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PUMA2|An Environment for Comparative Analysis ofMetabolic Subsystems and Automated Reconstruction ofMetabolism of Microbial Consortia and IndividualOrganisms from Sequence DatabyMark G. D'Souza, Jun Huan, Samantha Sutton, Margie Romine, and Natalia MaltsevAbstractWe have created a prototype system called PUMA2|an interactive environment with the followinggoals:� enable comparative analysis of the metabolic subsystems in di�erent organisms,� provide a framework for the automated reconstruction of the metabolism of microbial con-sortia and individual species, and� provide a framework for the representation of expression data.Analyses in PUMA2 are based on a collection of metabolic modules connected to sequence data.The results of such analyses are presented in graphical form based on hierarchical representationof the functional subsystems and annotated with sequence data and literature information. A setof new tools has also been developed for evaluation of the results and for e�cient annotation.Use of this environment will permit the following applications:1. identi�cation of signature genes for characterization of biological communities or single iso-lates,2. development of a toolkit for visualization and annotation of user-de�ned pathways,3. identi�cation of unculturable organisms, and4. prediction of properties of ecological niches based on microbial physiology.Analysis of the genomes in PUMA2 will lead to formulation of conjectures about the functionsof the hypothetical genes and modes of function of biological subsystems to be tested in the wet lab.We believe that using these conjectures can reduce dramatically the cost of the experimental workfor the sequenced genomes and provide better understanding of the physiology of the organismsand microbial consortia.PUMA2 could also be used for development of educational materials for courses in biochemistryand microbial physiology.A working prototype of the PUMA2 system can be viewed at http://puma.mcs.anl.gov/PUMA2/.2



1 IntroductionRecent years have witnessed a rapid accumulation of sequence data and data related to the phys-iology and biochemistry of organisms. Providing a functional context for this data is vital tounderstanding biological systems. Adequate representation of metabolism is one of the keys to thedesign of such a context.Indeed, recent advances in biochemistry and elucidation of the metabolic pathways by whichorganisms produce energy and building blocks for biosynthesis led to the surprising conclusion that\virtually all biosynthetic pathways, polymerizations, and assembly processes are fundamentallysimilar in all bacteria ... [and] possess a high degree of similarity in all living cells" [1].Arguably, exceptions to this conclusion exist: in some cases building blocks are synthesizedby alternative routes; some modi�cations of the universal pathways are used by organisms tobetter adjust to current conditions and environments; and some organisms employ pathways andenzymes that are unique to them, usually re
ecting speci�c conditions and restrictions imposedby an ecological niche. Moreover, catabolic processes show extraordinary metabolic diversity:almost any existing compound could be used as a source of energy or as a �nal electron acceptor.However, the turnover reactions|breakdown and resynthesis of macromolecules|show substantialsimilarities in various organisms.2 PUMA2 and the Modular ApproachMotivated by these observations about metabolic similarity, we have developed an approach forrepresenting metabolism as a network of interconnected modules. We de�ne a \metabolic module"as a set of enzymes involved in particular physiological process (e.g., glycolysis, methanogenesis,nitrogen assimilation) with all known variations in di�erent organisms, presented in the form of ametabolic diagram. Every module is connected to the other modules through common intermediatesand components, thus constituting the architecture of a metabolic network.The modular approach o�ers the advantage that it can be readily modi�ed to accommodatethe growing amount of metabolic information. Indeed, as was pointed out by Emmerling et al.[2], \to a large extent, molecular biology has been successful because it has dissected the complexcellular systems into smaller parts, which could be then analyzed and understood." Understandingof isolated cellular processes and subsystems is a prerequisite to comprehension of in vivo systemsin which reactions and pathways are embedded in the whole metabolism.We have developed a prototype system, called PUMA2 (http://puma.mcs.anl.gov/PUMA2), thathas used the modular approach to analyze metabolic systems manually. The results have been ex-tremely promising. We will further develop PUMA2 from a prototype to a production system.Metabolic modules will be thoroughly annotated with sequence information; relevant literature in-formation; information on the \signature" enzymes or combination of the enzymes whose presencegives unambiguous evidence of occurrence of this module in a given organism or microbial com-munity; and information on the alternative substrates used in the pathways constituting a moduleand resulting products (this data could aid identi�cation of the potential microbial partners in3



the microbial communities). The process will be done semi-automatically, dramatically reducingthe time involved and the chance for error, while a�ording expert researchers an opportunity torevise the material based on their individual insight and intuition. New tools will be developedfor analysis, representation, and annotation of the metabolic data. The major features of PUMA2architecture are illustrated in Figure 1.The organization of metabolic information in PUMA2 will provide the following features:� a framework for comparative analysis of metabolic pathways across multiple genomes,� automation of metabolic reconstruction from the sequence data for individual organisms andmicrobial consortia,� a library of multiple sequence and reverse translated alignments for the signature enzymes toassist development of the primers for polymerase chain reaction (PCR), and� a toolkit for entering and maintaining a set of user-de�ned pathways and its annotationwith the literature and sequence information, allowing researchers to develop and maintaincustomized collections of metabolic pathways and annotations.Comparison of PUMA2 with Other Metabolic Systems and Databases. Several metabolicinformation sources have been developed during the past decade. They contain a wealth of infor-mation about individual pathways (e.g., EMP, EcoSys, MetaCyc, SoyBase) or more generalizedrepresentation of the metabolic networks (e.g., KEGG, SwissProt). In Table 1 we list the mostsuccessful of these projects and brie
y summarize the di�erences from PUMA2 project. As Table 1indicates, no existing system provides the three key features needed for e�ective comparative anal-ysis. PUMA2 thus �lls an important gap left by the current metabolic systems and databases.Successful development of the PUMA2 system will o�er the following bene�ts:� Comparative analysis of metabolic systems. Comparative analysis empowered by con-nection to genetic sequence information could have a substantial impact on diverse �eldsincluding medicine (assisting in �nding metabolic pathways and enzymes that are uniqueto bacterial or eukaryotic pathogens and could be used as potential targets for antibiotics)and biotechnology and bioremediation (aiding in metabolic engineering, which requires deepunderstanding of metabolism and genetics of the organism to be used for modi�cation).� Automation of the metabolic reconstructions from the sequence data. Automationof the major steps of the metabolic reconstruction from the sequence data could aid highthroughput analysis of bacterial genomes.� Characterization of unknown or unculturable organisms. A library of signature en-zymes could facilitate identi�cation of the members of microbial consortia and individualorganisms, and identi�cation of pathogens in patients and environmental samples.4



Current development e�ort in our work on the prototype PUMA2 focuses on the following fourareas.2.1 Metabolic ModulesRepresentation of metabolic and sequence data in the PUMA2 prototype is based on metabolicmodules. As Figure 2 shows, each module is represented in two forms:� A dynamically generated module diagram representing all similarities and di�erences thatoccur in di�erent versions of a pathway� A computer-readable encoding of a pathway, which could be used for comparative analysis ofa pathway in di�erent organismsCurrently, we have assembled (manually) preliminary versions of several modules (de novopyrimidine biosynthesis, de novo purine biosynthesis, methanogenesis, glycolysis, etc.) (seehttp://puma.mcs.anl.gov/PUMA2/HTML/modules.html). Having demonstrated the feasibility of theapproach, we now need to verify its accuracy, automate the process, and expand the numberof modules signi�cantly to re
ect major physiological processes. A detailed explanation of thedevelopment of such a module for `de novo' pyrimidine biosynthesis can be found athttp://puma.mcs.anl.gov/PUMA2/HTML/pyrimidine demo.html. All such examples of the modulesrepresent only an initial stage of development and will be thoroughly updated and annotated.2.2 A Tool for Drawing User-de�nedMetabolic Pathways and SummaryDiagramsPublicly available databases (EMP, KEGG, EcoCyc, etc.) contain a wealth of information aboutthe metabolic pathways that exist in di�erent organisms. However, in many cases, pathways aremissing from these collections. This situation complicates representation of the metabolic dataand development of the metabolic reconstructions. We intend to develop a convenient frameworkthat will allow a user to easily generate standardized pathway diagrams and annotate them withbiochemical, sequence, regulatory, and other types of relevant information.As a �rst step in this direction the prototype contains a Web-based tool for visualization ofthe metabolic pathways (http://puma.mcs.anl.gov/PUMA2/HTML/tool.html). The user is providedwith a form for entering data to be displayed. Entering the data requires following simple rules,described in a help �le. The tool allows one to enter information in the form of EC numbers ortext. The output of this tool is a dynamically generated pathway diagram (see Figure 3). Boththe input form with the input data and the output diagram can be saved in a �le, which willbe useful for developing customized collections of metabolic data. The prototype tool enablesthe user to automatically link objects on a diagram to any user-de�ned URL. This feature allowsextensive annotation of the pathway data with the sequence data, literature information, and soforth. Furthermore, the tool can be used for development of the overview diagrams representing a5



generalized view of the parts of the metabolic networks. These summary diagrams can be linkedto more detailed representations of the pathways. Such cascading representation of the metabolicnetworks will simplify navigation and representation of complex systems.2.3 Automation of the Metabolic Reconstructions from the Sequence DataWe have explored several of the issues involved in automated reconstruction of metabolic modulesin given organisms (see http://puma.mcs.anl.gov/PUMA2/HTML/met recon.html). Currently, wepresent reconstruction by dynamically generated pathway diagrams connected to the sequencedata for a particular organism. Di�erent color codes are used to mark the enzymes that are presentor absent in a genome under consideration, as well as to emphasize the presence or absence of thesignature enzymes (see Figure 3).We intend to investigate two di�erent modes of automated metabolic reconstruction in PUMA2,according to the source of sequence data:� Automated metabolic reconstruction with the WIT2 system as a source of sequence data: WIT2currently contains data for 38 complete and almost complete genomes. WIT allows interactivegenetic sequence analysis and customized gene annotations. It contains data on the conservedchromosomal gene clusters, For the diagrams generated from WIT2 data, di�erent shapes areused to signify the enzymes that are a part of a conserved chromosomal gene cluster.� SwissProt database as a source of sequence data: PUMA2 allows use of data from 189 prokary-otic and eukaryotic organisms from SwissProt, for which the number of entries is more than100. The SwissProt database provides links to a number of sequence analysis tools anddatabases. However, metabolic reconstruction in PUMA2 using SwissProt data does notallow interactive genetic sequence analysis.2.4 Automatic Evaluation of the Metabolic ModelBesides metabolic diagrams, the prototype PUMA2 system produces an evaluation of the prob-ability of occurrence of certain alternative versions of a pathway in a particular organism. Wehave developed an algorithm for such analysis. All of the alternatives in the pathway are assigneda numerical score of the probability of its occurrence in an organism, and evidence based on theresults of genetic sequence analysis for every possible version is presented. Table 2 represents anexample of such an evaluation.3 Scienti�c ApplicationsOnce we have designed and developed the PUMA2 system, we plan to use it for several importantscienti�c applications. 6



3.1 Reconstruction of Metabolism of Microbial ConsortiaProkaryotes may form associations of various complexity either with other prokaryotes or witheukaryotic cells and tissues. These \heterologous associations" include symbiotic and parasiticsystems, commensalism, and neutralism. In most cases a high degree of metabolic interdependenceexists between the members of such consortia. Associations could have nutritional advantages(�xation of nitrogen, supply of basic nutrients and accessory factors) or be parasitic (Chlamydiaspecies in their \reticulate body" state are examples of intracellular parasitic bacteria).In some cases the major metabolic relationships in such microbial associations are understoodfrom biochemical experiments. Figure 4 represents an example of a carbon cycle. Our intent isto enable researchers (based on the library of metabolic modules) to predict a potential gene poolfrom a diagram such as the one depicted in Figure 4 and to assist development of a set of potentialPCR primers for further detailing the metabolism of this complex system. Analysis of the sequenceinformation in PUMA2 could also help estimate the impact of a particular organism in metabolismof a consortium (Figure 5).In other cases, however, signi�cant evolutionary lineages have been identi�ed through molecular-phylogenetic methods rather than through traditional wet lab experiment. As N. Pace notes [14],\Because the molecular-phylogenetic identi�cations are based on sequence, as opposed to metabolicproperties, microbes can be identi�ed without being cultivated. Analysis of microbial ecosystems inthis way is more than a taxonomic exercise because the sequences provide experimental tools|forinstance, molecular hybridization probes|that can be used to identify, monitor, and study themicrobial inhabitants of natural ecosystems." Our general approach to the analysis of metabolismof microbial consortia is represented in Figure 6.3.2 Comparative Analysis of OrganismsThe utility and power of comparative analysis in biological sciences are well understood and widelyaccepted. Insights that are gained from detailed comparisons of metabolic routes used by the or-ganisms at varying lifestyles and phylogenetic distances will o�er a framework for characterizingmany mechanisms that still remain poorly understood (thermostability, biochemistry of high salineenvironments, etc.). The PUMA2 environment will allow comparative analysis of metabolic net-works in di�erent organisms. Each module will emphasize similarities and di�erences in executingparticular functions that exist in di�erent organisms and systems. This way of representing ofmetabolic process, we believe, allows a systematic analysis of the combinatorics of metabolic net-works: connected to data on regulation, chromosomal gene clustering [15], and sequence data, thisinformation will provide valuable insight into evolution of metabolic functions and genomes.Representation of metabolic data both in human-readable and computer-readable forms willaid further detailed studies of diversity and conservation of function in biological systems. Forexample, it is known that bacteria synthesize unsaturated fatty acids by an anaerobic mechanismas opposed to an aerobic in mammals. The double bond is introduced into the growing acyl chain bybeta-hydroxydecanoyl-ACP dehydrase|unique to bacteria|which could be viewed as a potentialtarget for antibacterial agents [16]. Comparative analysis of the processes like DNA replication7



protein secretion, biosynthesis of sterols, and biosynthesis of cellular walls also reveals potentialdrug targets. Elucidation of the new metabolic pathways and enzymes that are unique to bacterialor eukaryotic pathogens could provide invaluable insight into potential targets for antibiotics.The Riftia symbiont and a number of other sulfur-oxidizing symbionts associated with inver-tebrate animals represent another example of the utility of comparative studies. These organismsproved to be fairly closely related to one another and also to the intensively studied organisms E.coli and Pseudomonas aeruginosa. Because of their phylogenetic proximity, many of the propertiesof the symbionts can be inferred from those of the well-studied organisms. For instance, one canpredict with good con�dence the nature of the ribosome and antibiotic-susceptibility patterns, thenature of the DNA-replicative machinery, the character of the RNA polymerase complex, the char-acter of biosynthetic pathways and their regulatory mechanisms, the nature of the cell envelopeand energy transduction schemes, and many other cellular properties of the symbionts [14].3.3 Prediction of Properties of Ecological Nichess Based on Microbial Physiol-ogyVery little is known about the ecology of many organisms. We believe that information about thefunctions of the genes in the genome and further metabolic reconstruction can suggest an organism'snatural habitat. Understanding of catabolic and respiratory pathways of the microbial communityinhabiting a particular ecological niche can provide important insights in mineral composition andoccurrence of certain types of organic compounds in the environment. For example, the presenceof dissimilatory nitrate reductase in an organism's genome suggests the presence of nitrates in thesurrounding media. Similarly, the presence of the enzymes for catabolism of aromatic compoundspoints to contamination of the environment with these class of chemical substances.3.4 Formulation of Conjectures about the Functions of Hypothetical GenesSequence data provides valuable resources for understanding cellular metabolism. Analysis of threewell-studied biochemical pathways (the tricarboxylic acid cycle, pentose phosphate pathway, andglycolysis) from the 17 publicly available microbial genomes [17] has shown that these pathways mayrarely occur as previously de�ned. Therefore, following whole-genome sequencing it has becomenecessary to rede�ne the \classical" biochemical steps leading from substrate to end-product foreach pathway. Often, unique or alternative reactions appear to be required in order to maintainpathway functionality where expected enzyme reactions (as de�ned by the presence or absence ofthe corresponding genes) are \missing".Various explanations have been suggested:� the presence of low sequence similarity or novel genes that encode enzymes performing thesame or similar functions,� the presence of multifunctional enzymes,� incorrectly assigned gene functions in genome databases, and8



� known enzyme functions that have yet to be correlated with a gene sequence.Modi�cations at the gene and/or functional levels, as well as the possible use of alternativeenzymes, should be taken into consideration when reconstructing biochemical pathways for fullysequenced microbial genomes.Analysis of the genetic sequence in PUMA2 performed within a framework of metabolic re-construction could provide an important tool for discovering modi�cations in \classical" metabolicpathways and will lead to formulation of conjectures about the functions of the hypothetical genesand variations in organization of biological subsystems. We intend to produce a set of such conjec-tures, based on the results of our analysis, to be tested in the wet lab. We believe that using theseconjectures can reduce dramatically the cost of the experimental work for the sequenced genomesand provide better understanding of physiology of the organisms and microbial associations.3.5 Insight into Environmental AdaptationSome organisms have more than one pathway to perform the same metabolic function. This prop-erty represents one of the major mechanisms of adaptation to changing environments. Visualizationof expression data using metabolic modules in PUMA2 will allow display of the rates of functioningof the alternative metabolic routes in the same organisms under various experimental conditions.Furthermore, comparative analysis of the metabolic pathways and enzymes employed by theorganisms that reside in extreme environments (hypothermophiles, psychrophiles, halophiles, etc.)could provide important data for understanding the physiology of these extraordinary life forms.3.6 Representation of Expression DataThe tools for automated metabolic reconstruction described above can also be modi�ed for analysisand presentation of expression data. In collaboration with Dr. C. Giometti (Argonne), we havestarted to develop such tools, which exploit di�erent coloring schemes to represent di�erent levels ofexpression of the genes in the framework of metabolic reconstruction. Annotation of the expressiondata with information on potential gene clusters and usage of PUMA2 tools for comparative analysisof the metabolic pathways will also aid analysis of proteomics data.Additionally, we note that some organisms have more than one pathway to perform the samemetabolic function. This property represents one of the major mechanisms of adaptation to chang-ing environments. Visualization of expression data using metabolic modules will allow display ofthe rates of functioning of the alternative metabolic routes in the same organisms under variousexperimental conditions.We believe that PUMA2 will provide a useful environment for the studies of metabolism andphysiology of the organisms and will help to bridge a gap between bioinformatics and functionalgenomics. 9
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