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In search of the elusive motif: A model approach for determining recurring transcriptional sequences in Cryptosporidium hominis.

Introduction:
Recent sequencing and annotation of the Cryptosporidium hominis genome has begun to make possible, through bioinformatics, study of the organism’s transcriptional processes (Xu et al. 2004).  How does the organism replicate genetic material and what coordinating factors or elements are involved?  Of what benefit would a greater understanding of Cryptosporidium be to the scientific and public health communities?  What is the most feasible way to study RNA transcription in Cryptosporidium, drawing from bioinformatics resources as well as experimental data?  My work over the next academic year and summer will attempt to answer some of these questions.  By employing the available bioinformatics tools and software in conjunction with empirical data gleaned from experimental verification, I hope to establish an effective method of elucidating the transcriptional processes of Cryptosporidium hominis.

Cryptosporidium is a parasitic protozoan of the phylum apicomplexa, and cause of severe diarrhea and gastroenteritis in humans.  Infection from Cryptosporidium is of heightened concern to the immunocompromised, who make up the largest percentage of fatalities among infected individuals.  A water-borne pathogen, Cryptosporidium is usually spread when fecal contamination is transmitted into public bodies of water, such as swimming pools, rivers, lakes or even municipal drinking water sources.  Per EPA recommendations, most water treatment and observation centers constantly monitor Cryptosporidium levels in public water sources, as, once established, the organism is extremely resilient to most methods of sanitation, such as Chlorine or other chemical disinfectants.  There is currently no good treatment for Cryptosporidiosis.  The 1993 overflow of sewage into public drinking sources in Milwaukee, Wisconsin caused the infection of over 400,000 people and the deaths of greater than a hundred.  While Cryptosporidium outbreaks worldwide are notoriously underreported, this and other outbreaks have led to a renewed call over the last 20 years for research into a possible treatment for infection and for an effective method of killing or disabling the pathogen.

An intuitive method of killing an organism would be simply to prevent it from reproducing its genetic content, such as by disrupting RNA transcription.  From our study of other organisms, we know that transcription of RNA generally happens collaboratively between several cellular entities.  In addition to the RNA itself, transcription requires RNA polymerase to read the sequence and construct polypeptide chains, which ultimately produce proteins.  RNA polymerase is often aided in its task by transcription factors, other proteins which bind to the polymerase and essentially help it to locate the correct transcriptional start points.  This explains how a relatively universal molecule such as RNA polymerase can operate with so many diverse genes.  The transcription factors themselves seek specific binding sites, usually found along the nucleotide sequence upstream from the transcriptional “ATG” start site.  These sites often consist of repeated sequences, well conserved between different, but perhaps co-regulated, genes.  Identifying these sequences, or motifs, may hold the key to controlling Cryptosporidium and saving lives in the future. 

Unfortunately, identifying transcriptional motifs experimentally is often time-consuming, laborious and expensive.  It falls upon bioinformaticians then to identify good candidates for motifs based on our knowledge of the genome and the genomes of other related organisms.  Once established, candidate motifs can be tested experimentally in vitro to see if they are truly necessary for gene expression. This is a much more direct approach to transcriptomics, but requires good software and genomic resources.  Thus far, I have mainly utilized a motif-finding program called AlignACE, which uses the Gibbs sampler algorithm, to identify motifs in the upstream regions of Cryptosporidium hominis genes.

Progress:

It would be impractical to attempt a broad scale search of all regulatory elements in an entire genome without establishing a basic method first. I therefore focused my work in a few key ways.  In the beginning, I used the BioLingua programming language to search for close matches of the classical regulatory sequence motifs, such as the TATA or CAAT boxes.  Easily (perhaps too easily) finding several instances of these sequences in many genes, I noted the following:

1. A sequence that says, for example, “TATA” does not necessarily constitute a functional TATA box.  In other words, there may - by pure chance - be many instances of this sequence that have no bearing on protein expression whatsoever.  Or they might.  There must be a way to establish a likelihood of sequence functionality in transcription.

2. Even legitimate motifs such as TATA or CAAT are known to regulate, but not necessarily co-regulate, many diverse and metabolically distinct genes.  A better approach to finding motifs may be to first establish a commonality between genes and thus establish a training set before looking for conserved sequences.

3. Position of motif instances in upstream regions relative to the ATG point is usually important and can be a strong indicator of a sequence’s relevance to gene expression.

A paper on the identification of regulatory elements in Plasmodium falciparum provided the impetus for the direction my work took next (Militello et al. 2004).  In it, the authors used the heat shock protein (hsp) gene family as a model set for motif elucidation.  They reasoned that the hsp set provides a good model because it is regulated in both basal and stress-activated conditions and is also well conserved between organisms.  To search for motifs, they extracted the 2000bp upstream regions (truncated if it extended into another open reading frame) and ran the sequences through the AlignACE program, which utilizes the Gibbs-Sampling algorithm.  AlignACE allows the user to specify a number of required sites of consensus per motif, which limits but does not necessarily define motif width.  The authors varied this limit from five to twelve in order to be inclusive in their search.  Upon identifying several motifs for the given input sequence, AlignACE ranks each by MAP (maximum a priori log likelihood) score.  In general, the following motif attributes lead to higher MAP scores:

· Greater numbers of aligned sites 

· More tightly conserved motifs

· Less total input sequence

· More tightly packed information- rich positions

· Enrichment of the motif with nucleotides that are less prevalent in the genome, as defined by background frequencies.

It is generally true that MAP scores are a good indicator of the likelihood that a motif sequence might occur by chance, implicitly quantifying the likelihood of its functionality.  By analyzing the output provided by AlignACE, the authors were able to distinguish a good potential motif for P. falciparum hsp genes, which they dubbed the G-box.  They decided to test the functionality of the G-box in the hsp86 gene, using transient transfection.


To conduct transient transfection experiments, the authors constructed plasmids with the firefly luciferase reporter gene and 5’ and 3’ flanking sequences, which contained the G-box motif.  These plasmids were transfected into P. falciparum by electroporation.  Cutting out the G-box, they measured the resulting level of gene expression through firefly luciferase activity (light) and were able to provide evidence for the motif’s functionality.


The rationale for using hsp genes as a model set in identifying transcriptional elements in P. falciparum seemed to me to be very much in the spirit of my own objectives for C. hominis.  Therefore, I conducted a search for hsp genes in C. hominis and identified a set of eight genes.  The problem arose that C. hominis has not yet been completely annotated, so I was able to identify some unlabeled hsp genes based on their orthologs in C. parvum.  I extracted the upstream intergenic sequences and ran the sequences through AlignACE, which is freely available on the internet.  Unfortunately, AlignACE identifies dozens of motifs for a given set of data and it is unlikely that all of them are functional sequences.  It is also likely that many apparently different motifs actually stem from a common set of sequences.  AlignACE attempts to clarify the results by providing a MAP score for each motif, as described above, and each motif’s position in the DNA strand.  Below is a sample output, showing the highest scoring motif found in the eight hsp genes.

AlignACE 3.0 04/13/02 
/usr/jhughes/bin/AlignACE -i /home/alignace/notgiven-16804.seq -numcols 6 -expect 10 -gcback 0.27  
Parameter values: 
 expect =       10 
 gcback =       0.27 
 minpass =      200 
 seed =         1122872107 
 numcols =      6 
 undersample =  1 
 oversample =  1 

Input sequences: 
#0 Chro.30389 661 
#1 Chro.60573 563 
#2 Chro.20010 1406 
#3 Chro.30427 2338 
#4 Chro.60141 653 
#5 Chro.70410 109 
#6 Chro.70049 1854 
#7 Chro.20349 817 

Motif 1 
GGGGGG 3 1815 1 
GGGGGG 3 2197 1 
GGGGGG 7 342 1 
GGGGGG 7 445 1 
GAGGGG 7 466 1 
GAGGGG 2 1279 1 
GAGGGG 6 1173 0 
GAGGGG 6 900 1 
GAGGGG 4 215 0 
GAGGGG 6 805 0 
GAGGGG 3 143 1 
GAGGGG 2 743 1 
GAGGGG 3 1970 1 
GGCGGG 6 151 0 
GGCGGG 6 835 0 
GGCGGG 3 98 1 
GGCGGG 1 432 1 
GACGGG 3 2009 1 
TGGGGG 6 1188 0 
TGGGGG 3 2040 0 
TAGGGG 2 1070 1 
TAGGGG 1 98 0 
TAGGGG 3 2228 1 
****** 
MAP Score: 34.5784
By varying the numcols variable from 5 to 12, I obtained dozens of motifs with enough overlap to be certain of obtaining complete motifs (i.e. not cutting them too short).  I took the top five (or four in one case), and produced WebLogo visual representations of the motif (see accompanying motifs.html document).  WebLogo is a freely available web application that constructs a diagram of a motif based on several constituent motifs, such as the ones shown above.  Below is the WebLogo for the above data:
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Note that all of the possible motifs are represented in the diagram.  This makes it much easier to refer to a motif that is actually a group of individual sequences.


For this large group of highest-scoring motifs, I plotted their accompanying MAP scores.  Interestingly, I found that the first (best) motif was always very good (MAP = 25 to 30), whereas subsequent motifs scored substantially lower and remained low (see accompanying spreadsheet, map.xls).  To see if these best motifs actually originated from the same sequences, I laid out the sequences and highlighted the constituent motifs.  Specifically, I took motif 1 from the numcols=6 motif set and compared it to motif 2 from the numcols=6 set and so on.  Overlapping constituent sequences would be some indicator that the motifs have at least partially conserved origins in the DNA.


As expected, many of the constituent motifs indeed overlapped when mapped on the upstream sequences.  Also, the constituent sequences showed an organized grouping in Motif 1 (MAP = 34.6) and were apparently haphazardly distributed in the subsequent sets (see again accompany motif.html document).  Specifically, a defined cluster of sequences was observed in the 100 to 150bp upstream region of Motif 1, and another at 300-350bp.  Few, if any instances of motifs were observed between these clusters and none before the first one.  In the lower-scoring motifs (MAPs equal to 3.6, 3.4 and 0.1 respectively), no apparent clustering was observed, although some sequences did align with the ones found in Motif 1.  Unexpectedly, the first cluster in Motif 1 was observed again in Motif 4, the lowest scoring motif, amid other assorted instances.  The discrepancy of MAP scores is possibly a matter of the influence of other sequences, similar enough to the sequences found in Motif 1 to constitute another (albeit low-scoring) motif but different enough to cause radically different WebLogo diagrams.  

Goals for the Academic Year:

From the AlignACE analysis, I have found what I believe to be a good candidate for a function transcriptional motif.  However, the true work lies in verification of its necessity to gene expression.  Perhaps the most conclusive way to demonstrate this would be to construct a plasmid containing the motif and a reporter gene and perform a similar transient transfection experiment to the P. falciparum study.  Unfortunately, Cryptosporidium hominis , in addition to being a dangerous human pathogen, is especially difficult to cultivate in vitro (gnotobiotic piglets have been used to grow isolates with success), thus genetic material is hard to come by.  If orthologous sequences to this motif can be found in a related apicomplexan, such as Toxoplasma gondii, it is very possible that the transient transfection experiments can be performed with that organism and the results for C. hominis reasonably inferred.  Wet lab experiments aside, other methods of verification might include examining pre-existing microarray or proteomics data to study gene co-regulation (i.e. might we expect the genes in which this motif is found to be co-regulated?).  Also, the bioinformatics analysis can be repeated for other, related organisms (especially C. parvum) to see if similar motifs are obtained.  In any situation, the case that this motif is functional would be strengthened if it were supported by similar results from other motif-finding programs or algorithms.  It is one of my goals over the next academic and summer to become more familiar with the available motif-finding programs and also to become more proficient in programming (Lisp, Scheme, BioLingua) so that I might write my own program.  I anticipate that studying in greater depth the Gibbs-Sampling Algorithm and Hidden Markov Models would lead to a better understanding of the limitations of the current software, as well as aid in writing my own code.


As an independent verification of the procedure, my mentor at Grinnell College, Leslie Gregg-Jolly, has suggested that I conduct a similar study of the SOS/emergency response promoters in Acinetobacter.

Plan Specifics:

If I have found reason to believe that Toxoplasma would provide a good surrogate model for transient transfection experiments, I will need to obtain plasmids and have access to cloning facilities.  This can probably be accomplished at Grinnell College, but in the event that it cannot, an option would be to fly to VCU during an extended break from classes.  The bulk of the work may likely occur during the spring term, with background research done prior.


Further bioinformatics analysis may require no special equipment, but will require access to databases, journals and applications.  I would expect to be in periodic, if not frequent communication with Dr. Buck’s Lab at VCU regarding my progress.

Courses:
Fall Semester 2005-


Biology 251 w/lab: Molecules, Cells and Organisms.  This class may aid in understanding how Cryptosporidium operates on the organismal level, how it interacts with its environment and how it regulates internal conditions.  Taken concurrently with organic chemistry w/lab.

Budget:

· Plasmids, lab supplies, biochemicals, enzymes, consumables.

· Software: most applications are open source or free on the net

· Travel: Possibly to Richmond to work over break.  
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Important elements explained:


gcback ( %GC nucleotide background frequency; user defined


numcols ( number of sites of consensus required per motif


Input sequences ( Set of eight upstream regions (for eight hsp genes)





Each instance of the motif found is listed below the header, “Motif 1.”  The first column shows the actual sequence.  The second column refers to the ID number of the sequence in which it is found (#0-7).  The third column shows the position of the motif, relative to the 5’ end of the sequence.  The fourth column designates whether the motif was found on the forward (1) or reverse (0) strand.  The stars below designate each site of consensus (there are six) and the MAP score is displayed below that.











