
PATHOGEN BIOINFORMATICS ON THE WEB 

Based on an exercise developed by Lina Dovilas

The goal of this exercise is to familiarize students with web-based tools that are available in the study of various pathogens.  In the lab on gastrointestinal pathogens just completed, we reviewed some of the more common food- and water-borne pathogens.  In this exercise we will look in greater detail at another of these enteropathogens.  

Listeria monocytogenes is a Gram-positive, facultative, highly motile rod that is commonly found in soil, water, on plants, and in sewage.  It is a prominent food-borne pathogen that causes listeriosis.  In most healthy adults, L. monocytogenes infections are mild or asymptomatic.  In fact, 5-10% of the adult population carry this bacterium as part of their normal microflora.  However, individuals that are immunocompromised in some way are subject to listeriosis disease.  Additionally, L. monocytogenes is one of only a few microorganisms that can cross the placenta and infect a fetus in utero.
L. monocytogenes enters host gastrointestinal epithelial cells by means of surface (-D-galactose residues, which bind to (-D-galactose receptors on the host cell.  This is opposite to the common mechanism of pathogen adherence.  Most bacterial pathogens use their own surface receptors to bind to carbohydrate residues displayed on the host cell.  After adherence, infection of non-phagocytic host cells is induced by means of the protein internalin.  Listeria monocytogenes derives its name from its ability to evade killing, and actually spread throughout the host, by means of phagocytic immune cells.

Monocytes and macrophages will engulf L.monocytogenes.  The mildly acidic environment inside the phagosome stimulates activity of listeriolysin O (LLO).  Listeriolysin O is a thiol-activated cytolysin (a large family of cholesterol-dependent, pore-forming toxin proteins), which is most active in acidic conditions.  LLO allows L. monocytogenes to leave the phagosome and enter the nutrient-rich cytosol, where it can replicate.  This toxin allows the bacteria to escape from the phagosome, but it does not lyse the host plasma membrane.  In the absence of LLO, virulence is attenuated, so LLO is known as a virulence factor.

There are several well-known virulence factors in Listeria.  One important for the expression of LLO is PrfA, a regulatory protein that activates transcription of hly, the gene that encodes LLO.  Expression of PrfA is thermoregulated.  The prfA gene is transcribed at a maximal rate at 37°C.  Therefore, L. monocytogenes is most virulent in a host whose body temperature is ~37°C.  Two more virulence factors are the phospholipases (PlcA and PlcB) that help break down the inner membrane of the vacuole, after which LLO breaks down the outer membrane.  After release into the cytosol, expression of surface protein ActA induces actin polymerization producing comet tails, thereby allowing L. monocytogenes to propel itself to an adjacent cell.  In this manner, it can infect and replicate in other cells without ever being exposed to the extracellular environment, thereby rendering it invisible to the immune system.  This actin polymerization is also the means of transmission of this bacterium through the placenta.  ActA expression is essential for virulence.  Listeria cannot spread from host cell to host cell in the absence of ActA.
The National Microbial Pathogen Data Resource (NMPDR) is an online database containing genomes of Archaea, Bacteria and Eukarya.  NMPDR specializes in a few specific pathogens: Campylobacter, Listeria, Staphylococcus, Streptococcus, and Vibrio.  By using comparative tools for analyzing a specific organism, researchers can use this information to locate targets for potential new drugs or vaccines.  The type of data that can be researched on NMPDR includes complete genomes, populated subsystems, functional clusters, and families of homologous proteins.
Open your browser (Firefox works best) to NMPDR at  http://www.nmpdr.org/.  Click on "Listeria" in the list of NMPDR organisms.  This will take you to the Listeria group page.  The organism page contains external source links for more information via uBio Journals, Google news, and links.  uBio Journals is a continually updated source providing the most current scientific literature on Listeria, while Google news provides articles in the popular press.  Other links provide sources for purchasing the strains and microarrays.

The table in the center of the page lists all of the strains of Listeria available in NMPDR.  Included in the listing for each strain are the serotype, genome size, and number of Protein Encoding Genes (PEGs).  Serotypes 1/2a, 1/2b, 4b are known to be the major serotypes that cause food-borne listeriosis.  The next four columns list the number and percentage (of total genes) of genes in subsystems, as well as those not in subsystems.  A subsystem consists of genes that have related functional roles (e.g. genes involved in the biosynthesis of the amino acid glycine). 

Click on the name of the strain Listeria monocytogenes EGD-e to open the Organism Overview page.  The table displays some important, basic information such as the size of the genome and the number of contiguous pieces of DNA sequence that make up the sequenced genome.  For this genome, there is only 1 contig, which means that every base pair of DNA in the entire chromosome is known with certainty.  Many genomes are in multiple contigs, which means that there are gaps in the data preventing the ends of all the sequenced pieces from matching up.  These gaps are usually small and are usually found in regions where the sequence is repetitive, making it difficult to match ends with absolute certainty.  Such genomes are considered complete because enough DNA sequence data is available that it is statistically likely that all protein sequences are included.  Such genomes are not considered "closed" or "finished" because the sequenced contigs cannot be end-matched to form one whole circle.

The graphic summarizes the proportion of total genes that are included in subsystems as well as the categorical break-down of the subsystems for the organism. The color key for the pie chart is expandable.  If you click on the “+” sign next to a category, a list of all of the subsystems or sub-categories within that main category will be shown.  Some of the sub-categories contain multiple subsystems, which may be accessed by further expanding the list (click on the “+”).  The number in parentheses is the number of genes included in that subsystem or category.  Any colored text provides a hyperlink to the listed subsystem.  
Expand the list of sub-categories for “Virulence” (cyan blue, near the middle of the list).  Expand the subsystem list associated with “Pathogenicity islands” and click on the link for the listeria pathogenicity island.  There is a lot of information on the page being loaded, so it may take a few minutes.  The page that opens contains a list of all of the functional roles within that subsystem.  If the role is a reaction described in the KEGG database, there will be a link in the reaction column.  The GO column provides links to the Gene Ontology database.  An ontology is a structured and restricted vocabulary used to assign consistent word usage to the same reaction or process in different organisms.  All the model organism genome databases are cooperating to use this ontology in an effort to provide a consistent, computer-searchable terminology.  All terms that apply are provided in the column.  Explore several to get a feeling for what the ontology is.  Try going back to explore KEGG and GO links for a metabolic subsystem, but return to this virulence subsystem to continue the exercise.
In addition to the list of functional roles with reactions and GO terms, the subsystem includes a spreadsheet (click the next tab at the top of the frame) that displays roles in columns and genomes in rows.  The spreadsheet cells are populated with the genes that perform the corresponding functions in each genome.  Each gene number is linked to a page that details the information known about its function and genomic context.  The headers of the subsystem spreadsheet are active and may be used to filter the contents shown.  Scroll down the spreadsheet and observe that although the subsystem describes a pathogenicity island in listeria, there are many other organisms that have partially filled rows.  This means that proteins homologous to some of those in the listerial pathogenicity island are found in organisms closely or distantly related to the listeria.  When the genes are clustered in close proximity on the chromosome, they are shown with the same background color.  In Bacteria, clustered genes tend to have related functions, so if the close proximity of a set of homologous proteins is conserved, we say that they are functionally clustered.
Scroll to the top of the page and click on the tab for Additional Notes and read them.  There is no diagram for this subsystem, but  please look at this illustration from a journal article:  http://tinyurl.com/626kvk.  The article, which is the first reference in the subsystem notes, may be found in PubMed by using its database ID number, 11418331, as a search term.  PubMed ID numbers (PMID) are used in various places in the NMPDR to link to appropriate literature.
1. Based on your observations of the spreadsheet, the illustration, and the notes, what would be a good definition for a pathogenicity island?

type answer here
In a new tab or window, open the NMPDR home page again.  Click on the icon labeled "NMPDR organisms."  Scroll down this page to the Taxonomy heading, and click the link to view the phylogenetic relationships of all the genomes in the database.  Search this page for Listeria, and scroll up and down to find the nearest neighbors.  Also look at the subsystem spreadsheet, and toggle the taxonomy button.  Because not all genomes in the subsystem are displayed on one page, you may want to expand the display to 100 items before toggling the taxonomic order.  Compare the spreadsheet with the tree.
2. Name the two bacterial families most closely related to the Listeriaceae, and name one species from each family that is included in the subsystem.
type answer here
3. Which two roles in the subsystem are found in most strains of anthrax?  Which roles are found in most Staphylococcus aureus?
type answer here
4. Which is the most distantly related organism that harbors a homolog of the toxin, listeriolysin O (LLO)?

type answer here
Close the tab or window showing the taxonomic tree of all organisms in the database.  From the subsystem spreadsheet, click on the gene number corresponding to LLO in Listeria monocytogenes EGD-e.  This opens a page detailing the selected protein in a new tab or window.  Return to the spreadsheet and also open a page for the toxin protein in Bacillus cereus ATCC 10987.
Both these "Annotation Overview" pages are organized in the same way and display similar types of information.  Both have a summary table at the top that lists the database ID number for the feature, the current assignment, organism, and an automatically generated paragraph that describes why the focus protein has been assigned its annotated role.  There are buttons to show the annotation history and to show aliases.  Aliases, or database cross references, are identifiers assigned by other sources to the exact same amino acid sequence as the focus protein.  Because the amino acid sequence is identical in multiple strains of Listeria, its alias list has multiple entries in the protein database at the National Center for Biotechnology Information (NCBI).  Databases have different forms for their ID or accession numbers.  Features in NMPDR have IDs in the format:  "fig|organism taxonmy number.version.feature type.number".  The taxonomy numbers are those assigned to the organism by the taxonomy database at NCBI, and these features are protein encoding genes, peg.  Click on the clearinghouse link ("show essentially identical genes") for both proteins—these also open a new tab or window.  The table displays all the annotations assigned to this amino acid sequence by other databases.
5. Having explored some terms in the Gene Ontology database, and having seen the aliases and annotation clearinghouse for these two proteins, list one reason in favor (pro) and one against (con) assigning a single, consistent name to all proteins with the same function in different organisms.
type answer here
Now you should examine the compared regions graphic for both these proteins.  The graphics look very different, but they display similar information.  In all cases, the colored arrows show pegs.  The focus protein and its homologs in other genomes are red, labeled 1, and are centered in the genomic region displayed.  The most frequently co-localized set of homologous proteins are green and labeled 2.  The sets of homologs are labeled according to the frequency that they are found within 8 kb up- or down-stream of the focus protein.  Each set of homologs is a different color.  Mouse over any component of the graphic to pop up a box that lists identifying information.  In addition to genes, other features such as RNAs, promoters (prm), protein binding sites (pbs), pathogenicity islands (pi), and prophages (pp) are displayed in some genomes as gray rectangles.  For most genomes, the only features annotated are genes encoding rRNAs, tRNAs, and proteins because there are automated computer programs to find those features in the DNA sequence.  This does not mean that such genomes do not contain other types of features—only that no one identified and entered other features in the database.  If two features overlap on the DNA, one is shown below the line of the genome in the graphic, as in the compare regions display for LLO in L.monocytogenes EGD-e.  All features shown in the graphic are also displayed in a table with active headers in the tab behind the graphic.
6. List three types of features, other than protein encoding genes (peg), shown in this region of strain EGD-e.
type answer here
Now explore the compare regions graphic for the bacillus version of LLO.  Point to the genes in the graphic to read their identities, or switch to the table.  The table is sorted by genome, but you can click the header of the "set" column to sort the table by sets of homologs.  You may use the genome column header to resort by organism.
7. In which strain of Bacillus cereus is the LLO homolog in a different genomic context than the other strains shown?
type answer here
To determine whether the strain listed above is unique, you can expand the number of genomic regions shown in the graphic.  Type 14 into the text box and click the "update graphic" button.  Do this on the page for the listeria protein as well.  Notice that in the listeria graphic, some of the regions have gray boxes around some of the genes.  This indicates functional clustering.  These homologs are consistently found near each other.
8. Compare and contrast the homogeneity/heterogeneity of the chromosomal region surrounding LLO in Bacillus cereus, Bacillus anthracis, and Listeria monocytogenes.
type answer here
Another interesting visual comparison is to limit the number of strains which display the same pattern of genes in the region.  In either (or both) of the open protein pages, click the advanced button in the display options above the graphic.  Leave the number of regions shown as 14, but now click the radio button to collapse close genomes in the genome selection option.  Redraw the display by clicking the update graphic button.
9. Which species of Streptococcus and Clostridium are shown to have homologs to the LLO toxin?  Are there any other homologous proteins shared in this region among the strep and listeria, or the clostridia and listeria?
type answer here
Scroll to the top of the page focused on the listeria protein.  In the annotation overview table, in the cell labeled "Feature ID", click the link to show evidence.  This page will display the evidence relied on by the annotator who assigned this protein its name.  Evidence includes the cellular location of the functional protein, as estimated from  calculated transmembrane domains, signal peptides, and charge.  Proteins with transmemrane domains and little surface charge tend to be membrane-bound, while proteins with more surface charge tend to be soluble.  Soluble proteins with N-terminal signal peptides are likely to be secreted.  This estimate is calculated solely from the amino acid sequence and is not based on experimental evidence.

Other evidence calculated from the amino acid sequence includes sequences recognized as functional domains in the PFam (Protein Families) or CDD (Conserved Domain Database) databases.  Similar proteins are calculated with BLASTP (Basic Local Alignment Search Tool for Proteins), which matches, or aligns, the amino acid sequence of a query protein to a database of protein sequences.  The result includes the alignment between the query and the "hit", a score that increases with the number of perfectly matching amino acids along the length of the query sequence, and an E-value.  The E-value is the expectation (probability) that the same match would occur if the comparison database consisted of random sequences instead of known protein sequences, so the closer to zero, the better.  The graphic display of similarities is color-coded for E-value, and the bars are proportional to the lengths of the protein sequences.  The white bars indicate the region of matching amino acids.
Scroll up and down to get a quick look at the 50 similar proteins shown.  These are all good matches because they have very low E-values and the match covers the nearly the full length of the sequences.  These similar proteins are therefore probably homologous, which means evolutionarily related.  Scroll up to the top of this page and click the tab to switch to the tabular view.  This presents the same evidence in a table instead of a graphic.  If the name assigned to the function of any of these similar proteins is different from the name of the query, the cell of the table is highlighted in a different color.  Color in the cells describing the region of the query or hit protein involved in the match is a warning that the match does not extend the full length of the sequence.  Near the top of this page, click on the tab labeled "Sims Filter."  Increase the number of results shown by typing 100 in the box for Max Sims.  Click the checkbox to "Group by Genome," and then click the Resubmit button.  View the results in either the tabular or graphical format.
Notice that there are two results in many strains of Streptococcus pneumoniae.  It should be clear from the graphic or table that one is full-length and one is very short relative to the query LLO.  Now we will examine the sequences to determine whether both should legitimately be assigned the same function.  
In either the tabular or graphical view, click the check boxes corresponding to the following sequences:  the query, fig|169963.1.peg.200; three L.monocytogenes sequences, fig|267409.1.peg.1504, fig|393117.3.peg.3389, fig|265669.1.peg.210; one clostridial sequence, fig|212717.1.peg.1688 or fig|195102.1.peg.226; both results for S. pneumoniae R6, fig|171101.1.peg.1737 and fig|171101.1.peg.737; the B.cereus 10987 sequence we have looked at, fig|222523.1.peg.3286; and one S. pyogenes sequence, e.g. fig|293653.3.peg.233.  Now scroll to the top of the table or graphic and click the button to align selected sequences.
Examine the alignment.  Keep this list of fig ID numbers handy because there are only 15 characters shown in the name of each line, and you'll need to decipher which is which.  You should notice that there is good alignment of all sequences (except the small S.pneumo R6 one) in the middle.  The beginning (N-terminus) shows good alignment of the listerial proteins, but not the others.  The end (C-terminus) shows very good alignment of all the proteins, including the small R6 protein.  Cholesterol-dependent, thiol-activated cytolysins are defined by a universally conserved undecapeptide (11-mer) with this sequence:  ECTGLAWEWWR (which may extend across a line break in your alignment).  Listeriolysins, which form pores in vacuolar membranes but not plasma membranes of host cells, are distinguished from other bacterial cytolysins by a sequence that results in degradation by the proteasome in eukaryotic cells.  This proteasomal degradation signal is called the PEST sequence, not because these four amino acids (Proline, GlutamatE, Serine, Threonine) are always found in that sequence, but because a region of about 15 amino acids near the N-terminus of the protein is enriched in these amino acids.
10. Do you believe that the annotation of "Thiol-activated cytolysin" assigned to the small pneumococcal proteins accurately describes their functional role?  Support your opinion with evidence.
type answer here
11. Write a string of 12 amino acids that you would identify as the proteasomal degradation signal (PEST-like sequence) in the listeriolysins.
type answer here
Finally, the point of examining sequences and comparing genomes of pathogenic and closely related, non-pathogenic bacteria is to discover protein targets for developing therapeutic or diagnostic agents.  Therapeutic agents include antibiotic drugs, antitoxin drugs, antiserum, or vaccines.  Antibiotics will either kill or stop the growth of bacteria by binding to a bacterial protein.  Antibiotics may be broad-spectrum (effective against many different bacterial genera) or narrow-spectrum (effective against one or a few related genera).  Antitoxin drugs are small molecules that engage the active site of a toxin to neutralize it.  Antiserum is an old-fashioned term to describe an antibody that binds to a toxin to neutralize it.  A vaccine target is usually a protein or carbohydrate located on the surface of a bacterium or virus, which when injected into the blood stream, instigates an immune response that primes the immune system to more quickly and more potently respond to an infection of the pathogen.
12. Discuss whether the Thiol-activated cytolysins could be a target for the development of an antibiotic, antitoxin, antiserum, or vaccine.  Consider what you have learned about the infection cycle of Listeria in mammalian host cells.  Support your opinion with evidence you have examined during this exercise, such as sequence conservation, location of the protein relative to the bacterial cell, phylogenetic distribution of this protein in Bacteria, etc.
type answer here
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