.*> In the case of the zinc fingers the metal sites
are recognized by the coordination of the zinc by a combina-
tion of four residues of His or Cys in a particular sequence
arrangement, giving rise to a tetrahedral geometry. The hydro-
lytic enzymes have zinc coordinated by a particular sequence
of three residues selected from His, Glu, Asp and Arg with one
or two water molecules. The knowledge of the site structures
allows us to recognise the zinc binding domains in a protein or
an enzyme as published.®> As reported in that paper, we used
the HMMER program to search the NCBI refseq proteins
database for matches to the hidden Markov models (HMMs)
representing the selected domains. The HMMs were taken
from the Pfam database without modification. We selected
1073 as an Evalue cut-off. We thereby obtained a set of
271 zinc-binding proteins and divided them by their functions
as mentioned above. The specific activities of the enzymes are
known and we divided the hydrolases further as proposed by

This journal is © The Royal Society of Chemistry 2010
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the Enzyme Commission, once their sequences were recog-
nized. Further information about the methods is included in
the ESI.t

Results

In order to give a comparative account of the zinc protein data
and their analyses, we have considered organisms in the
following ways. The prokaryotes were divided into archaea
and eubacteria, and the eubacteria were further divided into
those with a small proteome of less than 1500 domains and
those with a larger domain, see the Table 1. The smaller
proteins are mostly of invasive bacteria found in animal hosts
while the larger are of bacteria which in general are free-living.
The two have considerable differences in the numbers of their
zinc proteins. We shall take the archaea and the larger
eubacteria as representing possible early forms of life or at
least life of low complexity. There is little difference in the zinc
protein content of these eubacteria and archaea and between
anaerobic and aerobic species of both. Amongst eukaryotes we
have placed multicellular metazoans in order of complexity,
and quite probably in the order of their evolution, as is
conventional; C. elegans, D. melanogaster, and Homo sapiens.
We do not have data on a single-cell free-living eukaryote
organisms and have used the small parasites, P. falsiparsium
and T. brucei as examples. We have looked separately at the
zinc proteins of one plant, an Arabidopsis and the yeast,
Saccharomyces cerevisiae as an example of a fungus. In order
that the reader can appreciate our approach to the common
features of changes in the environment and this description of
the evolution of organisms, we note that the prokaryotes are
always considered as arising even before there was oxygen in
the atmosphere and that the single cell eukaryotes arose about
two billion years ago with the first step rise in oxygen, followed
by the multicellular organisms with the second rise in oxygen
after about one billion years ago."* Accompanying the steps in
oxygen were steps in trace metals in the environment including
zinc.? The data on the times of evolution of organisms can
therefore be tied in time to those of the environment which
enables us to compare zinc analyses of both. We turn to the
examination of the zinc data on organisms in a comparative
format.

Table 1 Characterisation of zinc proteins in organisms

Total proteome  %Zn-finger %EC:3.4
Archea (52) 2176 0.180 0.923
Bact. under 1500 (93) 940 0.383 1.611
Bact. over 1500 (630)  3671¢ 0.177 1.227
P. falciparum 6265 1.538 0.675
T. brucei 9279 1.369 0.787
C. elegans 22 844 2.889 1.064
D. melanogaster 20513 3.734 2.613
H. sapiens 37742 4.849 1.200
A. thaliana 32615 2.370 0.584

¢ Average Value: Numbers in the first column refer to groupings of
proteome sizes and the numbers in brackets refer to the numbers of
proteomes examined. The average of which is given in the second
column.

Discussion

We shall refer to the total content of the zinc proteins in the
organisms, see the Table 1, but to make a better comparison,
we shall also give the zinc proteins as a percentage in their
proteomes, Fig. 1. The increases in zinc finger proteins in both
numbers and percentages there are seen to follow the order of
complexity of organisms and probably the order of their
evolution, Fig. 2. While the average number in all prokaryotes
is less than six the number in Homo sapiens has increased to
1800. Both in numbers and percentages there are to be two
step changes in the increase of these proteins between prokaryotes
and unicellular metazoan organisms and between these unicellular
organisms and the three multicellular organisms.®” There is a
larger increase in the percentage in Homo sapiens, Fig. 3. Of
great interest is to note that as mentioned above the zinc in the
environment increased with oxygen increase in two steps
which are close to these steps of organism evolution at 2.5 to
2.0 billion years ago and 1.0 to 0.5 billion years ago. The
greater increase is in the second period when multicellular
organisms arose. Increases in complexity of organisms is
paralleled by the need for increases of message systems and
we note that the zinc fingers are very important transcription
factors for hormonal messengers. The smaller percentage
and number of transcription factors in plants, Fig. 3 can be
correlated with the much lower complexity of them compared
with Homo sapiens. The value of percentage zinc fingers in
unicellular yeast of 1.9% is similar to that in the unicellular
metazoans.

Turning to the other enzymes and proteins we have studied
there are no metallothioneins in prokaryotes (not shown),
plants and yeast but small numbers in metazoans. Greatest
interest centres on the large numbers of hydrolytic zinc
enzymes. We noted above the greater percentage of them in
small eubacteria and their low level in eukarya, Fig. 2. In
particular we see in Fig. 3 that the percentage of EC:3.4
enzymes, that is the peptidases and proteases, has a very
different pattern from that of zinc fingers. Except for the fly,
D. melanogaster, the percentage varies little being slightly
lower in all the other eukaryotes than in prokaryotes. The
high value in the fly could be related to its need to meta-
morphose. This will be examined in a wider range of organisms.
The content of the zinc hydrolytic enzymes is high in all the
organisms and we consider that this is a reflection of the need
to hydrolyse proteins for food in all organisms and to hydro-
lyse connective tissue for growth in eukaryotes. It is noticeably
lower in the multicellular plant and in yeast (0.8%) than in
multicellular animals.

The changes in the EC:6 enzymes are of considerable interest
as they include those for the hydrolytic reactions of phosphates.
In particular zinc is associated in the earliest forms of life with
the activities of RNA enzymes. In Fig. 2 we observe that the
average values for all eukaryotes is much lower, less than 0.5%,
than for all prokaryotes, greater than 0.6%. The parasytic
eubacteria have the high value of above 2.0% on average.
Notice however that they have very small genomes indicative
of a loss of many genes but not of EC:4 and EC:6 enzymes.
Unlike most of the other zinc proteins it appears that these
enzymes have not evolved greatly from their initial functions.

Metallomics
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Fig. 1 The average zinc protein contents for archaea, small and large bacteria and eukarya. Archaea and large bacteria have averages near to
0.2% of Zn-finger proteins in their proteomes, while small bacteria have about 0.4%. Eukarya Zn-finger content rises up to 3%.
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Fig. 2 Zn-protein distribution in the four groups archaea, small and large bacteria and eukarya. EC:3.4 = protease/peptidase; EC:3.5 =
hydrolases of C—N bonds other than in peptides; EC:3.6 = acid anhydride hydrolases.
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Fig. 3 A timescale comparison of small genomes in small and large prokaryotes, then in unicellular and finally in multicellular eukaryotes. It is
notable that the percentages in Zn-finger content rise within this evolutionary series. The percentage value of EC:3.4 in small bacteria is higher
than in the large bacteria. Small bacteria are usually parasites, they need a bigger pool of proteases/peptidases to break down extracellular proteins
for food.

The conclusion of this paper is that much light is thrown on
the development of complexity and probably of evolution of
organisms from a comparison of the zinc in the environment
with that in organisms. It will be possible to examine our

conclusions more closely as we acquire more data. It is
certainly necessary to repeat the analysis with data on other
metal ions. We stress the great advantage of such exami-
nations of the inorganic content of organisms with their

This journal is © The Royal Society of Chemistry 2010
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co-existing environment particularly in the study of early
evolution.” In this paper we have not attempted to trace
special recent features of the evolution of zinc use such as
the loss of cobalt enzymes, using vitamin B12, and their
replacement by zinc enzymes in higher plants. Again zinc is
required in the synthesis of shikimic acid, an essential part of
the pathway to all amino acids carrying aromatic side-chains
but the zinc enzyme is absent in higher animals. When did
these gains or losses of zinc genes occur? The bioinformatic
approach to metallomics of one of us® as used here should be
able to provide such information.
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Table S1 — The starting data set, which consists of 271 proposed Zn-binding Pfam domains, some

of them with one or more metal binding pattern (MBP) associated. In the zinc fingers the zinc ion is

bound by a combination of four residues of His or Cys in a tetrahedral geometry. The hydrolytic

enzymes have zinc coordinated by three residues among His, Glu, Asp and Arg with one or two

water molecules.

Pfam domain

Associated pattern(s)

3_5_exonuc 'DX(1)EX(124)D', 'DX(1)EX(131)D', 'DX(1)EX(143)D', 'DX(56)D'
5 3 exonuc N 'DX(22)D
5 nucleotid C No pattern
AAL_decarboxy "HX(1)HX(10)H'

'CX(0)T', 'CX(2)CX(2)CX(7)C', 'CX(2)CX(2)CX(8)C', 'CX(20)H', 'CX(20)HX(0)E', 'CX(21)H',

ADH_N 'CX(21)HX(0)E', 'CX(22)H', 'CX(23)H', 'CX(24)H', 'CX(24)HX(0)E', 'CX(26)HX(0)E', 'CX(29)H',
'CX(29)HX(0)E', 'CX(95)H', 'DX(1)H', 'DX(2)CX(2)CX(7)C', 'EX(2)CX(2)CX(7)C'
ADH_zinc_N ‘DX(NH'
ADK_lid 'CX(16)CX(2)D', 'CX(2)CX(16)CX(2)C', 'CX(2)CX(16)CX(2)D'
ALAD 'CX(1)C', 'CX(1)CX(7)C'", 'CX(1)DX(7)C', 'CX(7)CX(36)D', 'DX(7)C', 'EX(43)H'
APOBEC _C No pattern
APOBEC_N 'EX(37)HX(29)CX(2)C', 'HX(29)CX(2)C', 'HX(30)CX(2)C'
ATP-sulfurylase 'CX(2)CX(8)CX(3)H'
A_deamin 'HX(56)CX(64)C'
A_deaminase 'HX(1)HX(196)HX(80)D', 'HX(1)HX(196)HX(80)E', 'HX(1)HX(277)D', 'HX(76)H', 'HX(83)H'
Abhydrolase_2 'HX(25)DX(2)CX(27)H'
Ada_Zn_binding 'CX(26)C', 'CX(26)CX(2)C', 'CX(3)CX(26)CX(2)C'
Adenine_glyco 'CX(157)HX(3)H'

Alk_phosphatase

'DX(101)HX(1)TX(166)E', 'DX(103)TX(166)E', 'DX(111)HX(1)TX(158)E', 'DX(216)SX(0)D’,
'DX(3)H', 'DX(3)HX(111)H', 'DX(3)HX(112)H', 'DX(3)HX(73)H', 'DX(3)HX(80)H',
'DX(317)DX(0)H', 'DX(42)H', 'DX(48)SX(269)DX(0)H', 'DX(49)SX(264)DX(0)H",

'DX(50)CX(266)DX(0)H', 'DX(50)SX(224)DX(41)DX(0)H', 'DX(50)SX(266)DX(0)H', 'DX(84)H',

'NX(50)SX(266)DX(0)H'
Alpha_kinase "HX(56)HX(1)CX(3)C'
Amidase_2 'HX(104)HX(7)C', "HX(109)HX(7)C', 'HX(115)HX(9)D', 'HX(119)HX(9)D', 'HX(99)HX(7)C'
Amidase_3 'HX(15)EX(53)H', 'HX(55)E’

Amidinotransf

'HX(100)C'

Amidohydro_1

'CX(123)HX(29)H', 'DX(26)HX(58)H", 'DX(36)H', 'EX(3)E', 'EX(63)HX(20)H,
'HX(1)HX(142)HX(78)D', 'HX(1)HX(152)HX(91)D", 'HX(1)HX(154)HX(85)D",
'HX(1)HX(166)HX(74)D', 'HX(1)HX(169)HX(36)HX(50)D', 'HX(1)HX(209)D', 'HX(1)HX(214)D",
'HX(1)HX(214)N', 'HX(1)HX(231)D', 'HX(1)HX(249)D', 'HX(1)HX(253)D', 'HX(1)HX(254)D",
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'HX(1)HX(256)D', "HX(1)HX(258)D', 'HX(1)HX(26)C', 'HX(1)HX(293)D', 'HX(1)HX(89)DX(158)D,
'HX(19)H', 'HX(214)D", 'HX(22)H', 'HX(231)H', 'HX(269)H', 'HX(27)H', 'HX(28)H', 'HX(37)H",
'HX(39)E', 'HX(55)H', 'HX(57)H', "HX(89)H', 'KX(32)HX(55)H", 'QX(1)HX(247)D’
Amidohydro 2 'DX(26)HX(3)H", 'EX(122)H', 'EX(28)HX(28)H', 'EX(35)HX(23)H', 'HX(1)HX(110)EX(105)D",
- 'HX(1)HX(165)HX(116)D", 'HX(1)HX(169)HX(105)E', 'HX(1)HX(85)EX(109)D’, 'HX(35)H"
'CX(123)HX(29)H', 'DX(26)HX(58)H’, 'DX(36)H', 'EX(3)E', 'HX(1)HX(142)HX(78)D’,
'HX(1)HX(152)HX(91)D', 'HX(1)HX(154)HX(85)D", 'HX(1)HX(166)HX(74)D",
Amidohydro_ 3 'HX(1)HX(169)HX(36)HX(50)D", 'HX(1)HX(214)D', 'HX(1)HX(214)N', 'HX(1)HX(249)D',
- 'HX(1)HX(253)D', 'HX(1)HX(254)D", 'HX(1)HX(256)D', 'HX(1)HX(258)D", 'HX(1)HX(26)C,
'HX(1)HX(89)DX(158)D', 'HX(19)H', 'HX(214)D', 'HX(269)H', 'HX(27)H', 'HX(28)H", 'HX(39)E",
'HX(55)H', 'KX(32)HX(55)H"

Asp 'DX(181)D', 'HX(25)DX(63)D', 'HX(5)HX(141)DX(3)D'
AstE_AspA 'HX(2)E', '"HX(2)EX(88)H', 'HX(2)EX(89)H', 'HX(2)EX(91)H'
Astacin 'HX(3)HX(5)H', 'HX(3)HX(5)HX(46)Y"
Beta-lactamase No pattern
COX2_TM 'HX(3)H'
COX3 'HX(83)HX(3)E'
COX5B 'CX(1)CX(19)CX(2)C', 'CX(7)HX(14)CX(2)C', 'DX(7)E'
COX7C 'HX(2)E'

'CX(THX(22)H', DX(1)HX(22)H', "HX(1)H', "HX(1)HX(16)H", 'HX(1)HX(17)H, 'HX(1)HX(22)C",
'HX(1)HX(22)D', 'HX(1)HX(22)H', 'HX(1)HX(22)HX(79)C', 'HX(1)HX(22)HX(79)D',
'HX(1)HX(22)HX(79)E', 'HX(1)HX(22)N', 'HX(1)HX(22)Q', 'HX(2)RX(132)H', 'HX(22)H",
'HX(24)H', 'NX(1)H', 'NX(1)HX(22)H', 'QX(68)C'

Carb_anhydrase

D-aminoacyl C No pattern
DFF40 'CX(8)CX(3)HX(64)C'
DHH 'DX(61)DX(21)H', '"HX(3)DX(63)D'
DHQ_synthase 'DX(3)HX(62)HX(13)H', 'DX(78)HX(15)H', 'DX(82)HX(16)H', 'DX(82)HX(17)H', 'EX(2)H',
'EX(63)HX(13)H', 'EX(76)HX(15)H', 'EX(77)H'
DNA_ligase_A_ M 'DX(129)E'
DNA_ligase_ZBD 'CX(2)CX(12)CX(4)C', 'CX(2)CX(14)CX(5)C'
DNA_pol_A 'EX(171)D', 'HX(3)E'
DOPA_dioxygen 'HX(69)H'
DUF1907 "HX(1)HX(9)H'
DUF258 'CX(1)HX(5)C', 'CX(4)CX(1)HX(5)C'
Endonuclease_7 'CX(2)CX(31)CX(2)C'
FTP No pattern

F_bP_aldol DX(29)EX(B)E', DX(62)EX(ONHX(19)K’, HX(115)HX(EB7)H’, "HX(37)H', "HX(B3)EX(S)HX(E7)H:,
T 'HX(93)HX(31)H', 'HX(96)HX(27)H"

Fe-ADH 'DX(3)HX(62)HX(13)H', 'DX(3)HX(68)HX(13)H', 'DX(78)HX(15)H", 'DX(82)HX(16)H,
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'DX(82)HX(17)H', 'EX(2)H'

Flavi NS5

'EX(3)HX(4)CX(2)C', 'HX(1)HX(13)CX(118)C', 'HX(15)CX(118)C'

Flavodoxin_2

'HX(3)H', "HX(3)HX(44)C'

FmdA_AmdA 'DX(1)HX(13)E'", 'NX(1)DX(24)D'
GDPD 'EX(1)DX(79)E'
GFA 'CX(1)CX(2)C', 'CX(2)C'
GPI 'DX(0)E', 'HX(1)HX(6)EX(38)H'
GTP_EFTU 'CX(2)CX(8)CX(2)C'
GTP_cyclohydro2 'CX(10)CX(1)C'
GTP_cyclohydrol 'CX(2)HX(67)C'
GalP_UDP_tr C 'CX(54)C', 'CX(54)H'
GalP_UDP_transf 'CX(2)CX(59)HX(48)H'
GatB_N 'CX(1)CX(50)CX(2)E'

Glyco_hydro_26

'EX(3)H', 'HX(31)DX(9)E", 'RX(2)HX(0)EX(70)DX(36)E', 'RX(2)HX(71)DX(36)E’

Glyco_hydro_38

'HX(1)DX(111)D', 'HX(1)DX(121)D'

Glyoxalase

'EX(65)E', 'HX(45)E', 'HX(45)Q’, 'HX(46)EX(22)HX(48)E', 'HX(47)E', 'HX(47)H', 'HX(50)E,

'QX(65)E
Guanylate_cyc 'DX(43)D'
HCV_NS5a_1a 'CX(17)CX(1)CX(20)C'

Hist_deacetyl

'DX(1)HX(85)D', 'DX(1)HX(86)D', 'DX(1)HX(87)D', 'DX(1)HX(91)D'

Histidinol_dh 'HX(97)D', 'QX(2)HX(97)D'
HtpX_N No pattern
Hycl No pattern
IPT 'DX(39)EX(0)H'
Iso_dh 'DX(3)D', 'HX(1)E', 'HX(4)G'
Kdul 'HX(1)HX(4)EX(41)H'

Lactamase B

'CX(0)H', 'DX(0)H', 'DX(0)HX(102)D', 'DX(0)HX(102)DX(46)H', 'DX(0)HX(112)DX(25)H!,
'DX(0)HX(124)EX(44)H', 'DX(0)HX(135)H', 'DX(0)HX(136)DX(53)H', 'DX(0)HX(142)D",
'DX(0)HX(142)DX(57)H', 'DX(0)HX(74)DX(38)H', 'DX(0)HX(76)D', 'DX(0)HX(81)DX(43)H",
'DX(0)HX(82)DX(45)H', 'DX(0)HX(90)DX(55)H', 'DX(0)HX(91)D', 'DX(0)HX(97)D',
'DX(0)RX(99)C', 'DX(100)C', 'DX(76)CX(38)H', 'DX(77)CX(41)H', DX(79)CX(41)H",

EX(13)HX(56)K’, 'EX(76)CX(38)H', 'HX(1)HX(100)D", 'HX(1)HX(108)EX(18)E', 'HX(1)HX(127)E,

'HX(1)HX(53)HX(23)D', 'HX(1)HX(55)HX(18)D', "HX(1)HX(59)H', 'HX(1)HX(60)H!,
'HX(1)HX(60)HX(24)D', 'HX(1)HX(62)H', 'HX(1)HX(62)HX(21)D', 'HX(1)HX(72)HX(20)D",
'HX(1)HX(72)HX(21)D', 'HX(1)HX(73)H', 'HX(1)HX(74)HX(70)D', "HX(1)HX(77)H!,

'HX(1)HX(77)HX(21)D", 'HX(1)HX(79)H', 'HX(1)HX(79)HX(20)D", 'HX(1)HX(83)HX(55)D",
'HX(1)HX(84)HX(20)D", 'HX(1)HX(95)NX(19)D', 'HX(164)E', 'HX(74)HX(70)D', 'HX(96)DX(45)H'

Ldh_ 1 C 'DX(41)KX(8)E'

Ldh_1_N 'DX(2)E', 'NX(1)C'
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LigB 'HX(176)H'
'DX(1)HX(39)DX(146)H', 'DX(1)HX(40)DX(169)Q’, 'DX(1)QX(44)DX(206)H', 'DX(169)H',
Metallophos 'DX(29)NX(75)HX(38)H', 'DX(31)NX(100)HX(34)H', 'DX(31)NX(122)H', 'DX(31)NX(48)HX(81)H',
'DX(33)NX(102)HX(31)H', 'DX(35)NX(131)HX(36)H', 'DX(35)NX(31)HX(21)H',
'DX(36)NX(84)HX(36)H', 'HX(8)E'
Metallothio 'CX(3)CX(4)CX(4)C', 'CX(5)CX(1)CX(10)C'
Metallothio_5 No pattern
Metallothio_PEC No pattern

Metallothio_Pro

'CX(15)CX(14)CX(1)H', 'CX(24)CX(3)HX(13)C', 'CX(32)CX(4)CX(1)C', 'CX(4)CX(17)CX(3)C'

Metallothionein No pattern
Meth_synt 1 No pattern
Meth_synt_2 'HX(1)CX(21)EX(61)C', 'HX(1)CX(83)C', 'HX(3)D'
Methyltransf_1N 'CX(4)CX(55)H'
Monooxygenase B 'DX(1)D’
NAD_binding_1 'EX(34)H'
NUDIX-like 'CX(2)C'
OMPdecase 'HX(1)DX(30)HX(108)D'
PADR1 'CX(2)CX(12)CX(9)C'
PARP 'CX(2)HX(4)CX(2)C'
'HX(0)HX(108)D', 'HX(0)HX(109)D', 'HX(0)HX(112)D', 'HX(0)HX(116)D', 'HX(110)H',
PDEase | 'HX(33)HX(0)DX(109)D', 'HX(33)HX(0)NX(109)D', 'HX(35)HX(0)D', 'HX(35)HX(0)DX(105)D’,
- 'HX(35)HX(0)DX(108)D', 'HX(35)HX(0)DX(109)D', 'HX(35)HX(0)DX(110)D"',
'HX(35)HX(0)DX(116)D", 'HX(35)HX(0)NX(116)D'
PMI_typel 'HX(17)EX(56)H', 'QX(1)HX(24)EX(146)H'
PTE 'DX(20)H', 'EX(32)HX(27)H'", 'EX(74)H', 'HX(1)HX(110)EX(117)D', 'HX(1)HX(243)D', 'HX(22)D',
'HX(28)H', 'RX(28)DX(1)S'
PTPS 'HX(1)H', 'HX(1)HX(76)H', 'HX(24)HX(1)H'
PdxA 'HX(99)H'
Pep_deformylase No pattern
Peptidase A25 No pattern
Peptidase C2 No pattern
Peptidase C78 No pattern
Peptidase_M1 'HX(3)HX(18)E'

Peptidase_M10

'CX(3)HX(5)H', "HX(0)KX(2)HX(5)H', 'HX(1)DX(12)H', 'HX(1)DX(12)HX(12)H', 'HX(14)HX(12)H;,
'HX(3)HX(5)H', 'HX(3)HX(5)HX(29)Y", 'HX(3)HX(5)HX(7)M'

Peptidase M11 No pattern
Peptidase_M13 "HX(3)HX(58)E'
Peptidase M13 N No pattern

Peptidase _M14

'EX(205)E', 'HX(2)EX(103)H', 'HX(2)EX(123)H', 'HX(2)EX(124)H', 'HX(2)EX(131)H'
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Peptidase_M15 'HX(6)DX(60)H'
Peptidase_M15_3 'HX(6)DX(35)H'

Peptidase_M16 'HX(3)HX(75)E', 'HX(3)HX(76)E'
Peptidase M16_C No pattern

Peptidase_M17

'DX(76)DX(1)E', "KX(4)DX(17)DX(60)E', 'LX(0)MX(1)TX(97)R’

Peptidase M18

'DX(32)EX(108)H’, 'HX(103)DX(54)D'

Peptidase_M19

'EX(69)HX(20)H', 'EX(72)HX(20)H', 'HX(1)DX(102)E'

Peptidase M2

'HX(3)HX(23)E’

Peptidase M20

'DX(260)E', 'DX(3)D', 'DX(30)EX(109)H', 'DX(30)EX(311)H', 'DX(32)EX(108)H!,
'DX(32)EX(97)H', 'DX(33)EX(204)H', 'DX(34)E', 'DX(34)EX(103)H", 'DX(34)EX(208)H!,
'DX(34)EX(254)H', 'DX(34)EX(277)H', 'DX(34)EX(284)H', 'HX(10)DX(97)H', 'HX(11)DX(60)D',
'HX(11)DX(62)D', 'HX(19)DX(0)DX(60)D’, 'HX(19)DX(33)EX(27)D', 'HX(19)DX(61)D',
'HX(28)DX(58)E', 'HX(31)DX(57)D', 'HX(32)DX(62)D', 'HX(52)D', 'HX(53)D', '"HX(54)D",
'HX(55)D', 'HX(61)D'

Peptidase M22 No pattern
Peptidase_M23 'HX(1)D', 'HX(3)DX(78)H', '"HX(76)D', 'HX(78)D'
Peptidase M24 No pattern

Peptidase M26 C No pattern

Peptidase_M26 N No pattern

Peptidase_M27

'DX(172)H', 'HX(3)H', 'HX(3)HX(33)E', 'HX(3)HX(34)E', 'HX(3)HX(35)E', 'HX(38)E'

Peptidase M28

'DX(3)D', 'DX(32)EX(97)H', 'DX(34)EX(103)H’, 'DX(34)EX(114)H', 'DX(34)EX(208)H,
'DX(37)EX(127)H', 'DX(42)EX(127)H', 'HX(11)DX(60)D', 'HX(11)DX(62)D",
'HX(19)DX(0)DX(60)D', 'HX(19)DX(33)EX(27)D', 'HX(19)DX(61)D', 'HX(28)DX(58)E,
'HX(36)DX(28)E", 'HX(65)D', 'HX(9)DX(65)D'

Peptidase M29 No pattern
Peptidase_M3 'DX(1)H', 'HX(3)H', 'HX(3)HX(23)E', 'HX(3)HX(24)E'
Peptidase_M30 No pattern
Peptidase_M32 'HX(3)HX(25)E'
Peptidase_M35 'HX(3)HX(10)D'
Peptidase M36 No pattern
Peptidase M3 _N No pattern
Peptidase_M4 "HX(3)H'
Peptidase_M41 'HX(3)HX(72)D'
Peptidase_M42 'DX(30)EX(109)H', 'DX(32)EX(108)H', 'HX(103)DX(54)D', 'HX(113)DX(52)D', '"HX(113)DX(54)D'
Peptidase M43 No pattern
Peptidase M44 No pattern
Peptidase_M48 'HX(3)HX(51)EX(45)H'
Peptidase_M49 'HX(4)HX(51)E'

Peptidase M4 _C

"YX(8)EX(64)H'
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Peptidase_M50 'HX(3)HX(89)D'
Peptidase M54 No pattern
Peptidase_M55 'DX(1)EX(49)H', 'DX(95)HX(28)E'
Peptidase_M56 No pattern
Peptidase_M6 No pattern
Peptidase M61 No pattern
Peptidase_M7 'HX(3)HX(5)D'
Peptidase_M74 'DX(2)H', 'HX(2)HX(6)DX(90)H'
Peptidase_M8 'HX(3)HX(65)H'
Peptidase M9 No pattern
Peptidase M9 N No pattern
Peptidase_S29 'CX(0)TX(0)CX(45)C', 'CX(0)TX(46)C', 'CX(1)CX(45)C', 'CX(47)C'
PhnA_Zn_Ribbon No pattern
Phosphodiest 'DX(3)HX(148)H', 'DX(3)HX(161)H', 'DX(35)TX(166)DX(0)H', 'DX(38)TX(176)DX(0)H'
Pico_P2A 'CX(1)CX(57)CX(1H'
Pkinase_Tyr 'CX(11)CX(2)C', 'CX(3)CX(7)CX(2)C'

Polysacc_deac 1

'DX(3)H', 'DX(48)HX(3)H', 'DX(49)HX(3)H', 'HX(3)H'

'CX(1)CX(2)CX(4)C', "CX(1)CX(3)CX(4)C', 'CX(1)CX(4)CX(4)C', "CX(1)CX(5)CX(4)C",
'CX(1)CX(5)CX(7)C', 'CX(10)CX(26)CX(3)C', 'CX(12)CX(29)CX(3)C', 'CX(13)CX(28)CX(3)C,

Pre-SET 'CX(14)CX(46)CX(3)C', 'CX(17)CX(28)CX(3)C', 'CX(32)CX(5)CX(3)C', 'CX(35)CX(5)CX(3)C/,
'CX(36)CX(5)CX(3)C', 'CX(38)CX(5)CX(3)C', 'CX(53)CX(5)CX(3)C'
ProRS-C_1 'CX(2)C', 'CX(4)CX(25)CX(2)C'
ProRS-C_2 No pattern
Pro_CA 'CX(1)DX(50)HX(2)C', 'CX(1)DX(53)HX(2)C', 'CX(52)HX(2)C', 'CX(54)HX(2)C', 'CX(59)HX(2)C'
PseudoU_synth_1 No pattern
Put_Phosphatase 'CX(3)CX(3)CX(2)C'

QRPTase C 'HX(30)DX(25)D', "HX(56)D'
RNA_POL_M_15KD 'CX(0)RX(1)C', "CX(18)CX(2)C', 'CX(2)CX(18)C', 'CX(2)CX(18)CX(2)C'
RNA_pol_A_bac 'CX(1)CX(3)C', 'CX(1)CX(3)CX(2)C'
RNA pol_L 'CX(1)CX(3)C', "CX(1)CX(3)CX(2)C'
RNA_pol_N 'CX(2)CX(33)CX(0)C', 'CX(2)CX(34)CX(0)C', 'CX(33)CX(0)C'

RNA_pol_Rpb1_1

'AX(16)C', "CX(0)MX(1)CX(37)CX(18)C', 'CX(0)QX(1)CX(6)CX(2)H', "CX(1)CX(12)CX(2)C",
'CX(1)CX(15)C", 'CX(12)H', 'CX(18)C', 'CX(2)CX(37)CX(18)C', 'CX(2)CX(56)C', 'CX(2)CX(6)C',
'CX(2)CX(B)CX(2)H', 'CX(2)CX(9)H', 'CX(37)C', 'CX(37)CX(18)C', 'CX(4)NX(4)CX(2)H!,
'CX(40)C', 'CX(56)C', 'CX(6)C', 'CX(6)CX(2)H', 'MX(1)CX(56)C'

RNA_pol_Rpb1_5

'CX(6)CX(2)C', 'CX(81)CX(6)C', 'CX(81)CX(6)CX(2)C'

RNA_pol_Rpb2_7

'CX(15)CX(2)C', 'CX(18)C', 'CX(2)CX(14)C', "CX(2)CX(15)C', 'CX(2)CX(15)CX(2)C,,
'CX(2)CX(18)C'

RARP_1

"HX(1)HX(8)C'
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RdRP_4 'HX(1)HX(8)C'
Reprolysin 'DX(0)FX(45)N', 'DX(32)HX(3)HX(5)H', 'HX(3)HX(5)H'
RhaA 'EX(32)DX(26)HX(39)D', 'EX(34)DX(26)HX(45)D', 'HX(31)D'
Ribosomal_L36

'CX(2)CX(12)CX(4)H', 'CX(2)CX(12)CX(5)H'
Ribosomal_L37ae No pattern
Ribosomal_L37e No pattern
Ribosomal_L40e 'CX(2)CX(10)CX(2)C'
Ribosomal_S14 'CX(12)CX(2)C', 'CX(2)CX(12)CX(2)C', 'CX(2)CX(15)C', 'RX(0)CX(1)RX(13)C'
Ribosomal_S27 No pattern
Ribosomal_S27e No pattern
Ribul_P_3_epim 'HX(1)DX(30)HX(108)D", 'HX(1)DX(31)HX(108)D'
S-methyl_trans 'CX(26)NX(37)CX(0)C', 'CX(64)CX(0)C', 'CX(81)CX(0)C', "'YX(56)CX(81)CX(0)C'
SelR 'CX(2)CX(45)CX(2)C'
SoxD 'CX(2)CX(49)HX(3)C'
Sulfatase 'CX(0)C'
TGT 'CX(1)CX(2)CX(22)H', 'CX(1)CX(2)CX(25)H'
TK 'CX(2)CX(28)CX(2)C', 'CX(2)CX(29)CX(2)C', 'CX(2)CX(34)CX(2)C', 'CX(2)CX(34)CX(2)H'
TRM13 No pattern
TatD_DNase 'DX(26)HX(3)H', 'EX(35)HX(23)H", 'EX(35)HX(24)H', 'HX(1)HX(84)EX(110)D',
'HX(1)HX(85)EX(109)D
Toxin_trans No pattern
Trypsin 'HX(137)S', 'HX(143)S', 'HX(152)G', 'HX(152)GX(0)D', 'HX(2)H', 'HX(5)E', 'HX(51)E', 'HX(91)D'
U-box 'CX(1)HX(22)CX(4)C'
UCH 'CX(2)CX(22)HX(7)H', 'CX(2)CX(25)CX(2)C', 'CX(2)CX(43)CX(2)C', 'CX(2)CX(45)CX(2)C',
'CX(2)CX(47)CX(2)C'
VanY 'HX(6)DX(45)H'
Viral_protease 'CX(2)CX(31)CX(1)C'
YgbB 'DX(1)H', 'DX(1)HX(31)H'
Zn_peptidase No pattern
Zn_peptidase 2 No pattern
'CX(29)CX(44)HX(7)E', 'CX(32)CX(2)C', 'CX(33)CX(2)C', 'CX(34)CX(2)C', 'CX(4)CX(6)H',
dCMP_cyt deam_1

dCMP_cyt deam_2

'CX(8)C', 'HX(24)CX(8)C', 'HX(26)CX(2)C', 'HX(27)CX(2)C', 'HX(27)CX(8)C', 'HX(28)CX(2)C',
'HX(29)CX(2)C', 'HX(32)CX(2)C', 'HX(34)CX(2)C'

'CX(32)CX(2)C', 'HX(32)CX(2)C'
malic 'KX(41)EX(0)DX(24)D'
'CX(2)C', 'CX(2)CX(13)CX(2)H', 'CX(2)CX(164)CX(2)C', 'CX(2)CX(204)CX(2)C',
tRNA-synt_1

tRNA-synt_1c

'CX(2)CX(37)CX(1)C', 'CX(2)CX(41)CX(2)C', 'CX(2)CX(9)CX(2)C', 'CX(2)DX(42)CX(2)C',

'CX(20)CX(2)C', 'CX(40)CX(1)C', 'GX(36)C'

'CX(1)CX(11)YX(3)C'
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tRNA-synt_1e

'CX(180)CX(24)H', 'CX(180)CX(24)HX(3)E'

tRNA-synt_1f

'CX(2)HX(18)C', 'DX(3)CX(0)HX(5)H'

tRNA-synt_1g

'CX(180)CX(24)H', 'CX(180)CX(24)HX(3)E', 'CX(2)C', 'CX(2)CX(13)CX(2)H,,
'CX(2)CX(164)CX(2)C', 'CX(2)CX(204)CX(2)C', 'CX(2)CX(37)CX(1)C', 'CX(2)CX(41)CX(2)C',
'CX(2)CX(9)CX(2)C', 'CX(2)DX(42)CX(2)C', 'CX(20)CX(2)C', 'CX(40)CX(1)C', 'GX(36)C'

tRNA-synt_2b

'CX(48)E', 'CX(50)H'

tRNA-synt_2d 'CX(2)CX(4)CX(2)C'
tRNA_SAD 'HX(3)H'
zf-4CXXC_R1 No pattern
zf-A20 'CX(2)C', 'CX(4)CX(11)CX(2)C'
zf-AD 'CX(2)CX(45)CX(2)C'
JEAN 'CX(1)CX(13)HX(1)C'", 'CX(17)CX(2)C', 'CX(2)C', 'CX(2)CX(13)HX(1)C', 'CX(2)CX(17)CX(2)H',
'CX(2)CX(18)CX(2)H', 'CX(2)CX(20)CX(2)H', 'CX(2)CX(26)CX(2)C', 'CX(4)CX(17)CX(2)H'
zf-BED 'CX(2)CX(15)HX(4)H'", 'CX(2)CX(19)HX(4)H'
B box 'CX(2)CX(12)HX(2)H', 'CX(2)CX(13)HX(2)C', 'CX(2)DX(11)HX(4)H', 'CX(2)DX(12)HX(2)H',
- 'CX(2)DX(13)HX(2)H', 'CX(2)HX(15)CX(2)C', 'CX(2)HX(16)CX(2)C', 'CX(2)HX(18)CX(5)H'
'CX(2)CX(11)H', 'CX(2)CX(12)HX(3)C', 'CX(2)CX(12)HX(3)H', 'CX(2)CX(12)HX(4)H',
zf-C2H2 'CX(2)CX(12)HX(5)H', 'CX(3)C', 'CX(3)H', 'CX(4)C', 'CX(4)CX(12)HX(3)H', 'CX(4)CX(12)HX(4)H',
'CX(4)CX(15)HX(3)H", 'CX(5)CX(12)HX(4)H'
zf-C2HC 'CX(4)CX(12)HX(5)C', 'CX(5)C'
zf-C2HC5 No pattern
zf-C3H1 No pattern
zf-C3HC No pattern
'CX(0)CX(20)CX(2)C', 'CX(1)CX(23)CX(2)C', 'CX(1)CX(24)CX(4)C", 'CX(1)H',
'CX(1)HX(13)CX(2)C', 'CX(1)HX(16)CX(2)C', 'CX(1)HX(17)CX(2)C', 'CX(1)HX(17)CX(2)D',
'CX(1)HX(19)CX(2)C', 'CX(1)HX(21)CX(2)C', 'CX(1)HX(22)CX(2)C', 'CX(1)HX(23)CX(2)C',
J£.C3HCA 'CX(2)C', 'CX(2)CX(15)CX(2)C', 'CX(2)CX(16)CX(2)C', 'CX(2)CX(17)CX(2)C',
'CX(2)CX(17)HX(2)C', 'CX(2)CX(19)CX(2)C', 'CX(2)CX(19)HX(2)C', 'CX(2)CX(20)CX(2)C',
'CX(2)CX(20)HX(2)C', 'CX(2)CX(21)CX(2)C', 'CX(2)CX(21)HX(2)C', 'CX(2)CX(22)CX(2)C',
'CX(2)CX(23)CX(2)C', 'CX(2)CX(23)HX(2)C', 'CX(2)CX(31)HX(2)C', 'CX(2)CX(34)HX(2)C',
'CX(2)CX(8)CX(13)C', 'CX(2)H', 'CX(5)HX(21)CX(5)C'
zf-C4 'CX(13)CX(2)C', 'CX(2)C', 'CX(2)CX(13)CX(2)C', 'CX(3)CX(9)CX(2)C', 'CX(5)CX(9)CX(2)C'
zf-C4H2 No pattern
zf-C4_ClpX 'CX(2)C'
zf-C4_Topoisom No pattern
zf-C5HC2 No pattern
zf-CCCH 'CX(7)CX(4)CX(3)H', 'CX(7)CX(5)CX(3)H', 'CX(8)CX(4)CX(3)H', 'CX(8)CX(5)CX(3)H'
zf-CCHC 'CX(2)CX(4)HX(4)C'
zf-CCHH No pattern
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zf-CHC2 'CX(2)HX(17)CX(2)C'

zf-CHCC No pattern

JECHY 'CX(0)CX(9HX(5)H', 'CX(1)HX(17)CX(2)C', 'CX(1)NX(0)CX(9)CX(1)EX(0)C', 'CX(2)C/,

'CX(2)CX(9)CX(2)C'

zf-CSL 'CX(1)CX(19)CX(2)C'
zf-CW 'CX(4)CX(20)CX(10)C'

zf-CXXC 'CX(2)CX(2)CX(15)C', 'CX(2)CX(2)CX(32)C'

zf-DBF No pattern

zf-DHHC No pattern

zf-DNA_Pol No pattern

zf-DNL 'CX(2)CX(21)CX(2)C'
zf-Dof No pattern

zf-FCS No pattern

zf-FPG_lleRS 'CX(19)CX(2)C', 'CX(2)CX(16)CX(2)C'

zf-GRF No pattern

zf-H2C2 No pattern
zf-HIT 'CX(2)C', 'CX(2)CX(15)CX(3)C', 'CX(2)CX(19)CX(3)C'

zf-HYPF No pattern

zf-LITAF-like No pattern

zf-LSD1 No pattern

zf-LYAR 'CX(2)CX(11)HX(2)C'

SEMIZ 'CX(1)HX(17)CX(2)C', 'CX(1)HX(19)CX(2)C', 'CX(1)HX(22)CX(2)C', 'CX(2)C',

'CX(2)CX(16)CX(2)C', 'CX(2)CX(17)CX(2)C'
SEMYND 'CX(17)CX(3)H', 'CX(2)CX(12)HX(3)C', 'CX(2)CX(15)CX(3)C', 'CX(2)CX(16)CX(3)C',

'CX(2)CX(17)HX(3)C', 'CX(3)C"

zf-NADH-PPase

'CX(2)C', 'CX(2)CX(14)CX(2)C', 'CX(2)CX(3)H'

zf-NF-X1 No pattern
zf-NPL4 No pattern
zf-P11 No pattern
zf-PARP 'CX(2)CX(28)HX(2)C', 'CX(2)CX(30)HX(2)C'
zf-RAG1 No pattern
zf-RING-like 'CX(2)CX(17)HX(2)C', 'CX(2)CX(20)CX(2)C'
zf-RNPHF No pattern
zf-RanBP

'CX(2)CX(10)CX(2)C', 'CX(4)CX(10)CX(2)C'

zf-Sec23 Sec24

'CX(17)CX(2)C', 'CX(18)CX(2)C', 'CX(2)C', 'CX(4)CX(18)CX(2)C'

zf-TAZ

'HX(3)CX(12)CX(4)C', HX(3)CX(4)CX(2)C', 'HX(3)CX(4)CX(4)C', 'HX(3)CX(5)CX(4)C',
'HX(3)CX(7)CX(2)C'

zf-TRAF

'CX(2)CX(11)H', 'CX(3)C', 'CX(3)CX(11)HX(3)C', 'CX(3)CX(11)HX(4)C', '"CX(3)CX(12)HX(4)C},
'CX(6)CX(11)H', 'HX(15)C'
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zf-Tim10_DDP No pattern
zf-U1 'CX(2)CX(14)HX(5)H'
Lf-UBP 'CX(12)C', 'CX(16)CX(6)C', 'CX(19)CX(6)C', 'CX(2)CX(15)HX(5)H', 'CX(2)CX(16)HX(8)H",
'CX(2)H', 'CX(4)CX(15)HX(5)H', 'CX(7)C'
zf-UBR No pattern
zf-XS No pattern
zf-ZPR1 'CX(2)C'
zf-dskA_traR 'CX(2)CX(17)CX(2)C'
zf-nanos No pattern
zf-piccolo No pattern
zf-primase No pattern
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This paper is a continuation of our study of the connection between the changing environment

and the changing use of particular elements in organisms in the course of their combined evolution
(Decaria, Bertini and Williams, Metallomics, 2010, 2, 706). Here we treat the changes in copper
proteins in historically the same increasingly oxidising environmental conditions. The study is a
bioinformatic analysis of the types and the numbers of copper domains of proteins from 435
DNA sequences of a wide range of organisms available in NCBI, using the method developed

by Andreini, Bertini and Rosato in Accounts of Chemical Research 2009, 42, 1471. The copper
domains of greatest interest are found predominantly in copper chaperones, homeostatic proteins

and redox enzymes mainly used outside the cytoplasm which are in themselves somewhat diverse.
The multiplicity of these proteins is strongly marked. The contrasting use of the iron and heme
iron proteins in oxidations, mostly in the cytoplasm, is compared with them and with activity

of zinc fingers during evolution. It is shown that evolution is a coordinated development of the

chemistry of elements with use of novel and multiple copies of their proteins as their availability

rises in the environment.

Introduction

It is conventional today to analyse evolution both by
comparative studies of organisms following Darwin or of
DNA sequences from organisms present today using
mathematical methods to deduce their history. Both methods
are aided by the dating of fossils. They are very effective
in tracing development following the Cambrian Explosion
0.54 billion years ago. As we stated in our previous paper'
the procedures do not describe well the evolution of organisms
before this time and there are few helpful fossils of dates before
0.54 billion years ago. The fossils of this earlier period are
largely imprints of soft-bodied organisms difficult to classify
and to relate with certainty to today’s organisms and of
uncertain DNA content. It is our belief that in such
circumstances the most revealing evidence of evolution lies in
the changing nature of the chemical environment, largely of
inorganic ions, together with the deduced evidence of organism
inorganic chemistry, especially the metallome, in the agreed
evolutionary order of anaerobic and then aerobic prokaryotes
followed by single-cell and then multicellular eukaryotes from
3.510 0.5 or 0.4 billion years ago (Ga).>* From the quantitative
evidence of the amounts of trace elements, of various element
ratios and of isotope distribution in sediments it has proved to
be possible to give a record of the likely availability of elements
in the sea as they changed with time. The principal effect is due
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data—the 44 retrieved Cu-binding domains with the eventual Metal

Binding Pattern. See DOI: 10.1039/c0mt00045k

to the gradual rise in atmospheric oxygen giving rise to more
oxidising conditions in the sea. The redox potential has risen
from about —0.4 (anaerobic) at 3.5 Ga in the original oceans to
+0.4 volts (aerobic) today with the solubilisation of elements
from sulfide minerals. In parallel with these analytical studies
we and others have examined the general uses of the elements
in proteins in organisms, that is their metallomes, using
bioinformatic analysis of organisms extant today, e.g.
modern prokaryotes, plants and animals while judging their
times of evolution from general biochemical studies.*® This
paper will give details of the presence of copper proteins in
organisms looking especially at the duplication of the copper
proteins which have evolved with related properties much as
we did in the study of zinc.!

Methods

We have investigated 435 complete proteomes, 52 from
archaea, 337 from bacteria (247 aerobic and 90 anaerobic)
and 46 from eukarya available in NCBI. Our chosen example
here is that of the copper proteins, primarily involved in
homostasic, carrier (chaperone) functions, redox reactions
and electron transfer. Knowledge of the site structures allows
us to recognise the copper binding domains in a protein.
To obtain our starting data set, which consists of 44
proposed Cu-binding domains, some of them with one or
more metal associated binding patterns (MBP) (Table SI,
ESIf), we used the prediction method published by the
group of one of us.” As reported in that reference paper, we
applied the HMMER program to search the NCBI refseq
proteins database for matches to the hidden Markov models
(HMMs) representing the selected domains. The HMMs were
taken from the Pfam database without modification. We
selected 107° as Evalue cut-off. For multi-domain proteins
(e.g. ammonia monooxygenase made from 3 distinct Pfam

This journal is © The Royal Society of Chemistry 2010
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Table 1 Pfam domains composition of the analyzed Cu—protein

Pfam domain

No. of bound ions

Function

Ald_Xan_dh_C2
Monooxygenase_B
Biopterin_H
CcoS

CdhC

Cmcl

CopB

CopC

CopD
Copper-bind
Copper-fist
COX1

COX17

COX2
CtaG_Cox11
Ctr
Cu_amine_oxid
Cu_bind_like
Cu2_monoox_C
Cu2_monooxygen
Cu-oxidase
Cu-oxidase 2
Cu-oxidase_3
Cu-oxidase 4
CutAl

CutC
Glyco_hydro_10
Hemocyanin_M
HMA
Lysyl_oxidase
Metallothio
Metallothio_11
Metallothio_5
Metallothio_Pro
Metallothionein
NIpE

NosD

NosL

Sod_Cu
Tyrosinase
Uricase

e e e e e e e e b e e N DD R e b e e e e e e e e e e e e e e e e e )

Electron_carrier

Ammonia monooxygenase
Aromatic-AA hydroxylase
Copper_chaperone

Carbon monoxide dehydrogenase
Copper_chaperone
Copper_homeostasis
Copper_homeostasis
Copper_homeostasis
Electron_carrier

Transcription

Electron_carrier
Copper_chaperone

COX 2

Copper_chaperone
Copper_homeostasis

Amine oxidase

Electron_carrier

Ascorbate dep. Monooxygenase

Laccase-like

Laccase-like
Copper_homeostasis
Copper_homeostasis
Glycosyl hydrolase
Copper_homeostasis
Copper_homeostasis
Lysyl_oxidase
Copper_homeostasis
Copper_homeostasis
Copper_homeostasis
Copper_homeostasis
Copper_homeostasis
Copper_homeostasis
Copper_chaperone
Copper_chaperone
Superoxide dismutase
Tyrosinase

Uricase

domains) we considered as true positives only the retrieved
sequences containing all the reference Pfam domains. Table 1
reports the Pfam domain composition of all the related
Cu-binding proteins and their functions, and the number of
ions bound.

Results

In order to give a comparative account of the data and their
analysis we have considered organisms in the following ways:
the prokaryotes have been divided into the major groups of
archaea and eubacteria, and both have been further divided
into aerobic and anaerobic. The average content of copper
proteins of each prokaryotic group has been used for
comparative purposes. Amongst eukaryotes we have divided
them into single-cell and multicellular examples and then
considered them with respect to their complexity, using
selective organisms in the order: single-cell eukaryotes
S. cerevisiae, T. brucei and P. falciparine and multicell
eukaryotes, C. elegans, D. melanogaster, A. thaliana and
H. sapiens. Each chosen organism has been observed to be
similar in DNA sequences and numbers of duplications to

those in several other organisms in the group to which it
belongs. The particular organism described can therefore be
taken as indicative of the nature of a group.

The activities of the proteins in all the organisms have been
divided using their major four separate functions: homeostatic
proteins, chaperones, electron transfer proteins and oxidases.
The homeostatic proteins include the metallothioneins and the
copper pumps. The oxidases are treated at first as a sum of all
such enzymes but later we shall discuss their further functional
divisions together with the superoxide dismutases. We shall not
refer to either transcription factors or hydrolytic enzymes
which were the major groups in our analysis of zinc proteins.

We turn now to a more detailed description of the copper
oxidases which can be divided in three ways: by the number of
copper sites, by the structural nature and domains in one
protein, and by their organic substrates, Table 1. The
numbers of copper atoms vary from 1 to 4 (and perhaps one
or two more in caeruloplasmin) and the enzymes are grouped
under the Enzyme Commission EC.1 label. The types of
copper are also described structurally as Type I (electron
transfer proteins with one copper), Type II (a single copper)
with Type III (a pair of linked copper atoms) where Types 11

Metallomics
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and III ions form the site of reaction of oxygen in the
complicated oxidases such as lactase, EC.1.10.3, and ascorbate
oxidase, EC.1.14.17. Here oxygen goes directly to water and
oxidation of substrate is at a remote site. Of the other enzymes
some such as galactose oxidase and amine oxidases, EC.1.4.3,
have but one copper while tyrosinase, also known as catechol
oxidase, EC. 1.14.18, has two linked coppers. Finally
Superoxide Dismutase EC.1.15 has a copper close to a zinc
site. Now these oxidases can be separately recognised in the
genome by the way that copper atoms are chelated or their
cofactors bind, see Table S1, ESIT and methods above. Some of
the copper-dependent hydroxylases are dependent on an initial
reduction of the organic substrate with release of one water
molecule as they introduce one atom of oxygen only into the
organic substrate much as does cytochrome P-450. We know of
at least three reducing cofactors, NADH or NADPH, pteridine
and ascorbate. We present the data either in terms of total
numbers of copper proteins as in the Tables or as percentages of
the genome as in the Figures.

There are extremely few, perhaps no, copper proteins in all
the anaerobic archaea or eubacteria. There are only a few
copper proteins in any of the four classes in aerobic archaea or
eubacteria, one with a total genome less than 1500 and the
other with a greater number. The data on EC.1 oxidases are
given in Table 2. In fact there no noticeable differences in
copper proteins between the bacteria of low gene and those of
high gene content (not shown). Aerobic prokaryotes and all
eukaryotes, animals and plants, have a copper domain in
cytochrome oxidase but it is coded in the mitochondrial
DNA in cukaryotes and is not included in our search.
Chloroplasts in plants also have a copper electron transfer
protein, plastocyanin, and it too is not included in our analysis.

Striking features in the eukaryotes are the rapid increase in
the numbers of all four groups of copper proteins with
complexity of the multicellular organisms and the even
greater increase in plants, illustrated by Arabidopsis. The
data for EC.1 oxidases are given in Table 2 but they do not
show in the percentages, Fig. 1. The fungi form a group with a
relatively steady number of all four kinds though in larger
numbers than in the animals (not shown).

Discussion

The description and analysis of copper proteins and their
probable evolution of them all jointly has been described in

Table 2 The numbers of total and EC:1 (oxidoreductases)
Cu-proteins for the analyzed groups of organisms. * = average
value for archea, aerobic and anaerobic bacteria

Proteome No. Total No. EC:1

Archea (*) 2176 8 1
Bacteria Anaerobic (*) 2749 6 1
Bacteria Aerobic (*) 3792 18 8
S. cerevisiae 5880 29 12
P. falciparum 6265 7 1
T. brucei 9279 5 2
C. elegans 22844 46 26
D. melanogaster 20513 70 47
H. sapiens 37742 82 54
A. thaliana 32165 245 144

12

10
0.8
0.6 m%EC1
m % Others

04
N ' .
0,0

Archea Archea Bacteria  Bacteria Small Large

Aerobic  Anaerobic  Aerobic  Anaerobic  Eukarya Eukarya

19) 135) 247) (90) 122) (24)
Fig. 1 The total percentages of copper proteins including oxidases

EC.1 in prokaryotes and eukaryotes. The percentages must be taken
together with the total numbers so that the diversity of copper proteins,
much greater in eukaryotes, Table 2, can be appreciated. The numbers
in brackets refer to the toal number of organisms in each group.

several previous publications.> '® The main conclusions are
that copper was not used by the earliest anaerobic prokaryotes,
as it was not an available element before there was oxidation of
sulfides. Free copper ions in organisms are known to be
poisonous and hence cells have always had proteins for
maintaining a very low level of total copper, especially in
their membranes and cytoplasm. The control is managed
through storage in homeostatic buffer proteins, such as
metallothioneins in the cytoplasm and entry and exit pumps
in the outer membrane. However copper became more and
more valuable in cells as oxygen became more available,
especially in oxidases in eukaryotic vesicles and outside cells.
Here iron cannot be used since the ferrous ion is readily
dissociated from proteins, oxidised and loses its function.
Even the porphyrin of heme iron is susceptible to oxidation.
The value of copper therefore increased externally as seen from
unicellular to multicellular eukaryotes, Table 2. Its enzymes
are used in the synthesis of extracellular matrices, oxidases for
cross-linking phenolic units in plants and lysine oxidase in
animals, absent in plants, for cross-linking of collagens. Many
oxidative processes are required, especially for the production
of messenger organic molecules such as adrenaline and
amidated peptides in vesicles more notably in animals than
in plants, Table 3. The presence of copper generally also raises
risks such as chemical oxidative stress, possibly associated with
Alzheimer’s Disease for example, due to partial reduction
oxygen to superoxide. Superoxide is removed rapidly by
Cu/Zn superoxide dismutases. In this paper we have
approached the problem of the evolution and these uses of
copper in organisms in a different way from the above general
descriptions by examining the duplication of the enzymes.
We shall follow the ideas which Ohno pointed out that while
mutation can improve individual protein function it can hardly
provide new functions without impairing the existing function
of a protein.!" Duplication is therefore essential for novel
functions prior to mutation.'? Tables 2-4 and Fig. 1-3 show
that duplication is very extensive amongst certain copper
proteins as it was amongst particular but different zinc
proteins. We observe first the great difference between the
copper and zinc proteins described previously. There are
extremely few copper transcription factors or hydrolases in

This journal is © The Royal Society of Chemistry 2010
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Table 3 H. sapiens and A. thaliana copper proteins content
comparison

Function H. Sapiens A. thaliana

Copper_chaperone 4 6
Copper_homeostasis 21 68
Laccase

Monooxygenase

Aromatic-AA hydroxylase
Ascorbate dep. Monooxygenase
Tyrosinase

Ammonia monooxygenase
Superoxide dismutase

Carbon monoxide dehydrogenase
Amine oxidase

Lysyl_oxidase

Uricase

COX2

Multicopper-oxidase

Glycosyl hydrolase
Electron_carrier

Transcription

3
o
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marked contrast to those of zinc,! which is in virtually no
oxidases, and they are largely in different cell compartments.
These features are indicative of the separate nature of the two
metals. Copper is of use in oxidations as it can change valence
but, as stated above, it presents a risk, especially in association
with the cell nucleus. Zinc is more available and useful for
hydrolytic reactions, it is nearly as powerful a Lewis acid as
copper but unlike copper it cannot catalyse redox reactions. It
can also act in signalling even to the nucleus in transcription
factors as it is of low risk. The data show that duplication is
therefore very selective to both different metal ions, proteins
and enzymes and is characteristic of particular groups of
organisms. For example oxidases are in greater numbers in
plants but hydroxylases and transcription factors are more
numerous in animals, Table 3. We therefore have to consider
that the multiplied functions are for selected purpose—copper
in certain oxidases, different in different organisms, and zinc in
certain hydrolases and transcription factors. By far the greatest
multiplications are seen in enzymes required for either the
management of connective tissue and of messenger systems,
copper for transmitters, zinc for hormones—both for external
products. Moreover as we show in Table 4 there are large
increases in the heme iron cytochrome P-450, also valuable in
hormone synthesis, and the ferrous oxy-glutamate-dependent
oxidases in parallel with the increases of copper oxidases. It
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Fig. 2 The percentage of three kinds of copper domains from five
different organisms, see Table 1 for numbers.
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Fig.3 A graphical presentation of the percentage of domains of some
proteins in a more extensive list of organisms. Tables 2 and 3 give
numbers for these organisms and their total domain size as well as data
for some proteins of very low multiplicity.

would appear that duplication is not random though
subsequent mutation may be but is perhaps preferentially in
the duplicated proteins.'>!?

In our previous paper! we drew attention to the parasitic
organisms plasmodia and trypanosomes but they were not
outstandingly different from other single-cell eukaryotes in
zinc protein content. In the case of the copper enzymes we
observe that the parasites have very few if any oxidases or
other copper proteins except two or three for homeostasis or
which act as chaperones. They then behave as single-cell
eukaryotes with little oxygen chemistry. Thus they show loss
of particular enzymes much as did higher eukaryotes when
they became dependent on lower organisms for synthesis of
many coenzymes and so require vitamins. We must ask how

Table4 Comparison among Cu-oxidoreductases, Fe-dependent oxygenases, Fe-binding p450 proteins and heme-binding peroxidases contains for
the analyzed groups of organisms. * = average value for archea, aerobic anaerobic bacteria

No. Cu EC:1 (oxidoreductases) No. Fe-dependent oxygenases No. Fe p450 No. Heme peroxidases

Archea (*) 1 0 0 0
Bacteria Anaerobic (*) 1 0 0 0
Bacteria Aerobic (*) 8 1 5 1
S. cerevisiae 12 1 3 1
P. falciparum 1 0 0 0
T. brucei 2 9 2 0
C. elegans 26 8 76 14
D. melanogaster 47 26 97 14
H. sapiens 54 9 70 16
A. thaliana 144 116 268 194

Note. No. Cu EC:1 is the number of copper domains and some proteins have three or four domains, see Table 1.
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these developments of genes occur during evolution and at
particular times such as the gain of copper enzymes with the
rise in oxygen and copper and the losses of some of these
enzymes with symbiosis.

Why are the oxidases of copper, cytochrome P-450 or the
Fe()OG types all so greatly multiplied in plants relative to the
numbers in animals, Table 4? These oxidases have a protective
value as well as one in synthesis. It is very likely that the seed of
a plant as it forms will be more exposed to adverse chemicals
than the highly protected reproduction modes of animals. In
particular the plants produce the oxygen used in these enzymes
and accidentally produce both superoxide and hydrogen
provide as well as the adventitious erroneous oxidation of
the organic substrates and products of them. Oxygen and these
products in cells as well as the copper and other metal ions are
hazards, particularly to the enzymes themselves in plants. This
gives a reason for the generally higher numbers of oxidases in
plants together with those of homeostatic and chaperone
proteins since the supply of copper must be kept from
damaging the cytoplasm. The free copper is reduced to 107'°
in the cytoplasm of all cells while zinc is held at 10~' M. The
possible explanation of the duplication of oxygenases is that
oxygen itself is the cause by two means. It can damage DNA
directly but this does not explain selectivity of duplication or it
can stress the production of proteins by damaging them. The
most likely proteins to be damaged are those which use oxygen
and when damage occurs production of them must increase.
The stress affects the DNA in that increased production of a
protein requires greater local exposure of its coded DNA and
can lead to mismatching of DNA strands at this site during
reproduction. Mismatching is a know cause of duplication.
Different stresses of many kinds can affect proteins of the
external matrices and also messenger systems associated with
production of messengers and hormones, through damage to
their copper and iron oxidases, and of messenger receptors,
zinc fingers.

The most obvious simple stress due to oxygen is that of
increase of both copper and zinc in the environment requiring

multiplication of homeostatic and chaperone proteins. Any
such possible sensitivity to stress has to be tested
experimentally as a possible explanation of the particular
multiplication and appearance of these useful products of
oxygen generation which are also causes of stress. Is stress a
major cause of evolution in the sequence

novel chemicals (from oxygen) — stress — multiplication of
protective proteins with mutation of the proteins (which bind
or are affected by the stress) — further multiplication followed
by further mutation to give novel organisms?
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Table S1 — The 44 retrieved Cu-binding domains with the eventual Metal Binding Pattern.

Pfam domain Cu-binding pattern
Ald_Xan_dh_C2 CX(0)S
AMO No pattern
AmoC No pattern
Biopterin_H No pattern
CCoS No pattern
CdhC CX(85)CX(1)C
Cmcl No pattern
CopB No pattern
CopC MX(10)M
CopD No pattern
Copper-bind HX(37)CX(2)HX(2)M
Copper-fist No pattern
COoX1 HX(49)HX(0)H
COX17 CX(2)C
COX2 HX(34)CX(1)QX(1)CX(3)HX(2)M
COX2_TM No pattern
CtaG_Cox11 No pattern
Ctr No pattern
Cu_amine_oxid YX(48)HX(1)HX(158)H
Cu_bind_like HX(42)CX(4)HX(4)Q
Cu2_monoox_C HX(1)HX(69)M
Cu2_monooxygen | HX(0)HX(63)H
Cu-oxidase HX(42)CX(4)H
Cu-oxidase_2 HX(40)CX(8)HX(4)M
Cu-oxidase_3 HX(40)CX(7)HX(4)M
Cu-oxidase_4 No pattern
CutAl DX(0)K
CutC No pattern
Glyco_hydro_10 DX(3)EX(59)H
Hemocyanin_M HX(3)HX(25)H
HMA CX(0)AX(1)C
Lysyl_oxidase No pattern
Metallothio No pattern
Metallothio_11 No pattern
Metallothio_5 No pattern
Metallothio_Pro No pattern
Metallothionein No pattern
Monooxygenase B | HX(23)HX(331)Q
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NIpE No pattern

NosD No pattern

NosL No pattern

Sod_Cu HX(1)HX(22)HX(54)H

Tyrosinase HX(18)HX(8)HX(99)HX(3)HX(26)H
Uricase No pattern
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Summary

A biochemical pathway can be viewed as an enseaitdenumber of different proteins, each of
which typically contributes a step along a biocheghprocess within the cell. These processes can be
of a very different nature, including for exampledynthesis or catabolism of compounds, and
substrate transport. Computational methods carppked to assess whether one organism is able to
perform a biochemical process of interest by chegkivhether its genome encodes all the protein
components that are known to be necessary for able. tHere we present a simple strategy for
collecting the above data that is based on, butimoted to, our experience on processes involving
metal ions and metal-binding cofactors. The stratedully implemented in a bioinformatics package,

RDGB, which is available fronmttp://www.cerm.unifi.itthome/research/genomebraowshtml The

use of RDGB allows users to perform all the opereti that are needed to implement the
aforementioned strategy with minimal interventiorddo gather all results in an ordered manner, with
a tabular summary. This minimizes the (bio)inforicgmtneeded, thus facilitating non-experts. As
examples, we analysed over more than a thousandémpyuaies the pathways for the degradation of
organic compounds containing one or two aromatiggias well as the distribution of some proteins

involved in Cwy, assembly.



Introduction

Thanks to the success of genome sequencing Bpject possible to perform experimental
and computational studies at the whole genome andiole proteome level, which leverage on the
availability of a potentially complete list of th@woteins codified by a living organism. In partiayl
there has been a great deal of interest in thdifdation of so-called functional modules, i.eogps
of proteins working together for the same celluianction. A typical case is that of enzymatic
pathways in metabolic networks. Over the yearsugehportfolio of tools has been developed by a
great number of different bioinformaticians all ovéhe world to reconstruct such modules by
computationally predicting functional relationshigsong the proteins encoded by genomes. Three
main methodologies have been deployed to this the:occurrence of gene fusion events (Rosetta-
stone) (1;2); the conservation of gene order (3tBg similarity of phylogenetic profiles (6;7).
Combinations of the above (and other) methodololgeage also been developed (8-10). The intended
use of the results output by these tools, whichcally include the identity of the partners of each
protein along a pathway in one or more organismg #reir functional linkages, is to drive
experimental studies aimed at e.g., defining the od uncharacterized proteins in the pathway (31-1
or supporting more complex computational studie$-18). Alternatively, it is possible to obtain
information on already characterized pathways tedokspecialized databases, such as KEGG (17;18)
or BioCyc (19). These databases contain informabanmetabolic pathways extracted from the
relevant literature with manual curation. Withiretframe described here, they are useful to identify
which enzymes are known to be part of a given payhw

Despite this wealth of available resources, itasentirely obvious how to use the knowledge
of the protein components that make up a biochdnpathway in an individual organism or set of
organisms for tasks such as the investigation uf Wadespread is a process throughout the domains of
Life, or the identification of its possible variantWhereas there are again many computational tools
available to facilitate these tasks, setting upoasistent strategy to use them against hundreds of
genomes and extract reliable data may not be ltriwWa have extensively faced this difficulty when
trying to investigate pathways in the biosyntheassembly, or transport of different metal-contagni
cofactors (20;21) or to characterize the occurréengaroteomes of some metalloproteins (20-24). To
tackle this kind of studies, we have developed mbver of scripts and programs that e.g. automate the
download and interrogation of databases or thetiittsation of specific amino acidic patterns such a

metal-binding patterns (25rommonly, the proteome-level analysis of the o@nre of a biochemical



pathway is based on the identification of homolagoé all the involved proteins. Again, various
computational methods can be used to this enddé&textion of bidirectional best hits, often donéhwi
the BLAST program (26), is one of the most widetgd approaches (3;27). Another approach is based
on the identification of conserved domains throtlghuse of profiles (28).

In this work, we describe a coherent, easy prdtémothe identification of a set of proteins
that can constitute an entire biochemical pathwaythee basis of homology relationships detected
through the presence of conserved domains andratieg, when available, 3D structural information.
This protocol integrates all the tools that we hdegeloped and tested in our previous publications
(21) into a single package, which we called RDGRt(Rval of Domains and Genome Browsing).
RDGB not only integrates all the needed scripts arakes them easy to use for non-experts but
enforces the use of a tested, internally consigtestiocol in order to guarantee the reliabilitytbé
results. In addition, it provides a pre-ordered nwanof storing the data which can be useful for
subsequent analyses as well as further computhaoasyses.

As an example, we analyzed the degradation of arorhgdrocarbons in 1136 completely
sequenced prokaryotic genomes. Aromatic hydrocarsuth as toluene or biphenyl are common
contaminants of soil and groundwater and are listegriority pollutants by the U.S. Environmental

Protection Agency Hhttp://www.epa.gov/waterscience/criteria/wqcritdntanl), either as single

compounds or in mixtures. One of the most attraathneans to remove these compounds from polluted
environments is through bioremediation (29;30). Mumas bacterial strains have been isolated for the
ability to aerobically degrade a variety of aromaltiydrocarbons (31). The genes encoding the
enzymes needed for the biodegradation of aromgticolcarbons can be located either in plasmids or
in chromosomal DNA. The bacterial degradation @n@atic hydrocarbons consists of many reaction
steps, which have often been broadly separated petgheral and central pathways. Peripheral
pathways convert a large proportion of differerdnaatic hydrocarbons into a limited number of key
central intermediates, such as catechol and praiclvaate. The aerobic degradation of aromatic
compounds is frequently initiated by ring-hydroxilg oxygenases (32), which catalyze the
incorporation of two oxygen atoms into the aromatigy to form arene cis-diols, followed by a
dehydrogenation reaction catalyzed by a cis-dihgitadehydrogenase to give catechol or substituted
catechols which serve as substrates for oxygeralytimatic ring cleavage (33).

As a further example, we investigated the occueaiqroteins involved in the assembly of the
Cua cofactor. Cy is a redox-active cofactor that contains two coppes; in the reduced state both

ions are in the +1 state. Upon one-electron oxadatf the cofactor, a mixed-valence species forms
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where the two copper ions are formally in the +&&dation state. The Gucofactor is contained
within the soluble domain of subunit Il (Cox2) abjgaryotic and eukaryotic cytochromexidases or
within a homologous C-terminal domain of prokargotiitrous oxide reductase. Its physiological
function is to shuttle the electron that it acgsifeom cytochromec (either soluble or membrane-
anchored) to the catalytic core of the enzyme, wiiers used to reduce dioxygen or nitrous oxide,
respecitvely. The correct assembly ofads crucial for enzyme’s function. The assemblygess is
relatively complex, and a number of ancillary phasehave been implicated in ({84). NMR studies
have demonstrated that Tiner mus thermophilus copper(l) ions are delivered to the {hinding site of
Cox2 by a periplasmic metallochaperone called f&Zwhile a second protein, Scol, is responsible for
maintaining the correct oxidation state of the Ggands in the Cu binding site by acting as a thiol-
disulfide oxidoreductase (35). Interestingly, Saah also bind copper(l) or copper(ll) ions but this
ability does not seem important for the assemblZaf; an interplay between the oxidoreductase and

metallochaperone activities of Scol proteins has lpgoposed based on computational studies (23).

Methods
Overview of the computational approach

The RDGB (Retrieval of Domains and Genome Browstng) can be run on computers having
Linux as their operating system. It is written igthpon and uses a variety of different scripts and
programs, which we have developed in the past fearsy(20-24), contained in the subfol@&pols
that is created upon installation. From the uspomt of view, it is important to note that RDGB is
divided in two main python scriptsRetrieving_domains.py and Genome _browsing.py, which are
described in detail below. The two scripts are cansecutively as the first one builds part of thaui
to the second script. Python version 2.4.3 or highaeeded, with the following modules installed:
Bio, decimal, ftplib, math, os, pickle, re, string, sys, time, urllib.

In the present strategy, we use the protein domadgimed in the Pfam library (36;37) to
identify putative homologues of the proteins invavin the pathway in any desired genome or list of
genomes. When not already known, the domains canitisdly identified in the sequence of proteins
of known 3D structure that are available from tiRBR38). In our experience this is quite useful whe
trying to collect ensembles of proteins that cardithe same ligand, as sometimes not all the damain
that can do this have been annotated as suchim Riatead, if the ligand is present in the 3D&tte

of the protein, this information can be readily ragted from the PDB database together with the
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pattern of amino acids that are involved in thernattion of the protein with it. The latter is eallthe
Ligand Binding Pattern (LBP) and is defined by tbentity and spacing of the amino acids, e.g.,
CX4CXz0H, where X is any amino acid. As discussed in na®®il in the next sections, this pattern
can be usefully applied as a filter to reduce thmlper of false positives (i.e. of the proteins prtl

to bind the cofactor but which in reality are ureabbd bind it) by rejecting the proteins that latle t
LBP. The scriptRetrieving_domains.py performs the identification of domains in PDB stires and

of the corresponding LBP’s, and downloads the wéHidden Markov Models (HMM’s) (39) that
describe the domain from the Pfam database fosubsequent proteome searches. These data can be
used independently.

The Genome_browsing.py script, which should be run aft®etrieving_domains.py, downloads
the proteomes of the organisms of interest fromftihesite of the NCBI (40), and then identifies the
sequences containing the domains previously redexecutindretrieving_domains.py. For the latter
step it uses the HMMER 3.0 prograghttp://hmmer.janelia.org)(39). The retrieved se@gesnare
subjected to two filters: i) for the presence carRfdomains not included in the user’'s selectiom tha
match the same region of a selected domain witeteeb(i.e. lower) HMMER E-value; ii) for the
presence of the LBP, if available.

The computational flow chart is shown in Figure 1.

Retrieving_domains.py

The main purpose of this script is to downloadkivdM’s that describe the Pfam domains to be
identified in the entire proteome sequences bynthe script. These can be supplemented with LBP’s,
when relevant. This part of the procedure must @tast with assembling a list of the domains of
interest. These can be i) directly input by therusei) obtained from the analysis of sequenceth wi
known 3D structure or iii) both (Figure 1). Only the case in which an user wants to extract the
domains from the sequence of a protein of unknotmncsire, s/he should independently scan the
sequence for Pfam domains using the interfaceeaPthm web sitéhttp://pfam.sanger.ac.uk/search).
In i) the user is asked to provide a list of Pfammdins, for which the script downloads the
corresponding HMM's from the Pfam library. In ithe user inputs a list of PDB codes, whose protein
sequences are downloaded from the PDB and scansedy the HMMsearch function of HMMER
3.0, against the entire Pfam database to idertiédydomains they contain. If a PDB entry contains
multiple chains, all the chains that are differemsequence are analyzed. Optionally, a list adrids
(identified by the three-letter chemical componiéentifier in the PDB database, corresponding & th
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HET field; see http://deposit.pdb.org/cc_dict_tth#PDBformat) can be input, in which case the
script will also identify the LBP and associatetatthe Pfam domain within whose boundaries the
amino acids of the LBP are (at least two aminosaondist be within a domain to create an association;
only the amino acids that are within the domaintaen taken into account as the LBP). In iii), the
input data and results of i) and ii) are joined.téNthat in ii) and iii), the user is asked to powia
threshold to decide whether the identification afoaain within a sequence is meaningful or notsThi
is done by setting an upper limit for the expeotatvalue (E-value), which is a measure of the
expected rate of errors in the identification ofréins in protein sequences. Typical values aréen t
range 10-10°. The results are optionally stored in separatefoduérs (Figure 1). In all cases the
OProfiles subfolder is created, which contains the HMM med#wnloaded, as well as the log file of

the script.

Genome_browsing.py
The second main scripGenome_browsing.py, asks the user for a list of organisms of interest
(Figure 1). The corresponding proteomes are dowlelda from the NCBI ftp site

(ftp.ncbi.nih.gov/genomeg/and then scanned for the occurrence of proteargaming the Pfam

domains from the previous step. The proteomeseretd include all chromosomally encoded proteins
as well as those encoded by plasmidic DNA. Thiddse by using the HMM models stored in the
OProfiles subfolder with the HMMsearch function of HMMER 3Ror the successful download of the
proteomes, it is important that the name of theapigms is written exactly as listed at the NCBI,
including, when relevant, the subspecies infornmafeng.Burkholderia xenovorans LB400). A script is
provided to obtain the lists of all prokaryotic aedkaryotic organisms whose full proteome is
available, from which the names can be pad®ettieving_Organisms.py).

This script creates one folder per each organisrthénlist, in which all the sequences (in
FASTA format) of the proteins that contain at leais¢ of the domains of interest are saved. To educ
the rate of false positives, each sequence rettievecompared against the whole Pfam database
(Figure 1). This allows the user to determine whethe domain of interest that has been identified
each retrieved sequence actually constitutes thiedoenain assignment for that region of the seqelenc
In other words, if a Pfam domain not in the listloé domains of interest matches better than ariyeof
domains of the list a given region of the sequefesen though one of the domains of interest did
match with an E-value better than the thresholt),dassignment of the protein as one of the pathway

becomes dubious and the sequence is thereforegs¢gglefor a possible further inspection. For



domains that are associated to a LBP, the sequemeezsdditionally filtered by requesting that they
contain the LBP (only the amino acids falling withhe domain boundaries). A tolerance of 20% is
applied to the spacing between amino acids in Bie.lRejected files are moved in separate subfolders
(see also Supporting text).

A separate log file is created by this scriptaddition to one which recapitulates all the results
A tutorial for the use of the RDGB tool is giventhre supplementary text and is included in the RDGB
download file.

Results & Discussion
The strategy

The identification of biochemical pathways usingngmutational methods has been the focus of
a great deal of interest, especially since a lag®unt of sequence information for a variety of
different organisms has been accumulating in geaaatabases. Developments in the field have
included identification of missing enzymes in othise complete pathways, to lead experimental
efforts for the discovery of new enzymes and gemetions, and the annotation of the entire metaboli
network of organisms, in a systems biology perspecthe latter is generally a quite complex task,
requiring the application of sophisticated bioimi@tics methods by highly skilled researchers.
Another specific application is the comparison loé toccurrence and distribution of a biochemical
process in different organisms. This endeavourchviis computationally much less demanding than
the aforementioned metabolic reconstructions, hasdwe e.g. to determine how widespread a pathway
for the acquisition of nutrients is or what pathwaye shared by a group of pathogens (see for dgamp
our work on heme uptake as a source of iron fokammwtes (20)). Although not computationally
intensive, when performed on hundreds of organthisskind of investigation generates a considerable
amount of data, preventing manual inspection ottal results and therefore creating the need for a
stable strategy that minimizes errors and is ptorsitomation.

In this work, we present a simple protocol to tacktie task mentioned above. The protocol
relies on the identification of proteins on theibad their domain content. This allows one to idfgn
the possible homologues of all the proteins invélire a biochemical pathway of interest though a
systematic scanning of the proteome (includingatfueeins that are encoded by both chromosomal and
plasmidic DNA) of an organism. By inspecting thegence of homologues of all the proteins of the
pathway (or only of some selected key ones), oissible to readily identify which organisms encode

a pathway. At the same time, hints on variationstleem composition of the pathway can also be
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obtained by analyzing more closely the organismas itk only a small (with respect to the number of
components in the pathway) number of proteins. Ikinthe sequences identified can be inspected at
the per-residue or, when the 3D structure of adtleae representative of the family is availabteha
atomic level, e.g. by taking advantage of homologydelling, to ascertain possible differences in the
mechanisms of substrate or intermolecular recagniti

The present procedure thus starts with defining libie of domains that characterize the
biochemical process of interest. We propose tahsé&fam library of domains as the annotation ef th
domains in the library is normally sufficiently déded to allow users to evaluate the actual relegaf
a domain to the biochemistry under investigatiohe Tdomains can practically be identified by
scanning the sequence of one (or more) representaftieach protein in the pathway against the full
Pfam database with a reasonable E-value threshwolthé range 18-10°), using the service at the
Pfam web site (http://pfam.sanger.ac.uk/search)ewWa protein is binding a ligand/cofactor (e.g.
organic ligands, metal ions, metal-containing ctufiexc such as heme) and the 3D structure of the
bound form is available, it is possible to take atage of the information on the protein-ligand mod
of interaction to filter the results of domain-bdssearches. This information is condensed in the
Ligand Binding Pattern, LBP. The LBP defines thentity and the spacing of the amino acids in direct
contact with or bound to the ligand; LBP’s can bpresented in the form ARXC..., where A, B,

C, ... are the metal-binding amino acids, and n, mthe. number of amino acids in between two
subsequent ligands.

After the list of domains (and associated LBP’s)c@ampiled, it can be used to scan any
complete proteome to identify the proteins thattamnone (or more) of them. For domains associated
with an LBP, the latter can be used to filter tesults and improve the precision of the method. The
filter is applied by imposing that the predictedbtein contains all the ligands of the LBP with a
spacing in sequence that it is maintained withig0% (or+ 1 amino acid for short spacing). This
procedure leads to a significant reduction of theber of false positives (proteins wrongly predicte
to be homologues of the ones of interest), as siktely documented for metal-binding proteins (25).
further refinement to improve the precision is theck whether the region of the sequence
corresponding to the domain of interest in eachenetd protein matches to another domain, notén th
list, with a better (i.e. lower) E-value; if yesetprotein is removed from the list of positivekislcan
happen because in the initial scan of the proteomgesnly search for the domains of the list, inesrd
to save time. By scanning the retrieved proteinsickwv typically are a very small fraction of each

proteome, against the entire Pfam database, waleatify in each sequence other domains, not in the
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list, that overlap with the region spanned by tbendin of interest (domains that correspond to jomote
regions not in overlap do not pose a problem amubdy define multi-domain proteins). Because both
domains would match the sequence at an E-valuer lihaa the threshold, it is useful not to discdmel t
sequence immediately but rather to further insggetiseful guides are the extent of overlap between

the two domains and the ratio of the correspon@iwglues.

An example application to the degradation of aromatic hydrocarbons

To demonstrate an application of the methodologcdeed here (Figure 1), we characterized
the pathways for the aerobic degradation of aranfatdrocarbons that start with cis-dihydroxylation
of the substrate in 1136 prokaryotic proteomes labks from the NCBI database. As a further
difficulty of analysis, the enzymes in these patysv@an be encoded both by chromosomal and
plasmidic genes. This does not pose a problem RREBB, as our tool analyses all the proteins of the
organism regardless of their genetic origin. Thiestnates of interest in the present group of piEeEes
range from toluene to biphenyl and naphthalendudhicg various other compounds in which the
aromatic ring(s) are differently substituted. Fgy@ presents a general overview of these pathveays,
it can be derived from the information in the KEG&tabase (17). Note that many variants to these
pathways can exist in nature, e.g. regarding tg@caemistry of some reactions or the involvemdnt o
mono-oxygenation reactions (30). It can be seenahig the upper part of the pathways is common to
all substrates, i.e. the initial dihydroxylation)lbwed by dehydrogenation and then by the opening
one aromatic ring through the cleavage of a cadaobon double bond (Figure 2). Among these
common enzymes (and their ancillary proteins, saglelectron-transporting ferredoxins), there are
only two domains that are specific to the pathwafsnterest, namely the Ring_hydroxyl A and
Ring_hydroxyl B domains. These are contained rdgm@d¢ in the a- and (-subunits of the
dihydroxylating dioxygenase performing the firs¢stin the process of Figure 2 (Table 1). The other
proteins instead contain relatively common funaiodomains that are present also in enzymes
involved in other metabolic processes. Here wedaading with three of the four known families of
hydroxylating dioxygenases, namely with the soezhltoluene/biphenyl, naphthalene and benzoate
dioxygenases (32) (the substrate specificity o$e¢henzymes is much broader than the names suggest),
which are heteromultimers consisting @f and -subunits. A fourth class of dioxygenases exists,
namely phthalate dioxygenases (which include asbazole and 2-oxo-1,2-dihydroquinoline among

their substrates), which are instead homomultimeith an a, quaternary structure. Phthalate
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dioxygenases differ significantly in sequence fribia members of the other three families (32;41) and
are actually associated to a different Pfam donfainther along the degradation pathways of Figure 2
another pathway-specific domain is muconolactonkadsomerase, which plays a role within the
degradation of catechol. The latter can be gengrdteing the degradation of either benzoate or
naphthalene, or can be present itself in the enmemnt. With these three specific domains (Table 1),
we retrieved a total of 1099 proteins (Table 2).

The proteome of an organism able to aerobicallyategaromatic hydrocarbons must encode at
least one homologue for all the proteins in theigoke pathway of Figure 2, which is the simplest of
those analyzed here. In particular, because atem® but those contained in the first enzyme ef th
pathway are common to various metabolic processsissthe presence of both Ring_hydroxyl_A- and
Ring_hydroxyl_B-containing proteins that can beduss the indicator of the ability to aerobically
degrade toluene. With this simple rule, 919 orgasisvere found to be unable to aerobically degrade
aromatic hydrocarbons, whereas 178 organisms weralfto possess the right enzymatic portfolio. In
14 out of 53 cases where either a Ring_hydroxyloAa Ring_hydroxyl_B-containing protein was
missing, we found out that a suitable protein watected with an E-value just above the chosen
threshold, so these organisms were included inighef putative degraders (shown as yellow cails i
Supplementary Table 1). Instead, two organismseadisse or more unspecific Pfam domain, so we
assigned them as unable to perform the processojamisms where we could identify only one out
of the two subunits of the initial ring-hydroxylag dioxygenase (Figure 2) were marked with “?” in
Supplementary Table 1.

The detection of all other domains involved in gathway, regardless of their specificity, can
be taken as an useful countercheck that therecameajor problems with the above assumption. To this
end, we checked as an example the toluene pathiv&igore 2, including the additional relevant
domains (Table 2). Overall, we thus retrieved altot 65196 proteins, corresponding to 65762 Hts t
the selected Pfam domains (Table 1). All the hits eeported in the Supplementary material
(Supplementary Table 2). In all cases but one, preteome of an organism encoding
Ring_hydroxyl_A- and Ring_hydroxyl_B-containing pgms contained also all other domains
(Supplementary Table 1).

Finally, the detection of the Mlase domain, whialiquely identifies muconolactone delta-
iIsomerase (EC 5.3.3.4) in the benzoate pathwaw(€ig), permits the identification of organismsttha
can potentially degrade also biphenyls, benzoatk rsaphthalene (all of them or a combination
thereof). This domain has been detected in 140nsge. Of these, 23 corresponded to organisms that
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were assigned as unable to degrade hydrocarbons5amo organisms marked with “?” in
Supplementary Table 1. The corresponding genesnattege neighbourhood of proteins annotated as
hypothetical, suggesting the presence of uncharsete mechanisms for the degradation of the
substrates of interest here or, alternatively, tiatMlase domain can play other uncharacterisked.ro

An example application to assembly of the Cu, cofactor

Cytochromec oxidases use the ucofactor as the entry point of the electron tkatielivered
by cytochromee into the enzyme. Guis a dinuclear copper site contained in subunif the enzyme
(Cox2) whose correct assembly is crucial for enzyorection. It has been shown by NMR that in
Thermus thermophilus the assembly process is mediated by the solubtalloghaperone PG and
the Scol thiol-disulfide reductase, which maintdires Cys residues in the £binding site of Cox2 in
the reduced state (35)(Figure 3). We used thidivelg small ensemble of proteins for a further
demonstration of an application of RDGB. Also nitsmxide reductases (NosZ) contain a-®inding
domain that is homologus to that of Cox2; the asderof the Cu cofactor in NosZ has not been
studied in detail, but it is likely that it involgsea mechanism similar to Cox2. The data are regpante
Supplementary Table 3.

We identified which of the same prokaryotic organs of the previous section contained
enzymes with a soluble Gtbinding domain. These were 548, correspondingt8% of the ensemble
investigated. The occurrence of RQuand Scol homologous was less frequent, corregppnd
respectively to 32.3% and 40.2% of the organisnasyard. It is relevant to address the co-occurrence
of these proteins. 283 organisms contained alktpreteins, corresponding to 24.9% of the datdset.
other words, one quarter of the prokaryotic orgasisnvestigated encoded in their proteomes & Cu
binding domain, most likely in Cox2 as this is mudore widespread than NosZ (23), and the two
accessory proteins that have been demonstrate@ tctive in the assembly of the cofactorTin
thermophilus. This corresponds to 51.5% of the organisms tmab@e at least one @ibinding
domain. In 57 cases (5.0% of the organisms) g€amtaining domain could not be detected but Scol
(1.0%) or PCWC (0.2%) or both (3.8%) were contained in the pyote. The occurrence of Scol in the
absence of any Gecontaining enzyme had been noted before and wagsoped to be justified by its
possible activity as a thiol-disulfide oxidoredws®#a23). However, the relatively common occurrence
of the pair Scol and P&G in the absence of any ggontaining enzyme may suggest that the
mechanism of formation of the &cofactor, or a close variant of it, may be relévalso for the

assembly of other cuproenzymes. Finally, it is Warbting that 108 organisms (9.5%) encode ga-Cu
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containing enzyme while lacking both Scol and RCuThus, some yet uncharacterised assembly
mechanisms may be operative in organisms such aslagteria (and various other Actinobacteria),

o-proteobacteria and Cyanobacteria.

Conclusions

Following the strategy of Figure 1, the computatiotool described here allows users to
characterize known metabolic pathways in a widgeaof organisms, exploiting three main databases:
Pfam, PDB and NCBI. The functional (Pfam) domains tken as characterizing elements of the
proteins of interest and can be obtained also ftearanalysis of 3D structures available from tha8PD
In addition, by investigating the PDB for the pnese of ligands, it if possible to obtain one or mor
ligand binding patterns (LBP’s) that are associatethe Pfam functional domain. This can be used as
a filter to reduce the number of false positivelse Bequences of all the proteins encoded by beth th
chromosomal and plasmidic DNA of an organism withyfsequenced genome are obtained from the
NCBI. In addition to characterizing the distributiof a given pathway across the biological wortha t
data output by RDGB can also be used to identifysiibe variants of known pathways, such as the
occurrence of alternative steps or, at the atosvel] of different modes of intermolecular interaot

with the substrate.

The overall approach is demonstrated through tveorgkes. In one, we analyzed the processes
for aerobic degradation of mono-and poli-cyclic raatic hydrocarbons, which include toluene,
naphthalene and biphenyls. Out of 1136 organisral/sed, only 178 were able to degrade at least one
of the above compounds. 112 could potentially dégyrall of them. 39 organisms missed only one
requested protein/subunit along the pathway, ptavgmus from assigning them as degraders or non-
degraders. In the second example, we investigaedlistribution of some accessory proteins that are
involved in the assembly of the £uaofactor. The data indicate that one or morg-Binding domains
can be detected in nearly half of the organisméyaed. Among the organisms encodingahinding
domains, 51.5% contain both Scol and RGudemonstrating that this mechanism ofy@iogenesis

is quite widespread in prokaryotes.
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Supplementary material

Table S1. Table summarizing the results obtaineshbgstigating the per-organism distribution
of the proteins involved in the biodegradation afmaatic hydrocarbons. This table has been output by
RDGB and edited for colours, titles and the righdsincolumn.

Table S2. Output log file produced by RDGB forthk proteins involved in the biodegradation
of aromatic hydrocarbons in all the investigategamisms. This file contains the list of all the teins
retrieved.

Table S3. Table summarizing the results obtaineshbgstigating the per-organism distribution
of the proteins involved in the assembly of the Cafactor.

Supplementary text: RDGB tutorial
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Figure 1 —Flow chart describing the RDGB tool. (opt.)= opttin(1)= if Ligand list is submitted; (2)=

case sensitive

Retrieving_domains.py

INPUT INPUT
YES Pfam domains list (opt.)

I?
PDB structures —} Threshold for Hmmer
PDB structures list
Ligands list (opt.)

NO

INPUT

Pfam domains identification in structures
Pfam domains list (2)

‘ Structures download from PDB
Association of LBPs to Pfam domains (1)

[ Dow.nl.oad of HMM profilgs j OUTPUT
describing the Pfam domains List.domains.YES.Ligands.PDB-based (1)
List.domains.NO.Ligands.PDB-based
I—’ OUTPUT Requested folders
Retrivieving_domains.log
=]
Genome_browsing.py
OUTPUT
INPUT Proteomes scan Requested organisms data
Organisms list (2) _} Reverse-check Final.log
LBP filtering (1) Genome_browsing.log
Final.xls

(1) = if Ligands list is submitted
(2) = case sensitive
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Figure 2 Overview of the pathways for the degradation ofpde aromatic hydrocarbons, such as
toluene, biphenyl, benzoate, naphthalene. Notentdyaitithalene and biphenyl give rise to the fornmatio
of catechol and benzoate which are further degrawnléde benzoate pathway. Alternative pathways
may exist, e.g. involving mono-oxygenation reacsiohhe regiochemistry of the ring-opening reaction
generally depends on both the organism under ceragidn and the nature of the ring substituents.
Sub-products such as acetate are not shown. Tgusefihas been adapted from the KEGG pathway

database. The benzoate degradation-specific enmymenolactone delta-isomerase is highlighted by

a dotted ellipse.
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Figure 3. The mechanism of assembly of the CuA cofactodessribed in (35) (Ox = oxidized; Red =
reduced). The sulphur atoms of redox-active cysteare shown as circles. Metal ligands are shown as

sticks. Metal ions are shown as spheres.

ApoPCu,C ApoPCu,C

Cu(l)PCu,C

Ox apo-Cu, Red apo-Cu,
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Table 1 —Proteins involved in the aerobic biodegradatibraromatic hydrocarbons (Figure 2). The
proteins in the top part of the table contain domeapecific to the pathways of interest, whereas th
proteins in the bottom part (separated by a dolitxg are not specific. For each protein, we reploet
EC number (only three levels are given, as thetiodepends on the identity of the substrate), the

composition in Pfam domains and the corresponding Btructures (only if a ligand is present and
thus a LBP is available).

Protein EC number Pfam PDB Ligand
Ring_hydoxyl_A
VAR 1ULI; 2B1X 2BMO; Fe
_ 1.14.12
Dioxygenase ) 2GBW; 2HMJ 3EN1,

Rieske FeS

1.14.12 Ring_hydroxyl_B - -

Isomerase 5.3.3 Mlase - -
Dehydrogenase  1.3.1 Adh_short - -

_ 1EIQ; 1HAN; 1KMY; 2EHZ;
Dioxygenase 1.13.11 Glyoxalase Fe

2E|2 2718; 3HPV

Hydrolase 3.7.1 Abhydrolase_1 - -
Dehydratase 4.2.1 FAA hydrolase - -
Aldolase 4.1.3 HMGL like - -
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Table 2 —Number of hits and number of organisms where edam Eomain of Table 1 has been

identified.

Pfam domain Protein N° of hits N° of organisms
Ring_hydroxyl_A 482 200
Ring_hydroxyl B Dioxygenase 461 185

Rieske 3217 726
Adh_short Dehydrogenase 32539 1108
Glyoxalase Dioxygenase 5015 887

Abhydrolase 1 Hydrolase 17847 1098

FAA_hydrolase Dehydratase 2854 788

HMGL-like Aldolase 3191 988
Mlase Isomerase 156 140
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Table 3 —Number of hits and number of organisms where dosnagtated to the mechanism of

assembly of the Gucofactor (Figure 3) were deteced.

Pfam domain Protein N° of hits N° of organisms
COX2 Cox2 899 548
SCO1-SenC Scol 790 456
DUF461 PCuC 454 366
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Installation

To install the RDGB tool, copy the RDGB.tar.gz fite your work folder and type the following

commands:

> uncompress RDGB.zip
> python 0Tools/START.py

RDGB will automatically download and install HMMERGhis will requires a few minutes.

Inputs (RDGB accepts both lowercase and uppercase letters

Outputs:

Y or N guestionsOther inputs will be interpreted as “N”.

Databases downloatlVrong inputs will be interpreted as Yes.

Chosen thresholdoth floating point (e.g. 0.001) and scientifim&tation formats (e.qg.

1.0e-3) are accepted
Input files:type the name of the requested files.
A or O caseif a new run is performed in a folder that alreatytains the results of a

previous calculation, the tool asks whether to apgé@) or overwrite (O) the data.

All output files are plain text files except othese specified.

USER.INPUT_FILESthis file contains the list of the input filesksuitted by the user.

List.domains.YES.ligands.PDB-basetis file is created when a list of ligands hasrbe

input. It reports the analyzed PDB structures, #ssociated Pfam domains, the
associated LBPs and the bound ligands.

List.domains.NO.ligands.PDB-basedtis file is created when no list of ligands hagt

input. It reports the analyzed PDB structures &wedaissociated Pfam domains.

Retrieving_domains.log & Genome_browsing.legch file reports the steps performed

by the programs. Note that the “No pattern” entnger the “Pattern” column in the
Genome_browsing.log file indicates that there is no LBP associatetheodomain. The
date, time, any error and other information are aéported.

OProfiles/Retrieved Domains.lighis file is a list of all the retrieved Pfam dama

Final.log: this file contains bothRetrieving_domains.log and Genome browsing.log
files. Note that the “No pattern” entry under thHeattern” column indicates that there is

no LBP associated to the domain.



« Final.xls: this file, readable by every release of Microdeitel, shows the final results

in a domain/organism matrix.
Utilities
By typing:
> python OTools/Retrieving_Organisms.py

the lists of all prokaryotic and eukaryotic organgswith complete genome sequences available are

created Prokarya.list andEukarya.list, respectively).

By typing:
> python OTools/Cleaner.py
The data of previous runs (also if incomplete)r@raoved. It is possible to remove all data or only

the output ofGenome_Browsing.py.

Tutorial
The user can perform a sample run following thertat below, which uses two PDB structures and

five selected organisms taken from an applicatianmgle described in the main text.

> cp OTools/*.example .
> python Retrieving_Domains.py

...Downloading Pfam database... (if first run, thislwalke several minutes; the installation
of the Pfam database requires approx. 2.0 Gb &fgtiace)

PDB structures to submit? Y/N: >Y

...Downloading PDB database... (if first run, this wdke several minutes)

Insert list of Pfam profiles, else type NO: > DOMS.example
Insert list of PDB codes: > STRS.example
Insert list of ligands codes, else type NO: > LIGS.example
Insert Chosen.Threshold or type D for default (1.0e-5) >D

Create OPDB folder containing .pdb files, Y/N: >Y

Create OFasta folder containing .fasta files, Y/N: >Y

Create OPfam_output folder containing .Pfam_output files, Y/N: >Y

Create ODomains folder containing .domainsfiles, Y/N: >Y

Create OPatterns folder containing .pattern files, Y/N: >Y

... program running...

> python Genome_Browsing.py
Pfam database already present, overwrite? Y/N: >N



Insert list of organisms:

Do you want to compress the output folders (tar.gz)? Y/N:

Using previous Chosen.Threshold of 1.0e-5? Type Y or submit new value:

... program running...

Output folders scheme:

> ORGS.example
>Y
>Y

Lsix]
Fle Edit Wiew Favortes Tools Help | FF
@Back - J - I?« |/._~' Search “4_ Folders |-‘

Address |..'j Tutorial_resuits ﬂ B

Folders

=573 Tutorial_restits
£ CDomains
) OFasta
) OPatterns
£ OPDE
-5 OPfarm _oUtput
A OProfies

i) OTodls
= uj Burkholderia_383
[=] ) Abhydrolase_1
{3 Rejected_MNo_Domain
= adh_short
I3 Rejected_Mo_Domain
El [C5) FAA_hydrolase
() Rejected_Mo_Domain
EHE) Glyoxalase
Rejected_No_Domain
1) Rejected_Mo_Pattern
=) HMIGL-like
a Rejected_MNo_Doman
B3 Miase
{5 Rejected_MNo_Domain
- Rieske
; Rejected_Mo_Doman
) Rejected Mo Pattern
Ring_hydroxyl_A
12 Rejected_No_Domain
1) Rejected_No_Pattern
Ring_hydroxyl_B
ifj Rejected_MNo_Doman
[=+[C3) Clostridium_perfringens
FH-[) Abhrydrolase_1
F-E adh_short
{5 FAM_hiydrolase
) Glyoxalase
53 HMGL-ike
£ Miase
- Rieske
[0 Ring_hydrasoyl_aA
{3 Ring_hydrosed_B
Escherichia_coli_HS
[ Abhydrolase_1

_J oDomains
./’ OPatterns
‘J OFfam_output
.‘J OTools

!/] Clostridium_perfringens

J Methanococcus_maripaludis_C5

!J Tutorial_oltput

By DOMS.example
EXAMPLE File
1KB

@ = Final.xis
1| | Foglio di lavoro di Microsoft Office Ex..

1KB

Genome_Browsing.py

P File

11KB
List.domains. YES igands_PDB-based
LIGANDS_FDE-BASEL: File

1KB

i Refrieving_Domains.log

= | Text Diocument

1EB

STRS.example
EXAMPLE File
1KB

,/] OFasta
/I OPDE
-/l OProfiles

_/’ Burkholderia_383
’/’ Escherichia_coli_HS

'/l Staphylococcus_aureus_COL

1KB
Finallog

17 KB

Wy

18 KB

1KB

1KB

PY File
EL

USER.INPUT_FILES

IMNPUT_FILES File

1KB

Chosen. Threshold
THRESHOLD File

Text Document

Genome_Browsing.log
Text Document

LIGS. example
EXAMPLE Flle

ORGS.example
EXAMPLE Flle

Retrieving_Domains py

- The folderODomainscontains files listing the Pfam domains contaimedach protein chain of

the input PDB structures



- l=[x]
Fle Edit Wiew Favortes Tools Help | 3,‘
@Back - J - I?« |/._3 Search “LL Folders |‘
Address [ oomains =8s
Folders = Iy 1han_A.domains Iy 1uli_A.domains
= DOMAINS File DCMAINS File
1KBE 1KB
o i B 1B domains 1Ui_C.domains
(- INS Fils AT
L& opatterns DOMAINS File DOMATKS Fil
- 1KE 1KB
L) or0B o
i Iy 1Ui_E.domains
i D OPfam_outpt DOMAINS Fil
12 OProfies 1KB
12 0Tools
El wfj Burkholderia_383

- The folderOFastacontains the sequences of each protein chaireahffut PDB structures

8% OFasta —|=[%]
Fle Edit View Favorites Tools Help | ?.‘
@Back - J - I?« |/.ﬁ1 Search “LL Folders |‘
Address |||'j OFasta ﬂ G0
Falders i 1han_A.fasta 1uii_A.fasta
3 o [223] | FASTA Fle FASTA File
1KB 1KB
by 1uli_B fasta 1uli_C.fasta
FASTA Flle FASTA Flle
ik 1KB 1KB.
{3 OPDB
) oPfam _output ;:g:rif;;ta
i) OProfies 1KB
15 OTools
=155 A rkhlderia 3R3

- The folderOPattern contains files describing the LBPs found in eaobtgn of the input PDB
structures, with the following format:

3.9e-30 d yoxal ase 1 142-260 3/3 HX( 63) HX( 49) E FE A 500
where “3.9e-30” is the E-value of the matched domdblyoxalase” is the domain containing the
LBP, “1” is the position of the domain in the domdist for the protein, “142-260" is the sequence
region spanned by the domain, “3/3” is the fractidramino acids of the LBP within the domain,
“HX(63)HX(49)E” is the LBP, “FE” is the ligand bouwln “A 500" is the ligand residue number

@% opatterns == %]
Fle Edit View Favorites Tools Help | L
Qrack > &) = (T |/T3 Search “4) Folders |'
Address | OPatterns Ei>E
Folders = 1han_A.pattern - 1uli_A.pattern
e = E PATTERN Flle E PATTERM Fila
Lk (=5 Tutorial_resuits = ivn i
By 1Uli_B.pattern 1uli_C.pattern
PATTERN Fle PATTERN Flle
OKB 1KB
Lo by 1Ui_E pattern
() OPf: it =
10 OPfam_outpu FATTERRN Fle
;I3 OProfies 1KE
- OTools

- The folderOPDB contains the input PDB structures



&% oroB

=[x
Fle Edit View Favorites Tools Help | :.'
Qeack ~ ) - (T |/'7) Search ML—“ Folders |v
address [ oPoB 8
Folders £ b 1hanpdb 1uli.pdb
= 53 Tutorial_resuits ;I FOE Fle FEE File
H H i 231KB 1,302 KB
- {3 oDomains
{2 OFasta

{5 OPatterns

{3 oPfam _output

- The folderOPfam_output contains files with the full results of the anadysf each protein chain
of the input PDB structures against the Pfam daba

@% oPfam_output ;Iilil
Fle Edit View Favorites Tools Help | ?f
Qoack » &) = [T |/._" Search “LL Folders |‘
Address [ oPfam _oumut B
Folders Iy lhan_APfam_output Iy Luli_A.Pfam _output
|1 B Tutorial_results = ET‘E’:’I—GL'WL” e EFIi\E:ﬂ_OL'TPUT Fike
-~ noomains N
: J‘"‘ij OFasta Iy 1Uli_B.Ffam_output 1uli_C.Pfam_output
| PFAM_CUTPUT File FAM_OUTPLIT File
| &5 opstrerns 4kAE‘I_OJTPJI'F\ ::ga_; ITRLIT File
) oFDB )
OFfam _oLigout éﬂﬁgﬁ;ﬁ;ﬁ?ﬁgt
OProfies 6K
712 OTeols
. . ' .
- The folderOProfiles contains the HMM's of all domains
% oProfiles =[]
Fle Edit Wiew Favortes Tools Help | FF
@Back - J - I?« |/._~' Search “4_ Folders |‘
Address |..'j OProfiles ﬂ 50
Folders i Iy Abhydrolsse_Llinp Iy adh_shortinp
(=55 Tutorial_resUits A %r:: Fk"g I“Nﬁ (FE‘JE
-5 ODomains ’
() OFasta FAL_hydrolase.inp [y Glyoxalase.inp
- MR File 59| | MNP Fle
|12 Patterms ag kEi — | 59kE
L) oPDE _ )
D et e ';:p%gke"”p = fielp
3 \:.'I files 108 KB 43 KB
i) OTools
& ‘p ALkE ol e e Retrieved_Domains.list [y Rieskeinp
2 B rkhoidefi. A | LsTRE INP Flle
=) Abhrydrolase_1 1KB 45 KB
Y~ i
20 Regected_No_Domairt I Ring_hydroscyl_Ainp By Ring_hydroxyl_Binp
: ?dh_short TMP File 324l | INP Flle
1) Retected_No_Domain 124 KB ~le7KE
1) FAA_hydrolase

A folder is created bysenome Browsing.py for each analyzed organism. This folder contaires th
sequence of the proteome of the organism as welhasubfolder for each domain searched within
the proteome.

The latter domain subfolders include all the seqgasrof the proteins containing that domaias{a
files), the list of the corresonding LBP g4t files), and the list of all the Pfam domains (nhet
limited to the selected domains) found in each sege (dom files). In summary, three files are

generated for each protein if there is a LBP assedito the domain; otherwise, tipatt file is not

6



created. Additionally, sequences discarded becthesedid not pass either the check against the

entire Pfam database or the filter for the presevicéghe LBP are respectively stored in the

subfoldersRejected _No_Domainand Rejected _No_Pattern Finally, the out file contains the

output of the HMMER search of the domain within ireteome.

_lslx]
Fle Edit View Favorites Tools Help | ﬂ"
Qoack » &) = [T |/._" Search “LE: Folders |‘

Address [ Ring_hydroxyl_a, =]Ese

Falders

{5 Tutorial_resuits
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) Rejected_No_Pattern
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ifﬁ Rejected_MNo_Doman

(53 Rieske
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R, A
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: :b Rejected_MNo_Pattern

Ring_hydroxyl_B

1) Refectad_ Mo Domain
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TR Ahkudrelaes 1

»

J Rejected_Mo_Domain
Ring_trydroxyl_A.out
OLIT Flle

15KB

i YP_366735.1.fasta.dom
DO File
1KB

YP_366762.1 fasta

FASTA Flle

1KB

I YP_366762.1patt
PATT File
1KB

E YP_373080.1.fasta.dom
DIOM File

1B

I YP_373251,1fasta
FASTA File

1KB

Iy YP_37325L1patt
PATT File

1KB

=

FEE
ii3

Rejected_MNo_Pattern

YP_366735.1.fasta
FASTA File

1KB

YP_366735. 1.patt
PATT Flle

1KB

YP_366762. 1.fasta.dom
DCM Flle
1KB

YP_373080 1.fasta
FASTA File
LKE
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FATT Flle
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YP_373251.1.fasta.dom
DCM Fle
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