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GENERAL INFORMATION

REGISTRATION
During the conference, the registration desk will be located in the Foyer Bal Centre, outside the Ballroom.
ASM staff  will be available to assist you during session hours.

GENERAL SESSIONS
All general sessions will be held in the Salle de Bal Centre.  A name badge is required for entry into all
sessions.  In consideration of  other participants, no children are permitted in the sessions.

POSTER SESSIONS
Poster boards are located in the Salle de Bal Est.  Presenters should mount posters on Friday, after 12 p.m.
and should leave posters up for the entire conference.  Posters should be removed after the poster session
on Sunday.  Each poster is allotted half  of  a board space.  Please check your assigned number in the
abstract index and mount your poster on the board space bearing that number.

Official poster sessions will be held on Saturday and Sunday, as noted within the program.  Odd numbered
posters will present on Saturday; even numbered posters will present on Sunday.

MEALS
There will be a continental breakfast served each morning in the Salle de Bal Ouest.

The opening reception will be held on Friday, April 30 in the Salle de Bal Ouest.  The Conference Banquet
will be held in the Salle de Bal Ouest on Monday, May 3 and is included in the registration fee.  Tickets for
guests for the conference banquet may be purchased at the registration desk for US$50.

Sunday night dinner will be a coordinated “dine around” in various restaurants throughout Montreal.
Groups will leave from the lobby at the time designated on the sign up sheet located near registration.  All
attendees will need to sign up for one restaurant before lunch on Sunday.  Participation is covered in the
registration fee.

STUDENT TRAVEL GRANTS
ASM encourages the participation of  graduate students and new postdocs at ASM Conferences.  To
support the cost of  attending the conference, ASM has awarded travel grants of  $500 to each of  the
following individuals:

GENERAL INFORMATION

Sarika Mehra
Sébastien Monchy
Danilo Pérez-Pantoja
Monica Ponder
Alyssa Redding
Jeffrey Sabina
George Schmitz

Junghee Shin
Robert Shivers
Elizabeth Skovran
Daryl Smith
Zhe Yang
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SCIENTIFIC PROGRAM

FRIDAY, APRIL 30

3:00 pm Opening Remarks

4:00 pm Session I: Setting the Stage

Physiology
Bob LaRossa, DuPont de Nemours & Company

Of Math and Microbes: Improbable Partners for a New Era of
Metabolic Systems Analysis
Eberhard Voit, Medical University of  South Carolina

TBA
Hirotada Mori, Nara Institute of  Science and Technology

Comparative Genomics: a Tool to Identify Novel Enzymes and
Pathways
Valerie de Crecy-Lagard, The Scripps Research Institute

Bioinformatics Integration of Genomic and Metabolic Data
Peter Karp, SRI International

7:00 pm Opening Reception

SATURDAY, MAY 1

9:00 am Session II: Lessons from the Yeast Community

Intertwined Glucose Signal Transduction Pathways in Yeast
Mark Johnston, Washington University in St. Louis Medical School

From Genomes to Systems: The Path with Yeast
Steve Oliver, University of  Manchester

Coffee Break

Integration of Metabolic Models and Ome Data: Lessons from
S. cerevisiae
Jens Neilsen, Technical University of  Denmark

Gene Expression Profiles and Metabolic Fluxes During Wine
Fermentation
Eduardo Agosin, Pontificia Universidad Catolica de Chile

Yeast Responses to Stress Induced by the Herbicide 2,4-D
Revealed Through Post-Genomic Approaches
Isabel Sa-Correia, Institutuo Superior Tecnico

SCIENTIFIC PROGRAM
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1:30 pm Session III: Impact of Genomics upon Metabolic Engineering

Evolutionary Pathway Optimization in Escherichia coli
Greg Stephanopoulos, MIT

A Comprehensive Approach for Developing Enhanced
Microbial Biomanufacturing Processes
Peter Yorgey, Microbia

Coffee Break

Network Component Analysis of Transcriptional Regulatory
Networks
Jim Liao, University of  California, Los Angeles

Transcriptional Analysis of Regulation of Secondary Metabolism
in Streptomyces coelicolor
Wei Lian, University of  Minnesota

Analysis of Bacillus licheniformis Carbon Metabolism by
Genomic Sequencing and DNA Microarrays
Armin Ehrenreich, University of  Goettingen

5:00 pm Poster Session

SUNDAY, MAY 2

9:00 am Session IV: Complex Regulatory Systems

Stochastic Changes in Expression for a Gene Controlled by the
PhoB/PhoR Two-Component Regulatory System
Barry Wanner, Purdue University

Regulation of the Extracytoplasmic Stress Response Mediated
by E. coli sE; Genome-wide Expression Studies, Bioinformatics
and Comparative Genomics
Virgil Rhodius, University of  California, San Francisco

Coffee Break

Role of Small RNAs in Complex Regulatory Circuits
Susan Gottesman, National Institutes of Health

Proteomics of Oxygen Stress Response in Desulfovibrio vulgaris
(Hildenborough)
Alyssa Redding , University of  CA, Berkeley

Effect of PTS Knockout in Escherichia coli as Explored by Gene
Expression Profile: Case Correlation Between RT-PCR, Gene
Expression Profile and 13C-tracer Experiments
Salvador Flores, Instituto de Biotecnologia—UNAM

SCIENTIFIC PROGRAM

SCIENTIFIC PROGRAM
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1:30 pm Session V: Genomics, Metabolism & Infection

Metabolic Control of Virulence and Other Stationary Phase
Responses in Gram-Positive Bacteria
Linc Sonenshein, Tufts University School of  Medicine

Genome-Wide Analysis of Evolution of Virulence Traits and
Signaling Networks in Pseudomonas aeruginosa
Steve Lory, Harvard Medical School

Coffee Break

Rediscovering Metabolism through the drug Isoniazid
Bill Jacobs, Albert Einstein College of  Medicine

Carbon Nutrition of Escherichia coli in the Mouse Intestine
Tyrrell Conway, University of  Oklahoma

The Involvement of Complex Metabolic Pathways in Drug
Resistant Leishmania as Determined by DNA Microarray and
Proteomic Approaches
Danielle Legare, Universite Laval

5:00 pm Poster Session

7:00 pm Dine Around

MONDAY, MAY 3

9:00 am Session VI: Metabolic Integration

Dissecting Metabolic Integration in Bacteria
Diana Downs, University of  Wisconsin, Madison

Phenotype MicroArraysTM for Phenotypic Analysis of E. coli,
S. cerevisiae, and Other Microbial Species
Barry Bochner, Biolog

Coffee Break

Molecular Explanations for the Toxicity of Oxygen
Jim Imlay, University of  Illinois

Exploring Caulobacter crescentus Physiology Through Genomics
and Genetics
Craig Stephens, Santa Clara University

Central Metabolism in E. coli, a Misunderstood Black Box
Robert Bender, University of  Michigan



10 ASM Conferences

SCIENTIFIC PROGRAM

1:30 pm Session VII: Genomics, Metabolism & the Environment

Modular Approach to Understanding Metabolic Function: from
Genomics to Ecology
Mary Lidstrom, University of  Washington

TBA
Gary Schoolnik, Stanford Medical School

Coffee Break

Functional Genomic Analyses of the Hyperthermophilic
Archaeon, Pyrococcus furiosus: Defining the Hypothetical
Mike Adams, University of  Georgia

Genomic Studies of Rhodococcus sp. RHA1: Unleashing the
Catabolic Power Within
Lindsay Eltis, University of  British Columbia

Enzyme Architecture: Potential Strategies by which
Microbulbifer degradans 2-40 Efficiently Degrades Complex
Polysaccharides
Michael Howard, University of  Maryland

6:00 pm Conference Dinner

SCIENTIFIC PROGRAM
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SPEAKER ABSTRACTS

S1:1
PHYSIOLOGY
R.A. LaRossa; E. I. Du Pont de Nemours and Company, Wilmington,
DE.

Metabolism and physiology, the dynamic processes of  living
organisms, are the subjects of  this meeting.  Capacity, in the
form of  a catalog of  possible products, is determined by the
genome while context, and hence the repertoire of  cellular
components produced at any time, is provided by the environ-
ment.    A vibrant study of  physiology has flourished in parallel
with the reductionist view of  molecular biology.  Terms like
alarmones, the Copenhagen School, secondary consequences of
mutation, diverse mechanisms of  suppression, global regulatory
mechanisms and pleiotropy indicate this second, broad current
that has lasted about fifty years.  Drivers for such studies are
plentiful.  Human inborn errors often have a physiological basis.
We treat cancer and infections with chemicals that interfere with
metabolic enzymes.  Agricultural practice relies on herbicides
that interfere with aromatic and branch chain amino acid
biosynthesis.  We exploit microbial metabolism to remediate
damage to our environment and to produce useful small
molecule supplements to the food chain and precursors of
industrial polymers.  To engage in this discussion we need to
consider several parameters.  What are the baseline values of
expression?  How do values vary from this baseline upon
interference with metabolism?  Do the resulting changes
correspond with what is known about well-studied systems?
Can we interpret such results within the context of  prior
knowledge or do we simply look for internal consistency?  These
major questions provide a context for understanding the
interface between genomics and metabolism.  In this talk I will
illustrate the promises and limitations derived from our gene
expression profiling work.

S1:2
OF MATH AND MICROBES: IMPROB-
ABLE PARTNERS FOR A NEW ERA OF
METABOLIC SYSTEMS ANALYSIS
E. O. Voit; Medical University of  South Carolina, Charleston, SC.

Microorganisms permit novel high-throughput techniques that
produce dense time series of  in vivo measurements of  the
expression of  genes at the genomic scale, of  many simultaneous
concentrations of  metabolites, or of  the prevalence and
activation states of  proteins at the proteomic scale. These data
will dramatically affect strategies for modeling, analyzing, and
optimizing metabolic systems and lead to insights of unprec-
edented consequence. At present, the mathematical analysis of
metabolic systems follows one of  two paths. The first relies on
linear mathematics by focusing purely on the stoichiometry of  a
metabolic network and has as its goal the identification, analysis,
and manipulation of  flux distributions. The second path is based
on nonlinear kinetic descriptions, which are naturally much more
flexible than linear systems and, most importantly, permit full

SPEAKER ABSTRACTS

consideration of  process modulation, regulation, and signaling.
Nonlinear kinetic models are presently constructed in an indirect
and rather cumbersome fashion that includes four stages. (1)
Metabolites and enzymes are biochemically analyzed in vitro, one at
a time. (2) Based on mechanistic assumptions, parameter values of
hypothesized rate laws are estimated from these data. (3) The rate
laws are integrated in a mathematical model. (4) Comparisons of
model results with experimental observations lead to iterations of
model amendments. At least in theory, the new types of  dynamic
data allow a different approach that will complement the existing
strategies. First, simultaneous time series measurements are
obtained for all system constituents of  interest. Ideally, these time
series experiments are repeated several times, maybe in response to
different small perturbations. Second, a symbolic model is con-
structed, for instance, according to the guidelines of  Biochemical
Systems Theory. This is possible without knowledge of  mechanistic
details. Nonetheless, if  information about the system is available, it
is used to simplify the symbolic model. Third, parameters are
estimated directly from the time series data. If sufficiently many
data are available, the solution may be unique; otherwise, several
candidate solutions are obtained. Each solution is interpreted in
terms of  the possible structure and regulation of  the metabolic
network. The presentation describes “sandbox” problems we have
successfully analyzed and discusses some of  the challenges that
must be overcome before actual, larger systems can be addressed
with reliability.

S1:4
COMPARATIVE GENOMICS: A TOOL TO
IDENTIFY NOVEL ENZYMES AND PATH-
WAYS
V. de Crecy-Lagard; The Scripps Research Institute, La Jolla, CA.

Genome sequencing efforts of  the last decade have revealed how
little is known about the relationship between DNA sequences and
biological functions. In the best genetically characterized organ-
isms, a third of  the genes have no assigned function. Systematic
approaches such as functional and structural genomics can lead to
elucidation of  some functions, especially if  they are functions
similar to currently understood activities. However, analysis of  the
literature reveals many known enzymatic activities or pathways for
which the cognate genes remain unknown. Post-transcriptional
modification of  the four standard nucleosides occurs with both
tRNA and rRNA. Modified nucleosides are structurally diverse,
from a simple modification like methylation that needs only one
enzymatic step, to the hyper-modifications seen with Queuosine
(Q), Archaeosine (G*), and Wyeosine (Y), where several steps are
required. Some modifications are specific to one kingdom while
others are universal. Roughly 50% of  the RNA modification genes
are still to be identified. In addition, the biological function of
modified nucleotides is not known in most case. The RNA
modification field is an example of  one where genetic characteriza-
tion is lagging. The first step in comparative genomics is to list
functions that are missing. We are currently making exhaustive
compilations of  missing tRNA modification genes. By combining
occurrence-profiling, chromosome-clustering and homology
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searches, candidates for missing functions can be proposed. These
predictions are then tested experimentally. Using such methods we
identified several new families such as the tRNA 5,6-dihydrouridine
synthase family (J. Biol. Chem, 2002, 277: 25090-5) and more
recently the whole pathway for synthesis of  the queuine precursor,
7-aminoethyl 7-deazaguanine (preq1) from GTP (J. Biol. Chem,
2002, 277: 25090-5.) How this methods can be used to identify
missing genes in general and allow a more precise characterization
of  the avalanche of  protein information that are wrongly annotated
in the database will be discussed. The National Institutes of  Health,
the Skaggs Foundation, and the National Science Foundation
supported this work.

S1:5
BIOINFORMATICS INTEGRATION OF GE-
NOMIC AND METABOLIC DATA
P. D. Karp, R. Gobbel, M. Green; SRI International, Menlo Park, CA.

SRI’s Pathway Tools software [1] provides a rich computational
environment for integrating, visualizing, and analyzing metabolic
and genomic data. Given an annotated genome as its input (such as
a Genbank file), the software predicts the metabolic pathways of
the organism. The pathways and genome are stored within a
Pathway/Genome Database (PGDB) that serves as a platform for
further refinement and analysis of  the genome and metabolic
network. The pathway prediction algorithm relies on SRI’s MetaCyc
database [2], which describes 497 experimentally elucidated
metabolic pathways and 1665 enzymes from 207 organisms.
Analysis capabilities of  Pathway Tools include: (1) Prediction of
which enzymes fill holes (reactions with no identified enzyme) in
identified metabolic pathways by combining sequence-similarity
searches with operon and other data; (2) Animated display of  gene
expression data onto the complete pathway map for the organism
facilitates interpretation of  those data; (3) Comparison of  the
complete metabolic maps of  two organisms; (4) Prediction of
operon organization by combining a variety of  data including
intragenic distance and pathway organization. Editing tools allow
users to update the PGDB to reflect new findings about the gene
functions, metabolic pathways, and genetic network of  the organ-
ism. A new ontology of  evidence codes allows a PGDB to clearly
distinguish computational predictions from experimentally derived
information.  The software publishing of  a PGDB through a web
site to support interactive querying and visualization of  the
metabolic network, genome, and genetic network. Users can query
PGDB data using new Perl and Java APIs (application program
interfaces), and we have recently implemented powerful data
import/export capabilities. Seventy groups have thus far created
close to 40 PGDBs with Pathway Tools for organisms that include
Saccharomyces cerevisiae, Methanococcus jannaschii, Arabidopsis
thaliana, and Plasmodium falciparum, making Pathway Tools an
emerging standard for pathway and genome bioinformatics. Pathway
Tools is freely available to academics.
References
[1] Karp, PD, Paley, S and Romero, P, “The Pathway Tools
Software,” Bioinformatics 18:S225-32 2002.
[2] CJ Krieger, P Zhang, LA Mueller, A Wang, S Paley, M Arnaud, J
Pick, SY Rhee, PD Karp, “MetaCyc: a multiorganism database of
metabolic pathways and enzymes,” Nuc Acids Res 32(1):D438-D442.

S2:1
INTERTWINED GLUCOSE SIGNAL TRANS-
DUCTION PATHWAYS IN YEAST
M. Johnston; Washington University, St. Louis, MO.

Glucose fuels life. It is the only carbon and energy source for some
cells (e.g., brain cells), and cells that are able to use other carbon
sources usually prefer glucose. Cells have evolved numerous and
sophisticated mechanisms for sensing glucose and responding to it
appropriately. This is especially apparent in the yeast S. cerevisiae,
where these regulatory mechanisms contribute to the distinctive
fermentative metabolism of  yeast, a feature of  the organism long
exploited by humans for food and beverage production. One of  the
main glucose signaling pathway in yeast cells represses expression of
many genes using the Mig1 transcriptional repressor, which is
regulated by the glucose-sensitive Snf1 protein kinase. Another
important glucose sensing pathway works through the Snf3 and
Rgt2 glucose sensors in the cell membrane which generate an
intracellular signal that inhibits the Rgt1 transcriptional repressor
and results in glucose induction of  expression of  HXT genes
encoding glucose transporters. Our profile of  the yeast
transcriptome revealed that these two glucose sensing and signaling
pathways are highly interconnected in a regulatory circuit that
probably evolved to ensure a rapid and sensitive response of  the cell
to changing levels of  glucose.

S2:2
FROM GENOMES TO SYSTEMS: THE PATH
WITH YEAST
S.G. Oliver; University of  Manchester, Manchester, UNITED KING-
DOM.

A large number of  technologies have been developed to aid in
elucidating the function of  the novel genes discovered by the
systematic genome sequencing. While transcriptome and proteome
studies currently dominate large-scale functional analysis strategies,
the metabolome is ‘downstream’ of  these.  The effects of  genetic or
physiological change should thereby be amplified and the
metabolome, in consequence, is much closer to the phenotype of
the organism. Most metabolome studies have concentrated on the
measurement of  intracellular metabolites, and we have demonstrated
the efficacy of  a general approach in yeast (called FANCY, for
functional analysis by co-responses in yeast) whereby the fingerprint-
ing of  internal metabolites can, when combined with appropriate
genetic and bioinformatic tools, be used to reveal the function of
apparently silent mutations. More recently, we have attempted to
increase the throughput of  FANCY by focussing, not on the
measurement of  intracellular metabolites, but on the direct, mass-
spectrometric monitoring of extracellular metabolites present in
spent culture medium.  This novel method – which we term
‘metabolic footprinting’ – may be used to distinguish between
different physiological states of  wild-type yeast and between yeast
single-gene deletion mutants.  A comparison of  the different
perspectives provided by transcriptome analysis and the two kinds
of  metabolomic analyses will be provided using data relating to both
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the nutritional and growth-rate controls in the yeast, Saccharomyces
cerevisiae.  The general importance of  data integration (including
phenotypic and proteomics data) will be considered, and the key
requirements for the move from functional genomics to systems
biology evaluated.

S2:3
INTEGRATION OF METABOLIC MODELS
AND OME DATA: LESSONS FROM S.
CEREVISIAE
J. Nielsen, Center for Microbial Biotechnology, Technical University of
Denmark, Lyngby, Denmark

In post genomic research the development of  high-throughput
analytical techniques for analysis of  different ‘omes’ has resulted in
establishment of  very large experimental databases for certain
organisms, and these experimental databases have played an
important role in assigning function to orphan genes. The yeast
Saccharomyces cerevisiae has played an important role in the research
field of  functional genomics. Recently the metabolic network
operating in this yeast was reconstructed, and many signal transduc-
tion pathways have been mapped. In an attempt to upgrade the
information content in the large databases bioinformatics plays an
important role, and particularly it is necessary to develop math-
ematical models that can integrate information from different levels,
e.g. from measurement of  different ‘omes’. As integration requires
analysis of  the complete system rather than individual components
or pathways this approach is referred to as systems biology. In this
lecture some tools of  systems biology will be presented, and power
of  integrating different tools for analysis of  the ‘omes’ through the
use of  bioinformatics will be illustrated. Particularly the application
of  reconstructed metabolic network for analysis of  genome-wide
transcription analysis will be presented, and the use of metabolite
profiling as a rapid technique for phenotypic profiling of  single
deletion mutants.

S2:4
GENE EXPRESSION PROFILES AND META-
BOLIC FLUXES DURING WINE FERMENTA-
TION
C. Varela, E. Agosin; Pontificia Universidad Catolica de Chile, Santiago,
CHILE.

Wine fermentation is a dynamic and complex process in which the
yeast is subjected to multiple stress conditions. Wine yeasts have
evolved mechanisms to sense environmental changes and thus
maintain metabolic activity and cellular integrity. Quantification of
changes in metabolism and gene expression profiles under
winemaking conditions is fundamental for understanding and
describing yeast behavior during wine fermentations. Functional
genomic techniques provide the tools necessary for analyzing and
quantifying the yeast transcriptome. Furthermore, flux-based
metabolic models quantify the distribution of  carbon and energy in
metabolic networks. We used Serial Analysis of  Gene Expression
and Metabolic Flux Analysis to quantify gene expression and

metabolic changes in an industrial strain of  Saccharomyces cerevisiae
under winemaking conditions using synthetic must. The
transcriptome and metabolism of  wine yeast were analyzed at three
points of  the fermentation process, mid-exponential phase, early-
and late-stationary phase. Genes related to energy generation
pathways and to stress responses were the most expressed tran-
scripts in all phases studied. Different isoenzymes, including HXT
carriers, were induced depending on the growth phase. Many genes
of  unknown function were highly expressed during the fermenta-
tion process. Metabolic fluxes throughout glycolysis diminished,
despite expression of  glycolysis genes increased. Genes of  TCA
cycle were slightly over expressed while fluxes within the cycle
decreased. Complementing information from metabolic fluxes and
gene expression profiles enable to obtain a clearer picture of  how
transcription and enzymatic activity are regulated within the yeast
cell.

S2:5
YEAST RESPONSES DURING ADAPTATION
TO THE HERBICIDE 2,4-DICHLOROPHE-
NOXYACETIC ACID (2,4-D) SUGGESTED
BY QUANTITATIVE PROTEOMICS
M. C. Teixeira, P. M. Santos, A. R. Fernandes, I. Sá-Correia; Biological
Sciences, Centre for Biological and Chemical Engineering, Instituto Superior
Técnico, Lisbon, PORTUGAL.

The intensive use of  herbicides may give rise to a number of
toxicological problems and has led to the emergence of  resistant
weeds. To gain insights into the mechanisms of  toxicity and
tolerance to the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D),
we have examined the eukaryotic experimental model Saccharomyces
cerevisiae and identified variations in protein expression level in
response to herbicide aggression, based on two-dimensional gel
electrophoresis. We show results suggesting that during the
adaptation period, preceding cell division under sub-lethal 2,4-D-
induced stress, Ahp1p (the antioxidant enzyme alkyl hydroperoxide
reductase) and the heat shock proteins Hsp12p and Ssb1p or Ssb2p
(members of  the Hsp70 family) are present in higher amounts.
Other enzymes involved in protein and mRNA degradation
(Cdc48p, Dcp1p, and Hyp2p) and in glycolysis (Glk1p, Eno1p,
Enop2p, Tdh3p and Ald6p) are also up-regulated. This is consistent
with increased cell needs to rapidly alter the internal protein
repertoire and to generate energy to support energy-consuming
adaptation mechanisms [1, 2, 3]. The increased expression of  (at
least) two (Vma1p and Vma2p) of  the eight different subunits
forming the peripheral catalytic sector of  the H+-ATPase in the
vacuolar membrane (V-ATPase) was also suggested by this quantita-
tive proteomic analysis. The V-ATPase is involved in intracellular
pH homeostasis and compartmentalization of  metabolites in the
vacuole, in particular of  amino acids. Significantly, a functional
enzyme is required for a more rapid yeast adaptation and resistance
to 2,4-D [3]. Despite the in vivo stimulation of  V-ATPase activity by
2,4-D [3], also suggested by this study, the physiological proton-
gradient across vacuolar membrane is dissipated in yeast cells
challenged with the highly lipophilic herbicide. As observed in the
mutant Ävma1, with an affected vacuolar function, the concentra-
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tion of  amino acids accumulated in the vacuole is strongly reduced
under 2,4-D stress. The disturbance of  the functions of  the vacuole
and of  plasma membrane, as a permeability barrier and a matrix for
solute transporters, leads to a strong reduction of  amino acids
concentration in the vacuole and the cytosol under 2,4-D-stress.
Amino acid limitation may be involved in the up-regulation of
amino acid biosynthetic enzymes (His4p, Arg1p, Gdh1p, Aro3p,
Aro8p, Ilv3p, and Met6p) and in the variation of  the expression
level of  enzymes involved in nucleotide metabolism (Ade5,7p,
Ade17p and Ado1p), registered under herbicide stress.
[1] Teixeira M.C., Sá-Correia I. 2002. Biochem. Biophys. Res. Commun. 292:530-
537.
[2] Simões T., Teixeira M.C., Fernandes A.R., Sá-Correia I. 2003. Appl.
Environ. Microbiol. 69: 4019-4028.
[3] Fernandes A.R., Durão P.J., Santos, P.M., Sá-Correia I. 2003. Biochem.
Biophys. Res. Commun. 312:1317-1324.

S3:1
EVOLUTIONARY PATHWAY OPTIMIZATION
IN ESCHERICHIA COLI
H. Alper, Y. Jin, J. Moxley, G. Stephanopoulos; Massachusetts Institute
of  Technology, Cambridge, MA.

Major advances have been made in developing molecular biological
methods for introducing genetic controls in cells.  However, the
identification of  genes that should be so targeted in order to bring
about a desired phenotype change is still an open problem.  Among
other outstanding issues, it is not clear whether a sequential, gene-by-
gene optimization would lead to the global optimum compared to
simultaneous multiple-gene modulation that examines phenotypic
response over the entire space of  all possible single- and multiple-
gene modifications.  To investigate these questions, we undertook a
global, genome-wide stoichiometric analysis as an aid in discovering
putative genes impacting network properties and cellular phenotype.
Specifically, we determined metabolic fluxes such as to optimize
growth and then scanned the genome for single and multiple gene
knockouts that yield improved product yield while maintaining
acceptable overall growth rate.  A sequential approach, whereby
multiple gene knockout targets were determined by following a path
of  maximal phenotype increase resulting from single gene knock-
outs, was compared to the results of  an exhaustive search of  all
possible combinations of  simultaneous multiple gene knockouts.
While the latter search yielded a subset of  multiple-gene knockouts
positively impacting the overall phenotype, the differences were not
deemed critical overall.  These computational results were validated
by experimental data involving the production of  lycopene in
Escherichia coli.  As a result of  this approach, novel gene knockout
targets were identified that improved lycopene accumulation by
approximately 40% over an engineered, high producing parental
strain.  This approach can be extended to identify genes whose
overexpression would be beneficial for a particular pathway. As gene
overexpression may occur at different levels, it can be facilitated by
a library of  promoters of  different strength. The results of  the use
of  such a library applied to the overexpression of  target genes for
pathway improvement will be reported.

S3:2
A COMPREHENSIVE APPROACH FOR
DEVELOPING ENHANCED MICROBIAL
BIOMANUFACTURING PROCESSES
P. Yorgey, S. Iverson, J.C. Royer, J. Trueheart, R.C. Doten, E. Driggers,
M. Askenazi, and K.T. Madden; Microbia, Inc., Cambridge, MA.

Optimal production of  biomanufactured goods requires the
coordinate regulation of  many cellular processes. Current metabolic
engineering strategies for industrial strain development focus
primarily on overexpression of  biosynthetic genes, increasing
intracellular pools of  precursors, and reducing metabolic flux
through competing pathways. For many commercially relevant
metabolites, however, even the biosynthetic genes, key substrates,
and metabolic control mechanisms are not known. Advances in
genomic tools now facilitate a systems biology-based approach to
understanding microbial physiology and metabolite production.
Computational methods will be described that allow integration of
transcriptional and metabolic profiling data to decipher inter-
relationships between gene expression patterns and metabolite
production.  Combined with applied engineering tools, these
technologies permit rapid enhancement of  metabolite production in
commercial strains. Examples from the lovastatin-producing fungus
Aspergillus terreus will be used to demonstrate how this information
is used for the development of  improved strains. These include how
profiling methods provide tools both for the design of  selection
systems as well as for engineering with global regulators, single
genes that modulate multiple aspects of  physiology impacting
metabolite production. This approach, comprised of  gene discovery
and strain optimization components, can be applied in iterative
cycles to enhance existing biosyntheses as well as to establish
entirely new biomanufacturing processes.

S3:3
NETWORK COMPONENT ANALYSIS OF
TRANSCRIPTIONAL REGULATORY NET-
WORKS
J.C. Liao; University of  California, Los Angeles, CA.

Bacteria respond to environmental changes through a variety of
sensor proteins, which eventually relay the signals to corresponding
DNA binding proteins to modulate transcription. The DNA binding
transcription regulators, or transcription factors (TFs), typically
require post-transcriptional modification or ligand binding to
assume an active conformation, which may either positively or
negatively regulate transcription. The collective activities of
transcription factors can thus be regarded as the physiological state
of  the cell. Determining these transcription factor activities (TFA)
allows better understanding of  how cells respond to changes in the
environment. Careful experimental studies in the past few decades
have identified conditions which perturb each individual transcrip-
tion factor independent of  others. Although such ideal conditions
allowed useful characterization of  molecular mechanisms, most
environmental perturbations are complex and are likely to provoke
multiple regulatory systems simultaneously. Without a proper
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method of  decomposing the regulatory signals, it is difficult to
investigate how microorganisms coordinate various regulatory
pathways upon an environmental challenge.  We developed a novel
method, Network Component Analysis (NCA), to determine the
dynamics of  the activities of  various transcription factors during a
physiological process. This approach utilizes both DNA microarray
data and partial information regarding the membership of  regulons
as defined by each transcription factor in question. It contrasts
other approaches, such as singular value decomposition or indepen-
dent component analysis, in that it does not depend on non-
biological assumptions, such as orthogonality and statistical
independence. Rather, it utilizes biological information regarding
regulatory network topology, even when it is incompletely defined.
Furthermore, it differs from model based parameter estimation
because it allows deconvolution of  multiple regulatory pathways.

S3:4
TRANSCRIPTIONAL ANALYSIS OF REGULA-
TION OF SECONDARY METABOLISM IN
STREPTOMYCES COELICOLOR
W. Lian1, S. Mehra1, F. Glod2, K. P. Jayapal1, D. H. Sherman2, W. Hu1;
1University of  Minnesota, Minneapolis, MN, 2University of  Michigan, Ann
Arbor, MI.

Secondary metabolite biosynthesis in Streptomyces is controlled by a
complex regulatory network consisting of  a large number of
pathway-specific and global regulators organized in a hierarchical
tree. Based on the putative regulatory architecture in Streptomyces
coelicolor we have knocked out over 20 known and putative regulatory
genes, including many two-component systems. Among the mutants
are growth variants, antibiotic overproducers and low producers.
Whole genome DNA microarrays were used to examine the
temporal transcriptional profiles of  these mutants. Key observations
were confirmed by QRT-PCR. Using Timeview, a visualization and
analysis tool developed by us, expression time profiles of  individual
genes in the parental strain and different mutants were systemati-
cally compared. Genes whose expression time profiles have changed
in different ways among different mutants were identified. In
addition, mutants are classified based on clustering of  the expres-
sion profiles of  genes involved in secondary metabolism. The
possible positions of  these genes on the regulatory hierarchy will be
discussed.

S3:5
ANALYSIS OF BACILLUS LICHENIFORMIS
CARBON METABOLISM BY GENOMIC
SEQUENCING AND DNA MICROARRAYS
A. Ehrenreich1, B. Veith1, H. Liesegang1, J. Feesche2, K. Maurer2, G.
Gottschalk1; 1Institute for Microbiology; University of  Goettingen, Goettingen,
GERMANY, 2Henkel; VBT Enzymetechnology, Duesseldorf, GER-
MANY.

Bacillus licheniformis, an endospore forming rod and relative of  B.
subtilis, is used in technical fermentations to produce huge amounts
of  exoenzymes like proteases or amylases as well as the antibiotic
Bacitracin. In order to identify and remove bottlenecks of  B.
licheniformis based bioprocesses it is essential to understand its
physiology. Prerequisite for a thorough understanding of  a micro-
bial metabolism is the determination of  the genome sequence.
Therefore we sequenced B. licheniformis DSM13/ATCC1458 with a
coverage of  7,22 by a whole genome shotgun approach. Remaining
gaps were closed using multiplex PCR reactions and the sequence
was finally polished. The genome is organized in a single circular
chromosome and has a total length of  4.222.742 bp with a GC
content of  46,2%. We identified 4286 open reading frames in
addition to 72 tRNAs and 7 rRNA operons. The annotated genes
and their upstream regions where compared to orthologous genes in
the published sequence of  B. subtilis. By categorizing genes present
or absent in one of  those organisms we describe parallels and
differences in the metabolism of  these organisms. Based on the
genomic data a DNA microarray was constructed by PCR amplifica-
tion of  more than 95% of  ORFs larger than 300 bp. We used
appropriate shotgun plasmids from the sequencing process as
templates. This was done to require only one specific primer
together with a plasmid derived standard primer for amplification
of  as many as possible genes. Adequate shotgun clones could be
identified for 80% of  the genes thus reducing the costs of  the
microarray significantly. This approach has the additional advantage
that usage of  shorter primers is possible while eliminating unwanted
unspecific PCR products that could arise when using chromosomal
DNA as template. With this microarray we monitored carbon
metabolism of  B. licheniformis in continuous cultures using
different carbon sources. Microarray data is verified by Realtime-
PCR and used to reconstruct the employed pathways and to
compare them to B. subtilis.
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S4:1
STOCHASTIC CHANGES IN EXPRESSION
FOR A GENE CONTROLLED BY THE PHOB/
PHOR TWO-COMPONENT REGULATORY
SYSTEM
L. Zhou1, G. Gregori2, J.P. Robinson2, B.L. Wanner1; 1Department of
Biological Sciences, 2Department of  Basic Medical Sciences, Purdue University,
West Lafayette, IN.

 Both experimental evidence and theoretical simulations have
demonstrated stochastic nature of  gene expression in diverse
biological systems from bacteria to multicellular organism (1-4).
Many have proposed that cells exploit stochasticity to achieve
genetic and nongenetic diversity for generation of  populations
capable of  surviving in different environments. Stochastic mecha-
nisms are thought to be one of  the driving forces in the determina-
tion of  cell fate and development in complex organisms. Thus, a
better quantitative understanding of  the stochastic behavior of  gene
expression will have broad implications in cell biology.   Here we
have exploited the simple bacterium Escherichia coli as a model cell to
study stochasticity of  native promoters in the context of  well-
defined signal transduction regulatory networks. Our approach is to
measure gene expression in single cells within isogenic populations
carrying a promoter fusion to fluorescent reporter proteins (such as
GFP) in a FACS flow cytometer.    Two-component regulatory
systems are the most prevalent mechanism of  transmembrane signal
transduction in bacteria.  One such two-component system is
comprised of the sensor protein PhoR and its response regulator
PhoB. This system responds to environmental phosphate concentra-
tions; phosphate starvation causing activation. Examination of  two
PhoBR responsive promoters (phoAp and phoEp) phosphate
starvation revealed that, as expected, both phoAp-gfp and phoEp-gfp
fusions displayed graded (non-binary) changes in gene expression
under conditions of  starvation.  Previous studies from our labora-
tory showed that six other sensor proteins can also activate PhoB.
We therefore examined expression of  the phoAp-gfp fusion under
conditions in which each of  these sensor proteins activates PhoB.
For two of  these sensors, we found that phoAp-gfp expression
displays a combination of  graded and binary behaviors.  Two cell
populations are evident in which the phoAp-gfp fusion is expressed at
different levels. The proportion of  cells in these populations
changes with the culture cell density. Further studies are underway
to determine the biochemical, genetic, and molecular basis of  this
phenomenon.
(1)Elowitz, M. B., A. J. Levine, E. D. Siggia, and P. S. Swain. 2002.
Stochastic gene expression in a single cell. Science 297:1183-1186. (2)
McAdams, H. H. and A. Arkin. 1997. Stochastic mechanisms in gene
expression. Proc.Natl.Acad.Sci.U.S.A 94:814-819. (3) Ozbudak, E. M., M.
Thattai, I. Kurtser, A. D. Grossman, and A. van Oudenaarden. 2002.
Regulation of  noise in the expression of  a single gene. Nat.Genet. 31:69-73.
(4) Thattai, M. and A. van Oudenaarden. 2001. Intrinsic noise in gene
regulatory networks. Proc.Natl.Acad.Sci.U.S.A 98:8614-8619.
This work is support by a David Ross graduate fellowship to L. Z., NIH
NCI-2P30CA23168 to J.P.R., and NIH GM62662 to B. L. W.

S4:2
REGULATION OF THE
EXTRACYTOPLASMIC STRESS RESPONSE
MEDIATED BY E. COLI SE; GENOME-WIDE
EXPRESSION STUDIES, BIOINFORMATICS
AND COMPARATIVE GENOMICS
V. Rhodius1, W.C. Suh3, C. Gross1, 2; 1Department of  Microbiology and
Immunology, and 2Department of  Stomatology, University of  California at
San Francisco, San Francisco, CA, 3DuPont Company, Wilmington, DE.

In Gram-negative bacteria such as E. coli, heat shock stress results in
the accumulation of  unfolded proteins in both the extracytoplasm
(periplasm) and cytoplasm. The periplasmic stress response in E. coli
is mediated by the transcription factor sE, which, like s70, is essential
for cell growth and viability. We have used three complementary
approaches to identify the target genes regulated by this essential
sigma factor: 1/ genome-wide expression analysis to identify
regulon members; and 2/ 5’ mRNA transcript mapping (5’ RACE)
together with bioinformatic sequence analysis to identify, model and
predict sE promoter sequences. We find that many genes regulated
by sE encode periplasmic proteases, chaperones or proteins involved
in cell wall synthesis, whilst most genes repressed by sE encode outer
membrane porins (OMPs). Interestingly, this down-regulation of
OMP mRNAs by sE requires Hfq, a RNA-binding protein. Since
Hfq and specific small RNAs are involved in targeted mRNA
degradation, we suggest that sE may regulate some small RNAs in
order to down regulate OMP expression. Finally, 3/ sE is highly
conserved in many bacterial genomes and the promoter recognition
surfaces are absolutely conserved in genomes closely related to E.
coli. We have exploited this conservation to compare the role and
variability of  the sE regulon across genomes by using our computa-
tional model of the E. coli sE promoter to predict sE promoters in
related genomes. Surprisingly, the number of  conserved sE regulon
members across genomes is small, however, the function of  the
regulon appears better conserved, with many of  the genes encoding
for a variety of  cell envelope functions.

S4:3
ROLE OF SMALL RNAS IN COMPLEX
REGULATORY CIRCUITS
S. Gottesman; National Institutes of  Health, Bethesda, MD.

It has become increasingly clear over the last few years that small
RNAs are critical regulators that have been overlooked in genome
annotations and in our understanding of  global regulatory circuits.
Recently, methods for detecting and studying these small RNAs
have been the focus of  attention in a number of  laboratories.  I will
briefly review the current status of  computational and experimental
methods of detecting small RNAs in microbes; this has led to the
identification of  more than 60 small RNAs in E. coli.  Two
examples of small RNA function will be discussed, the contribution
of small RNAs to translation of the RpoS sigma factor and to
regulation of  iron homeostasis.  RpoS translation is impeded by a
cis-acting hairpin in the mRNA; small RNAs relieve this by pairing
with the inhibitory stem of  the hairpin.  RpoS translation can be
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turned on by a variety of  stress treatments; we believe that this
reflects the synthesis, under a given stress treatment, of  one or
more stimulatory sRNAs.  One of  these, DsrA, is made at low
temperatures; another, RprA, is synthesized when the RcsC/RcsB
phosphorelay is activated.  Two other small RNAs that stimulate
RpoS translation but are made under other conditions have been
identified and are under study.  RyhB is a small RNA made as part
of  the Fur regulon, when Fe is limiting.  It down-regulates synthesis
of  proteins that bind and use iron but are non-essential.  While
RyhB can be found by sequence comparisons in near neighbors
(Salmonella, Klebsiella, Yersinia), other approaches are necessary to
find the functional equivalent in other bacteria.  These approaches
have demonstrated the existence of  functionally related sRNAs in
Pseudomonads and other species.  Growing experience in small
RNA hunting and more knowledge of  the functions these small
RNAs play are both contributing to extending the lessons learned in
E. coli to other organisms.

S4:4
PROTEOMICS OF OXYGEN STRESS RE-
SPONSE IN DESULFOVIBRIO VULGARIS
(HILDENBOROUGH)
A. M. Redding, A. Mukhopadhyay, V. Martin, J. D. Keasling; University
of  California-Berkeley, Berkeley, CA.

Desulfovibrio vulgaris is an anaerobic, gram negative, sulfate-reducing
bacterium, which has the ability to reduce several heavy metals
including chromium and uranium. In an attempt to understand the
physiology of  this anaerobe, we are interested in characterizing its
response to a variety of  stresses. Metal and radionuclide reduction
by bacteria is dependent upon stringent reducing (anaerobic)
conditions and is often upset by any exposure to oxygen. Most
heavy metal contaminated environments are episodically exposed to
oxygenated water both from surface percolation and from upstream
sources where oxygen was not completely depleted. Consequently,
oxygen is a common stressor for anaerobes like D. vulgaris in the
environment. While D. vulgaris is tolerant to oxygen via a number of
metabolic mechanisms, the exact response pathway remains
unknown, as are the physiological effects. Therefore, the first stress
being studied is exposure to oxygen. Bacterial stress adaptation is
accompanied by changes in gene expression levels, where genes
controlling growth are often down-regulated and genes involved in
new biosynthesis pathways must be up-regulated. We are utilizing
proteomics to study the changes in whole cell stress response by
monitoring the changes in the level of  protein expression. The
isotope-coded affinity tag (ICAT) strategy was used to differentially
label peptides from a stressed (oxygenated) sample as compared to
the unstressed (normally grown) sample. This technique allowed
both peptide samples to be pooled after labeling, and analyzed
together by liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS). Sequenced peptides were identified and
quantified using the ProICAT software. We have identified several
peptides that are up- or down-regulated in response to oxygen
stress. While the implication of  some of  these peptides in oxygen
stress response was previous known, several proteins having
unknown or putative function were identified.

S4:5
EFFECT OF PTS KNOCKOUT IN ESCHERI-
CHIA COLI AS EXPLORED BY GENE EX-
PRESSION PROFILE: CASE CORRELATION
BETWEEN RT-PCR, GENE EXPRESSION
PROFILE AND 13C-TRACER EXPERIMENTS
S. Flores, N. Flores, A. Escalante, G. Gosset, F. Bolívar; Instituto de
Biotecnología-UNAM, Cuernavaca, MEXICO.

We have constructed a PTS-deletion derivative of  the wild type E.
coli strain JM101 to obtain PB11 (Ä-ptsH:Kan:crr). It is known that
strains lacking any of  the PTS enzymes HPr, EI or IIAGlc have a
pleiotripoc phenotype, due to the regulatory properties that they can
elicit at the level of  transcription or by modification of  protein
function of  PTS-related elements, i.e., adenylate-cyclase, Crp or Mlc.
PB11 strain was placed under selective pressure conditions to use
glucose as carbon source in a continuous culture. After 70 hours,
different cells with enhanced capacity to use glucose arose. The
derivatives strains, named generically PTS-Glc+, were capable to use
glucose by a GalP-Glk transport and phosphorylation. These
mutants have been successfully engineered to overproduce aromatic
compounds, as seen by the rate of  excretion of  aromatic intermedi-
aries (Nat. Bio. 14:620; Jour. Ind. Microbiol. 17:47). Characterization of
the adaptive response to use glucose as carbon source in PTS-Glc+

PB12 and PB13 strains was performed by gene deletion analyses,
13C-tracer experiments-metabolic modelling; gene expression profile
and RT-PCR. By 13C-tracer experiments, PTS- PB11 strain showed
lower glycolitic flux. When analyzed by RT-PCR and microarray
techniques we found that in this strain most EMP genes are down-
regualted. By the same techniques, we have found 94 and 90 %
glicolytic flux through EMP in PB12 and PB13 respectively.
Microarray experiments showed increased relative expression levels
of  galP, glk, pgi and gapA genes on these strains; expression levels
were later analyzed by RT-PCR and by specific enzyme activity and
showed high correlation. We conclude that, under the studied
conditions in our particular mutants, expression of  the pgi and gapA
genes govern glicolytic flux through the EMP pathway. By 13C-tracer
experiments, we showed different labelling pattern of  histidine in
JM101, PB12 and PB13 strains. These indicate differences in carbon
fluxes between oxidative and non-oxidative branches of  the PP
pathway in these strains. Gene deletion of  the gnd gene, as well as
microarray and RT-PCR showed concordant tendencies between
expression of  the pgi, zwf, tktA and tktB genes. Other phenomena
were observed by microarray and RT-PCR analyses: GalS regulator
of  galactose regulon shows interesting variations and correlation
with galP-galK expression level. As reported by Ferenci, (1999), and
Senn (1S4:), under glucose concentrations at the micromolar level,
lamB and mgl are upregulated. In the PTS- PB11 strain, these two
genes are also upregulated as well as other transporters known to
have affinity for glucose, like the mannose PTS transport system.
Nevertheless high correlation between certain biochemical, genetic,
13C-tracer experiments, microarray and RT-PCR data has been
detected, a substantial amount of  it is still under analyses.
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S5:1
METABOLIC CONTROL OF VIRULENCE
AND OTHER STATIONARY PHASE RE-
SPONSES IN GRAM-POSITIVE BACTERIA
A. L. Sonenshein, R. P. Shivers, A. Villapakkam, S. S. Dineen, J.
Pratt; Tufts University School of  Medicine, Boston, MA.

The transition, due to nutrient limitation, from rapid exponential
growth to stationary phase is a period of  major redirection of
bacterial metabolism and gene expression. Bacteria switch from
utilization of  primary nutrients for energy and biosynthesis to
utilization of  secondary nutrients and induction of  functions that
permit them to test new environments, kill competing organisms,
and differentiate. Genome-wide analysis has shown that in Bacillus
subtilis the CodY protein controls hundreds of  genes induced at the
entry to stationary phase. CodY is a global repressor that is
activated by direct interaction with two types of  effector molecules,
GTP and isoleucine or valine. As the intracellular pools of  these
effectors decrease at the end of  rapid exponential growth, CodY
loses repressing activity and transcription of  its target genes ensues.
Homologs of  CodY are found encoded in the genomes of  most of
the low G+C gram-positive bacteria and have been purified to date
from Clostridium difficile, Clostridium perfringens, Staphylococcus
aureus, and Streptococcus pneumoniae. All of  these CodY -like
proteins have overlapping binding specificities and respond, in
general, to the same effectors. In the pathogenic species, some of
their primary virulence factors are induced in stationary phase;
genes for these factors appear to be under the control of  CodY.

S5:2
GENOME-WIDE ANALYSIS OF EVOLUTION
OF VIRULENCE TRAITS AND SIGNALING
NETWORKS IN PSEUDOMONAS
AERUGINOSA
S. Lory; Harvard Medical School, Boston,, MA.

Transcriptional profiling and the analysis of  gene content are two
powerful applications of  DNA microarrays towards understanding
evolution of  virulence traits an the analyses of  host-pathogen
interactions. We carried out a genome-wide analysis of  Pseudomo-
nas aeruginosa strains from a variety of  clinical and environmental
sources to define the core gene set and genomic islands which are
present in the majority of  the strains regardless of  their source. We
also used the P. aeruginosa microarray of  to identify genes, which
are regulated by environmental signals during experimental infection
of  mice and during growth in human respiratory mucus. Coloniza-
tion of  the respiratory tract of  mice resulted in a pronounced
induction of  the genes encoding the type III secretion system
(TTSS), a major virulence determinant of  this organism. One of  the
genes co-regulated with those of  the TTSS encodes a membrane
bound class III adenylate cyclase, which we named CyaB. The
genome of  P. aeruginosa encodes two additional adenylate cyclases.
Using a mouse infection model, we have shown that CyaB plays a
more prominent role in regulation of  TTSS-encoding genes than

CyaA. Growth in respiratory mucus from cystic fibrosis (CF) patient
showed a pronounced activation of  the Rhl-dependent quorum
sensing network and concomitant shutoff  of  transcription of  the
gene encoding the P. aeruginosa flagellin. As flagellin is a pattern
recognition molecule, resulting in activation of  host defense
mechanism via a toll-like receptor s signaling mechanism, the
bacterial mucus signaling pathway serves to suppress the recognition
of  P. aeruginosa by the respiratory defenses during early stages of
colonization of the CF lung

S5:4
CARBON NUTRITION OF ESCHERICHIA
COLI IN THE MOUSE INTESTINE
T. Conway1, P. S. Cohen2; 1University of  Oklahoma, Norman, OK,
2University of  Rhode Island, Kingston, RI.

Whole-genome expression profiling revealed E. coli MG1655 (K-12
commensal strain) genes induced by growth on mucus, conditions
designed to mimic nutrient availability in the mammalian intestine.
Most were nutritional genes corresponding to catabolic pathways for
nutrients found in mucus. We knocked out several pathways and
tested the mutants in competition with their wildtype parent for
their relative fitness for colonization of  the mouse intestine. We
found that only mutations in sugar pathways affected colonization,
not phospholipid and amino acid catabolism, not gluconeogenesis,
not the tricarboxylic acid cycle, and not the pentose phosphate
pathway. Gluconate appeared to be a major carbon source used by
E. coli MG1655 to colonize, impacting both the initiation and
maintenance stages. N-acetylglucosamine and N-acetylneuraminic
acid appeared to be involved in initiation, but not maintenance.
Glucuronate, mannose, fucose, and ribose appeared to be involved
in maintenance, but not initiation. The in vitro order of  preference
for E. coli MG1655 paralleled the relative impact of  the correspond-
ing metabolic lesions on colonization: gluconate > N-
acetylglucosamine > N-acetylneuraminic acid = glucuronate >
mannose > fucose > ribose. Unlike E. coli MG1655, EDL933
(O157:H7 pathogenic strain) does not utilize gluconate as a major
carbon source for colonization. In control experiments, wildtype
MG1655 eliminated EDL933 during the maintenance stage. We
tested whether gluconate catabolism by MG1655 plays a role in
eliminating EDL933 when both strains are in the intestine simulta-
neously and found that EDL933 grew to relatively high numbers in
the presence of  the MG1655 gluconate-defective mutant and was
not eliminated during maintenance. The systematic analysis of
nutrients used by E. coli MG1655 and EDL933 to colonize the
mouse intestine is intriguing in light of  the nutrient-niche hypoth-
esis, which states that the ecological niches within the intestine are
defined by nutrient availability. Since humans are presumably
colonized with different commensal strains, differences in nutrient
availability may provide an open niche for infecting E. coli pathogens
in some individuals and a barrier to infection in others.
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S5:5
THE INVOLVEMENT OF COMPLEX META-
BOLIC PATHWAYS IN DRUG RESISTANT
LEISHMANIA AS DETERMINED BY DNA
MICROARRAY AND PROTEOMIC AP-
PROACHES
D. Légaré, J. Drummelsmith, C. Guimond, N. Trudel, V. Brochu, I.
Girard, G. Roy, K. El Fadili, M. Ouellette; Centre de Recherche en
Infectiologie du CHUL , Université Laval, Ste-Foy, PQ , CANADA.

We used modern DNA microarray and proteomic approaches to
study the mechanisms of  drug resistance in the protozoan parasite
Leishmania. Leishmania species cause a diverse group of  diseases,
collectively called leishmaniasis, that range in severity from sponta-
neously healing skin ulcers to fatal visceral diseases. The rise in
antimicrobial resistance in this microbe is alarming and treatment
options are rapidly dwindling. In some developing nations, as many
as 70 % of the clinical isolates are resistant to the first line metal-
based antimonials, leadind to high levels of  treatment failure. The
genome of  this organism is fully sequenced, providing the informa-
tional base for the use of  whole-genome strategies. Taking advan-
tage of  this, we are using a global strategy based on a combination
of  genomic (targeted DNA microarrays) and proteomic studies (2D
gels with mass spectrometry) to identify genes and proteins
predominantly expressed or down regulated upon long term or
short term exposure to drugs. Resistance is a complex phenomenon
involving several metabolic pathways. We have generated custom
DNA microarrays with PCR fragments corresponding to genes
involved in four distinct metabolic pathways, namely the
trypanothione biosynthetic pathway, the pterine pathway as well as
the linked pathways of  cysteine and methionine metabolism.
Transcript profiling of  arsenite and antimony resistant mutants with
these arrays pinpointed a number of  genes overexpressed in
mutants, including the ABC transporter PGPA, the glutathione
biosynthesis genes ã-glutamylcysteine synthetase (GSH1) and the
glutathione synthetase (GSH2). Competitive hybridisations with
total RNA derived from sensitive and methotrexate resistant cells
revealed the overexpression of  genes coding for dihydrofolate
reductase (DHFR-TS), pteridine reductase (PTR1) and S-
adenosylmethionine synthase (MAT2) and a down regulation of  one
gene of  the folate transporter (FT) family. In parallel, soluble
proteins were extracted from sensitive and drug resistant mutants
and run on 2D gels. A number of  diffential expressed proteins were
identified by mass spectrometry, one of  which corresponding to S-
adenosylmethionine synthase (MAT2). Gene transfection data has
shown that while MAT2 doesn’t contribute directly to resistance, it
does facilitate the emergence of  antifolate resistant Leishmania.
HPLC analysis have shown that several thiols and folate or methion-
ine metabolites were changing according to the expression of
biosynthesis genes. Overall, these transcriptomics and proteomics
studies have highlighted the role of  metabolism in drug resistant
Leishmania and should eventually lead to the identification of
interesting targets for the development of  effective vaccines and
new drugs.

S6:1
DISSECTING  METABOLIC  INTEGRATION
IN  BACTERIA
D. Downs; University of  Wisconsin, Madison, WI.

A multitude of  biochemical processes are integrated to generate the
robust and efficient metabolism of  a living cell.  The presence of
extensive integration demands that knowledge of  both the meta-
bolic components, and the connections between them will be
required to achieve a solid understanding of  physiology.  The
metabolic network can be defined by using a combination of
approaches including; classical genetics, biochemistry, and molecular
biology, in combination with genomic and bioinformatic analyses.
The work in our laboratory has utilized the biosynthetic pathway for
thiamine in Salmonella enterica as a nucleation point for studies of  the
metabolic network in the cell.  Genetic analyses are used to identify
cellular components that impinge (positively or negatively) on this
pathway, and additional approaches are then used to identify the
mechanism of  the detected effects.  In the course of  this work,
connections have been identified between thiamine biosynthesis
and; the oxidative pentose phosphate pathway, tryptophan biosyn-
thesis, pantothenate biosynthesis, isoleucine biosynthesis, and iron-
sulfur cluster metabolism.  In addition to metabolic connections
with known biochemical pathways, this work has uncovered
phenotypic consequences for mutations in multiple genes of
unknown functions.  The present understanding of  the integration
of  the thiamine biosynthetic pathway in the cellular metabolism, and
progress toward assigning function to uncharacterized genes will be
discussed.

S6:2
PHENOTYPE MICROARRAYSÔ FOR PHE-
NOTYPIC ANALYSIS OF E. COLI, S.
CEREVISIAE, AND OTHER MICROBIAL
SPECIES
B. Bochner; Biolog , Inc., Hayward, CA.

Phenotype MicroArray (PM) technology allows a biologist to test
2,000 properties (phenotypes) of  a cell.  Testing involves about 30
minutes of  actual labor and 24 to 48 hours of  incubation.  The
phenotypic assays are designed from a physiological perspective to
survey in vivo, the function of  diverse biological pathways, including
both metabolic and regulatory pathways.  Included in the pheno-
types are basic cellular nutritional pathways for C, N, P, and S
metabolism (800 tests), pH growth range and regulation of  pH
control (100 tests), sensitivity to NaCl and various other ions (100
tests), and sensitivity to chemical agents that disrupt various
biological pathways (1,000 tests).  PM technology can be used to
complement genetics and genomics.  A change in genotype of  a cell
should lead to one or more changes in phenotype, if  the gene has a
real function.  PMs allow testing of  knockout or overexpression
mutants to discern the biological changes that occur consequent to
genetic changes.  Examples will be discussed primarily using
Escherichia coli and Saccharomyces cerevisiae as models, where knockout
mutants have been phenotyped. The technology has been applied to
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diverse microbial species including Salmonella typhimurium, Pseudomo-
nas aeruginosa, Burkholderia cepacia, Vibrio cholerae, Helicobacter pylori,
Staphylococcus aureus, Streptococcus pyogenes, Enterococcus faecalis, Listeria
monocytogenes, Bacillus subtilis, Bacillus cereus, Corynebacterium
striatum,Candida albicans, Ustilago maydis, and Aspergillus nidulans.
Prototype PMs have also been developed for human cells.

S6:3
MOLECULAR EXPLANATIONS FOR THE
TOXICITY OF OXYGEN
J.A. Imlay; University of  Illinois, Urbana, IL.

The physiology of  oxidative stress has three components:  (1)  the
reactions by which reactive oxygen species are generated inside cells;
(2) the mechanisms by which these oxidants damage biomolecules,
causing cell processes to fail; and (3) the strategies by which cells
defend themselves.  With E. coli as a model system, some progress
has been made in all our understanding of  all three facets.  We have
identified redox-active flavoenzymes that react adventitiously with
oxygen in vitro, generating superoxide and hydrogen peroxide.  We
need to determine whether these enzymes are the primary sources
of  these oxidants in vivo.  Superoxide damages a family of  enzymes
inside cells, while hydrogen peroxide is a precursor to hydroxyl
radicals that attack DNA.  However, the phenotypes of  scavenger-
deficient mutants indicate that both species generate additional, still-
unidentified types of  damage.  The SoxR and OxyR systems detect
superoxide and hydrogen peroxide, respectively, and stimulate the
synthesis of  a variety of  gene products.  While the defensive roles
of  some of  these proteins have been uncovered, others remain
mysterious.  Thus the full elucidation of  the nature of  oxidative
stress remains a work in progress.

S6:4
EXPLORING CAULOBACTER CRESCENTUS
PHYSIOLOGY THROUGH GENOMICS AND
GENETICS
C. Stephens; Santa Clara University, Santa Clara, CA.

Caulobacter crescentus is a freshwater oligotrophic bacterium. Physi-
ological strategies used by this organism to adapt to life in low
nutrient / low osmolarity environments are not well understood. We
are exploring connections between metabolism, growth, and cell
cycle regulation in Caulobacter. Microarrays were used to compare
gene expression during batch culture growth of  C. crescentus on a
rich peptone-yeast extract (PYE) medium with growth on minimal
media with glucose, xylose, or glutamate as carbon sources.
Expression of  nearly 400 genes (10% of  the genome) varied
significantly in pairwise comparisons. Distinct transporters are
induced in each medium, including many TonB-dependent outer
membrane channels of  unknown substrate specificity. Amino acid
degradation pathways are induced during growth in PYE, whereas
pathways for synthesis of  amino acids and incorporation of
ammonia and sulfate are induced in minimal media. Growth on
glucose induces expression of  enzymes of  the Entner-Doudoroff
pathway. Mutational analysis shows that the enzymes of  this
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pathway, along with a soluble glucokinase, are essential for glucose
utilization in C. crescentus. Growth on xylose induced expression of  a
large operon that is necessary for xylose utilization. This operon
appears to encode a novel pathway for xylose catabolism that
resembles the Entner-Doudoroff  pathway, except that xylose is not
phosphorylated. The initial reaction is catalyzed by xylose dehydro-
genase, the product of  the CC0822 gene. Regulation of  this operon
by xylose appears to occur through the binding of  a repressor to a
site overlapping the -10 region of  the promoter. Xylose also induces
expression of  several putative hydrolytic exoenzymes with similar
regulatory sites in their promoter regions. Xylose is an abundant
component of  xylan in plant cell walls, and the microarray data
suggest that xylose is interpreted as a signal to produce enzymes
associated with plant polymer degradation. Coordination of  various
metabolic pathways in Caulobacter will also be discussed in light of
new gene expression data obtained in chemostat cultures.

S6:5
CENTRAL METABOLISM IN E. COLI, A
MISUNDERSTOOD BLACK BOX
R. A. Bender; University of  Michigan, Ann Arbor, MI.

During aerobic growth in the presence of  excess glucose, enteric
bacteria like E. coli or K. pneumoniae go to great lengths to
minimize the energy yield they obtain from glucose: glucose
transport by the PTS system is limited, electron transport is often
wasteful, the citric acid cycle functions only biosynthetically, and
most of  the carbon from glucose is excreted (or left behind) with
most of  its energy intact, as acetate or gluconate. Yet this is not the
picture we generally consider when modelling metabolism in E. coli.
Moreover, the regulation of  nitrogen metabolism (a monitor of
biosynthetic status) and the regulation of carbon metabolism (a
monitor of  energy status) are so closely integrated that it is difficult
to separate them in the way that other regulatory systems can be
studied in isolation. Nitrogen starvation almost always results in a
signal of  carbon excess and carbon starvation almost always results
in a signal of  nitrogen excess. The obvious crossover points at
acetyl phosphate, 2-oxoglutarate, and phosphenol pyruvate play
roles we do not yet fully understand. While much of  our knowledge
comes from an analysis of  starvation for carbon and energy, little
attention has been paid to the problems associated with excess
carbon and energy metabolism. In short, what are the consequences
of  too much proton pumping by the electron transport chain? Does
reverse electron transport prevent NADH oxidation? Does deple-
tion of  the ADP pool and saturation of  the ATP/ADP ratio have
consequences for metabolic integration? Does accumulation of
acetyl phosphate affect the regulators of  the two-component
systems in harmful ways? These are but a few examples. Curiously,
we know of  surprisingly few ways that the enteric bacteria can
deplete their proton motive force. So how can E. coli survive the
catastrophe of  growth in glucose minimal medium. And is this
catastrophe mitigated or exacerbated by the fact that we often grow
the cells under osmotic stress (necessary to have buffering capacity)
and high concentrations of  phosphate. And in nature, where
buffering can be limited, what are the consequences of  excreting
acetate and gluconate, which can collapse the proton gradient? Is
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this a catastrophe or a salvation. In short, is there any aspect of
central metabolism as presented in standard textbooks that is
relevant to the actual physiological state of  these cells?

S7:1
MODULAR APPROACH TO UNDERSTAND-
ING METABOLIC FUNCTION: FROM
GENOMICS TO ECOLOGY
M.E. Lidstrom; University of  Washington, Seattle, WA.

Increasing evidence suggests that complex metabolic capabilities
consist of  blocks of  functional units, or modules.  Such modules
can be arranged in different ways to effect multiple metabolic
outcomes, but the module itself  carries out the same metabolic
function in each system.  We have applied this approach to
methylotrophy, the ability to grow on one-carbon compounds, and
have identified a set of  metabolic modules that define
methylotrophy.  We have focused on what appears to be the most
ancient and also the most widespread of  these modules, the
tetrahydromethanopterin (H4MPT)-linked C1 transfer pathway, a
module that interconverts formaldehyde and formate.  This module
was known to be present in methanogenic archaea, Archeoglobus, and
aerobic methylotrophic proteobacteria, but more recently we have
used genomic approaches to identify the module in genomes of
bacteria not known to be methylotrophs, i.e. Burkholderia fungorum
LB400 and representatives of  the deeply-branching bacterial
division, Planctomycetales.  It has been suggested that
Planctomycetes may represent a missing link in the evolution of  the
H4MPT-dependent enzymes.  This finding led to the hypothesis that
in a natural environment, analysis of  multiple genes in a module
would identify other “missing links”, that is, organisms with highly
divergent genes within the module not previously known to carry
out that function.  By extending our understanding of  such
functional diversity, it should be possible to more accurately
describe function in the environment.  We have carried out this
approach in a well-studied habitat exhibiting high methylotrophic
activity, sediments of  a freshwater lake in Seattle, Lake Washington.
Environmental primers were developed, PCR products were
obtained from environmental DNA and sequenced to expand the
database, and novel sequences were targeted with BAC clones and
further sequencing.  This approach has identified novel families of
these genes, supporting the starting hypothesis.  Efforts are
currently underway to isolate and characterize the strains carrying
these novel genes, focusing on C1 transfer reactions as a screening
characteristic.  Phylogenetic analysis of  the novel sequences is
providing new insights into the evolution of  this ancient biochemi-
cal pathway, and functional analysis is providing new insights into
functional transformations of  C1 compounds in natural habitats.

S7:3
FUNCTIONAL GENOMIC ANALYSES OF
THE HYPERTHERMOPHILIC ARCHAEON,
PYROCOCCUS FURIOSUS: DEFINING THE
HYPOTHETICAL
M. W. Adams; University of  Georgia, Athens, GA.

Pyrococcus furiosus is a strictly anaerobic, marine microorganism
that grows optimally near 100°C. It utilizes peptides and sugars as
carbon and energy sources and converts them to organic acids,
carbon dioxide and hydrogen. It also reduces elemental sulfur (S°)
to hydrogen sulfide. The genome of  P. furiosus is 1.9 Mb in size
and contains 2,065 annotated ORFs. Approximately 60% of  the
ORFs show sequence similarity to genes of  known function in other
organisms, while the remainder (> 800 ORFs) is of  unknown
function. Determining the role of  these so-called conserved/
hypothetical ORFs is one of  the major challenges of  the post-
genomics era. Whole genome DNA microarray analysis is being
used to provide insight into this issue in P. furiosus. To assess the
validity of  this approach, the effects of  the primary carbon source
on the expression of  all annotated ORFs was examined (1). When
cells were grown at 95 °C on peptides or on the disaccharide
maltose, approximately 20% of  the ORFs did not appear to be
significantly expressed under either growth condition. Of  the
remainder, the expression of  more than 300 of  them was signifi-
cantly regulated (p-value <0.05, from 16 data points for each ORF),
and the majority (65%) appeared to be part of  operons, indicating
extensive coordinate regulation. A total of  18 operons were up-
regulated (>5-fold) in maltose-grown cells, including those respon-
sible for maltose transport and for the biosynthesis of  twelve amino
acids. A total of  9 operons were up-regulated (>5-fold) in peptide-
grown cells, including those encoding enzymes involved in the
production of  acyl and aryl acids and 2-keto acids, which are used
for energy conservation. In addition, six non-linked enzymes in the
pathways of  sugar metabolism were regulated more than 5-fold,
three in maltose-grown cells that are unique to the unusual glyco-
lytic pathway of  P. furiosus, and three in peptide-grown cells that
are unique to gluconeogenesis. The degree of  coordinate regulation
revealed by the microarray data was unanticipated. This presentation
will also focus on analogous studies that have been carried out to
determine how P. furiosus responds to various environmental
stresses, including oxidative shock and sub-optimal growth tempera-
tures. The results of  these studies will be discussed with a particular
emphasis on the roles of  conserved/hypothetical ORFs. To date, at
least some indication of biological function has been obtained on
more than 100 of  830 conserved/hypothetical ORFs in P. furiosus.
1. Schut, G. J.; Brehm, S. D.; Datta, S; Adams, M. W. W. (2003) J.
Bacteriol. 183, 3935-3947
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S7:4
GENOMIC STUDIES OF RHODOCOCCUS
SP. RHA1: UNLEASHING THE CATABOLIC
POWER WITHIN
L. D. Eltis1, W. W. Mohn1, M. Fukuda2, J. E. Davies1; 1University of
British Columbia, Vancouver, BC, CANADA, 2Nagaoka University of
Technology, Nagaoka, JAPAN.

Rhodococci are widespread in soil environments, diverse in their
catabolic capabilities and well adapted to endure many environmen-
tal stresses. As such, these actinomycetes have great potential for
applications in bioremediation and green chemistry. Rhodococcus
sp. RHA1 is particularly notable for its ability to degrade a wide
range of  aromatic compounds, including polychlorinated biphenyls
(PCBs). We have initiated a genomic investigation of  RHA1 to
better understand the organism’s catabolism and response to
environmental stresses. The 9.7 Mb genome of  RHA1 comprises a
7.8 Mb chromosome plus linear plasmids (invertrons) of  1.1, 0.46
and 0.36 Mb. The genome has been sequenced with 7-fold coverage
and is currently being finished. A total of  9,051 ORFs were
identified by automated annotation. These include genes putatively
encoding polyketide synthases, non-ribosomal peptide synthetases,
and over 100 oxygenases. The latter include 12 cytochromes P450
and 6 ring-hydroxylating dioxygenases. A prototype microarray with
probes for 2484 ORFs was used for transcriptional analyses. Parallel
proteomic analyses used high-resolution 2D electrophoresis and
mass spectrometry. These functional genomic studies have eluci-
dated several catabolic pathways for aromatic compounds and the
roles of  particular oxygenases. These analyses indicate that a similar
suite of  enzymes is employed for biodegradation of  both biphenyl
and ethylbenzene. This suit includes at least 3 ring-hydroxylating
dioxygenases, 2 dihydrodiol dehydrogenases and 3 ring-cleavage
dioxygenases. The use of  multiple isozymes may contribute to the
superior PCB-degrading capabilities of  this organism. Biphenyl
degradation also involves benzoate degradation genes (lower
pathway) not involved in ethylbenzene degradation. Interestingly,
some of  the enzymes involved in benzoate catabolism are also
responsible for phthalate. To further these studies, we are develop-
ing a system for targeted gene disruption in RHA1. In particular,
putative regulatory genes will be tested by knockout analysis. This
investigation has substantially furthered our understanding of  an
important group of  soil bacteria and will facilitate the commercial
exploitation of  rhodococci and related organisms.

S7:5
ENZYME ARCHITECTURE: POTENTIAL
STRATEGIES BY WHICH MICROBULBIFER
DEGRADANS 2-40 EFFICIENTLY DE-
GRADES COMPLEX POLYSACCHARIDES
M. B. Howard, N. A. Ekborg , L. E. Taylor, R. M. Weiner, S. W.
Hutcheson; University of  Maryland, College Park, MD.

Microbulbifer degradans 2-40 is an unusually efficient degrader of
complex polysaccharides. The draft genome sequence provided by
the Joint Genome Institute of  the US Department of  Energy has
revealed over 180 genes encoding proteins involved in the depoly-
merization of  complex polysaccharides and many more for the
transport and metabolism of  liberated sugars. Many of  these
enzymes have unusual structural features that contribute to the
degradative abilities of  M. degradans. Analysis of  these systems has
revealed that 46 secreted carbohydrases contain polyserine linker
domains that are located between catalytic, binding, and/or
anchoring domains. These linkers are relatively rare among prokary-
otes and may function as a flexible tether to enhance substrate/
enzyme interactions. Further, 31 enzymes involved in complex
polysaccharide degradation have features typical of  a lipid-modified,
surface-anchored lipoprotein. This may prevent diffusion of
secreted enzymes and, in cases where a carbohydrate binding
domain is present, assist in keeping the bacterium in close proximity
to the carbon source. Domain rearrangement and genetic duplica-
tion appear to have played a role in the acquisition of  genes for
some of  these enzymes, particularly within the pectin degrading
system. Finally, a number of  polysaccharide depolymerizing
enzymes have been identified that appear to contain two catalytic
domains. In the case of  Chitinase B, each of  the domains has a
distinct activity on chitin. Taken together, these features may
contribute to the ability of  M. degradans to efficiently metabolize
such a wide range of  polysaccharides and may have allowed it to
adapt its enzyme systems to act on newly encountered substrates.
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1
DEVELOPMENT AND APPLICATION OF
GENOME-SCALE MODELS OF MICROBIAL
METABOLISM
C. H. Schilling; Genomatica, Inc., San Diego, CA.

Systems biology is rapidly emerging as a central research paradigm
for the integrated analysis of  cellular function. At the core of  this
paradigm is the need to develop computer models of  metabolism
and the regulation of  metabolic processes. These models hold the
potential to be catalysts for an accelerated model-driven form of
biological discovery. Applications of  metabolic modeling technology
extend beyond basic discovery to antimicrobial drug discovery
research and the metabolic engineering of  microbes for the
production of  fine chemicals, therapeutic/industrial proteins, and
even for the generation of  electricity. Herein we will present recent
work on the construction of  genome-scale metabolic models of  a
number of  microbial organisms including common model organ-
isms, such as Escherichia coli and Saccharomyces cerevisiae, as well as less
characterized organisms such as Geobacter sulfurreducens and Pseudomo-
nas fluorescens. We will illustrate the approach used to construct these
models and highlight recent results from their implementation
within our modeling platform, SimPheny. This will be followed by
examples of  how these models are integrated to experimental
technologies and used to efficiently guide research with particular
emphasis on the integration of  gene expression data. All together
we will showcase how genome-scale metabolic models provide the
context for integrating ‘omics’ data and managing metabolic
knowledge in a structured way that supports predictive simulation
and modeling of  metabolism using a constraint-based approach.

2
METABOLOMIC ANALYSIS OF SURFACE
LIPIDS
B. J. Nikolau, A. Perera; Iowa State University, Ames, IA.

All terrestrial organisms utilize lipid molecules as constituents of
the outer-barrier between the organism and the environment.
Higher plants coat their aerial surfaces with a complex mixture of
lipids called the cuticle, which has important functionality for
plantsâ•™ interactions with the biotic and abiotic environment. The
cuticle is biosynthesized by the outermost layer of  cells, the
epidermis, and is secreted to the surface of  the organism. To
characterize the biosynthesis of  this complex lipid mixture a
collection of  186 glossy alleles that affect the normal deposition of
the cuticle in maize (Zea mays) were isolated. Allelism tests revealed
that these mutants define 28 glossy loci, including nine that had not
previously been described. The effects of  each glossy mutation on
the composition of  the wax deposited on various organs were
determined. These analyses revealed that each glossy gene differen-
tially affects the composition of  the wax on different plant organs.
Moreover, these analyses reveal novel biochemical mechanisms for
the biosynthesis of  these unusual lipids. Principal component and
clustering analyses of  this large dataset are being used to identify
where each glossy gene functions in the cuticular wax biosynthetic
pathway.

3
TRANSCRIPTOME AND COMPUTATION
ANALYSES OF ARGININE METABOLISM IN
PSEUDOMONAS AERUGINOSA: WITH AND
WITHOUT THE ARGININE REGULATORY
PROTEIN
C. Lu, Z. Yang, W. Li, B. Jin, Y. Zhang; Georgia State University,
Atlanta, GA.

Arginine metabolism in pseudomonads with four different catabolic
pathways for its utilization as carbon and nitrogen sources is of
particular interest as the model system to study control of  metabolic
integration. We performed transcriptome analyses and in silica
computation to identify arginine- and ArgR-controlled genes and to
better understand arginine metabolic pathways of  P. aeruginosa. We
compared gene expression in the wild type strain PAO1 and its argR
mutant strain PAO501 grown in glutamate minimal medium in the
presence and absence of  arginine. Eleven putative operons of  thirty
genes were inducible by ArgR and arginine, including all known
ArgR-regulated operons for the arginine succinyltransferase pathway
and the arginine deiminase pathway. The newly identified genes
include the speA gene of  biosynthetic arginine decarboxylase, the
putative adcAB operon encoding a catabolic arginine decarboxylase
and an antiporter protein, and PA0328 encoding a hypothetical
fusion protein of  a peptidase and a type-IV autotransporter. It was
found that ArgR and arginine could have a redundant effect on the
induction of  transport systems for branched-chain amino acids,
serine, small oligopeptides, and plant opines. Only five operons of
nine genes were qualified as repressible by ArgR and arginine, with
three operons (argF, carAB, and argG) in arginine biosynthesis and
two operons (gltBD and gdhA) in glutamate biosynthesis. The effect
of  arginine on the expression of  these operons was confirmed by
lacZ fusion studies and by DNA binding studies with purified ArgR.
Surprisingly, candidate genes in the arginine dehydrogenase pathway
were found inducible by exogenous arginine in the absence of  ArgR,
and the operation of  this pathway could be mediated by newly
identified hypothetical enzymes in the gbuRA locus or by D-amino
acid racemase/dehydrogenase through polyamine metabolism. The
consensus sequence of the ArgR binding site is composed of a
tandem repeat of  5'-TGTCGCN6GNAAN5, with the second half
site more conserved than the first half  site. From computation,
possible ArgR binding sites were identified from the intergenic
regions of  the whole genome. Many of  these ArgR binding sites are
in the regulatory regions of  genes not being identified from the
transcriptome analysis, which suggested that ArgR might serve as
the helper of  other transcriptional regulators of  those genes. In
summary, a better picture of  arginine metabolism in P. aeruginosa was
portrayed from the results of  transcriptome and computation
analyses. We suggested that maintaining a sophisticated network of
uptake and metabolism of  arginine, the limiting substrate of  nitric
oxide synthetase in human, might provide this opportunistic human
pathogen an advantage to establish infection in cystic fibrosis
patients.
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4
BIOINFORMATICS INTEGRATION OF GE-
NOMIC AND METABOLIC DATA
P. D. Karp, R. Gobbel, M. Green; SRI International, Menlo Park, CA.

SRI’s Pathway Tools software [1] provides a rich computational
environment for integrating, visualizing, and analyzing metabolic
and genomic data.  Given an annotated genome as its input (such as
a Genbank file), the software predicts the metabolic pathways of  the
organism. The pathways and genome are stored within a Pathway/
Genome Database (PGDB) that serves as a platform for further
refinement and analysis of  the genome and metabolic network. The
pathway prediction algorithm relies on SRI’s MetaCyc database [2],
which describes 497 experimentally elucidated metabolic pathways
and 1665 enzymes from 207 organisms.  Analysis capabilities of
Pathway Tools include: (1) Prediction of  which enzymes fill holes
(reactions with no identified enzyme) in identified metabolic
pathways by combining sequence-similarity searches with operon
and other data; (2) Animated display of  gene expression data onto
the complete pathway map for the organism facilitates interpretation
of those data; (3) Comparison of the complete metabolic maps of
two organisms; (4) Prediction of  operon organization by combining
a variety of  data including intragenic distance and pathway organiza-
tion.  Editing tools allow users to update the PGDB to reflect new
findings about the gene functions, metabolic pathways, and genetic
network of  the organism. A new ontology of  evidence codes allows
a PGDB to clearly distinguish computational predictions from
experimentally derived information. The software publishing of  a
PGDB through a web site to support interactive querying and
visualization of  the metabolic network, genome, and genetic
network. Users can query PGDB data using new Perl and Java APIs
(application program interfaces), and we have recently implemented
powerful data import/export capabilities. Seventy groups have thus
far created close to 40 PGDBs with Pathway Tools for organisms
that include Saccharomyces cerevisiae, Methanococcus jannaschii,
Arabidopsis thaliana, and Plasmodium falciparum, making Pathway
Tools an emerging standard for pathway and genome
bioinformatics. Pathway Tools is freely available to academics.
References
[1] Karp, PD, Paley, S and Romero, P, “The Pathway Tools
Software,” Bioinformatics 18:S225-32 2002.
[2] CJ Krieger, P Zhang, LA Mueller, A Wang, S Paley, M Arnaud, J
Pick, SY Rhee, PD Karp, “MetaCyc: a multiorganism database of
metabolic pathways and enzymes,” Nuc Acids Res 32(1):D438-D442.

5
IDENTIFICATION OF “MISSING” META-
BOLIC ENZYMES AND NEW ENZYME
FORMS IN COMPLETE MICROBIAL GE-
NOMES
M. Y. Galperin; National Institutes of  Health, Bethesda, MD.

The availability of  complete genomes has revealed numerous
instances when the same metabolic reaction is catalyzed by two or
more different enzymes. From the evolutionary point of  view, such
enzymes can be homologous but distantly related (the phenomenon
of  “non-orthologous gene displacement”) or analogous (i.e.
evolutionarily unrelated). These two variants can be distinguished
using sequence comparisons and, if  available, structural informa-
tion. A comprehensive analysis of  alternative enzyme forms
revealed that their number grows with genome size. As a result,
many parasitic bacteria encode just one form of  an essential
enzyme, whereas their free-living relatives would encode two or
more. Essential enzymes encoded in the parasite genomes that are
either missing or represented by an alternative enzyme forms in the
human genome comprise attractive antibacterial drug targets. The
existence of  alternative enzyme forms poses a challenge for genome
annotation and metabolic reconstruction, as novel enzyme forms are
often recruited from the protein families that perform somewhat
similar reactions, which makes sequence-based functional assign-
ment even less reliable. We have used the Clusters of  Orthologous
Groups of  proteins (COGs) approach to correlate the presence or
absence of  particular protein families with the presence or absence
of  certain pathways. These studies revealed a multitude of  alterna-
tive enzyme forms even in supposedly well-studied pathways, such
as glycolysis, purine biosynthesis, or aromatic amino acid biosynthe-
sis. Candidate enzymes for several missing steps have been predicted
and subsequently experimentally verified. For several key pathways,
particularly those of  coenzyme (vitamin) biosynthesis, the “missing”
enzymes remain unidentified. Thus, 3-dehydroquinate appears to be
a common intermediate of  aromatic amino acid biosynthesis in all
organisms with completely sequenced genomes, but the enzymes
catalyzing its formation in the bacterium Aquifex aeolicus and
several archaea remain unknown. Identification of  “missing” steps
and potential candidate enzymes for them is an important contribu-
tion of  comparative genomics to the general biochemistry.
References
Galperin MY, Walker DR, Koonin EV (1998) Analogous enzymes:
Independent inventions in enzyme evolution. Genome Res. 8: 779-790
Koonin EV, Galperin MY (2002) Sequence-Evolution-Function. Computa-
tional Approaches in Comparative Genomics. Kluwer Academic Publishers,
Boston, 488 p.
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6
STRUCTURAL GENOMICS AND THE
METABOLOME
J. Orban, L. Parsons; University of  Maryland Biotechnology Institute,
Rockville, MD.

One of  the goals of  structural genomics is to use three-dimensional
structure to gain insights into the function of  poorly understood or
hypothetical proteins that are widely conserved. A significant
proportion of  structures obtained for such proteins from current
structural genomics projects suggest interactions with small
molecules by the presence of  potential binding cavities. In some
cases, approximate functions are apparent from the protein fold (e.g.
isomerase, methyltransferase) but more precise biochemical
functions are difficult to obtain from the structure alone. We are
using a combination of  informatics, molecular docking, and NMR-
based ligand screening methods to survey a library of  naturally
occurring small molecules in an effort to identify candidate target
ligands for these proteins. Examples from our current work on
hypothetical proteins from Haemophilus influenzae will be pre-
sented.

7
ANALYSIS OF BACTERIAL GROWTH MATH-
EMATICAL/COMPUTER MODELS,
RHODOBACTER 241
N. D. Honold, M. Zohdy, J. Zeilstra-Ryalls; Oakland University,
Rochester, MI.

This poster will present a mathematical/computer predictive model
capable of  quantifying the energy requirements and production
mechanisms of  Rhodobacter Sphaeroides, given controlled input
concentrations of  light and/or oxygen. The model will be tested by
using experimental laboratory data obtained from growth patterns
of  Rhodobacter, along with a number of  flexible techniques and
equations. Several wild strains of  Rhodobaceter(241, 1691, 2826)
under varying input conditions will be used as well. Also, mutant
types lacking the ability to produce energy photosynthetically will be
used to obtain experimental data. The optimal amount of  light and
oxygen for maximal growth will also be investigated. These
mathematical models and computer simulations will be used to
suggest new experiments in order to help validate the models and
build towards a more robust in-silico implementation of  the
Rhodobacter metabolic system.

8
COMPARATIVE GENOMICS: A TOOL TO
IDENTIFY NOVEL ENZYMES AND PATH-
WAYS
V. de Crecy-Lagard; The Scripps Research Institute, La Jolla, CA.

Genome sequencing efforts of  the last decade have revealed how
little is known about the relationship between DNA sequences and
biological functions. In the best genetically characterized organisms,
a third of  the genes have no assigned function. Systematic ap-
proaches such as functional and structural genomics can lead to
elucidation of  some functions, especially if  they are functions
similar to currently understood activities. However, analysis of  the
literature reveals many known enzymatic activities or pathways for
which the cognate genes remain unknown. Post-transcriptional
modification of  the four standard nucleosides occurs with both
tRNA and rRNA. Modified nucleosides are structurally diverse,
from a simple modification like methylation that needs only one
enzymatic step, to the hyper-modifications seen with Queuosine
(Q), Archaeosine (G*), and Wyeosine (Y), where several steps are
required. Some modifications are specific to one kingdom while
others are universal. Roughly 50% of  the RNA modification genes
are still to be identified. In addition, the biological function of
modified nucleotides is not known in most case. The RNA modifi-
cation field is an example of  one where genetic characterization is
lagging. The first step in comparative genomics is to list functions
that are missing. We are currently making exhaustive compilations
of  missing tRNA modification genes. By combining occurrence-
profiling, chromosome-clustering and homology searches, candi-
dates for missing functions can be proposed. These predictions are
then tested experimentally. Using such methods we identified several
new families such as the tRNA 5,6-dihydrouridine synthase family (J.
Biol. Chem, 2002, 277: 25090-5) and more recently the whole
pathway for synthesis of  the queuine precursor, 7-aminoethyl 7-
deazaguanine (preq1) from GTP (J. Biol. Chem, 2002, 277: 25090-5.)
How this methods can be used to identify missing genes in general
and allow a more precise characterization of  the avalanche of
protein information that are wrongly annotated in the database will
be discussed. The National Institutes of  Health, the Skaggs
Foundation, and the National Science Foundation supported this
work.

9
YEAST GENES THAT ARE SYNTHETICALLY
LETHAL WITH THE FUNGISTATIC COM-
POUND FLUCONAZOLE
S. Bunnell1, D. Harcus2, G. Jansen1, M. T. Hallett1, M. Whiteway2, D. Y.
Thomas1; 1McGill University, Montreal, PQ , CANADA, 2BRI, Montreal,
PQ , CANADA.

The most widely used antifungal compound clinically is fluconazole.
This compound is fungistatic rather than fungicidal. That is, cells
are temporarily arrested in growth by fluconazole, but, in the
absence of  other action by the infected host, can recover and grow.
We used the haploid yeast strains generated by the Yeast Genome
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Deletion Project that contain singular deletions of  each of  the 4711
non-essential genes, and screened this library for strains that could
not recover from growth arrest by fluconazole. We identified 55
genes that are essential for viability in the presence of  the drug. The
55 genes that we isolated in this way are distinct from those found
in other screens for yeast genes conferring sensitivity to fluconazole.
There are several different cell-death phenotypes that arise from
treating these deletion strains with fluconazole; some gene deletions
lead to cell lysis, while others have no apparent effect on appear-
ance. The 55 genes that give this fungicidal phenotype represent a
diverse set of  yeast proteins, based upon the Munich Information
Center for Protein Sequences (MIPS) functional classifications. In
an attempt to link these genes, we are employing a bioinformatics
approach that combines the examination of  sequence homology,
mRNA expression data, Gene Ontology (GO) functional classifica-
tions, and protein-protein and protein-DNA interaction databases.

10
RIBO-SPIA™: A NOVEL, LINEAR, RAPID
RNA AMPLIFICATION SUITABLE FOR GENE
EXPRESSION PROFILING OF PROKARY-
OTIC SAMPLES
S. Wang1, M. Wang1, A. I. Brooks2, N. Kurn1; 1NuGEN Technologies,
Inc., San Carlos, CA, 2Dept. Of  Environmental Medicine and Functional
Genomic Center, University Of  Rochester Medical Center, Rochester, NY.

Microarray technologies provide important tools for highly parallel,
genome wide analysis of  transcription patterns and gene regulation
in a wide range of  organisms. The application of  these technologies
has been limited by the need for relatively large amounts of  RNA.
Various methods for mRNA amplification and labeling of  amplifica-
tion products for microarray analysis have been developed which are
based on in-vitro transcription of  cDNA. However, the application
of  microarray technology for global gene expression profiling in
prokaryotes is particularly challenging, as the current technologies
for the amplification and labeling of  samples for gene expression
analysis on microarrays are not applicable to prokaryotic mRNA. To
meet the requirement for a simple and robust procedure for global
amplification and labeling of mRNA for transcription profiling
from small samples, NuGEN Technologies, Inc. has developed a
novel, isothermal linear amplification method known as Ribo-
SPIA™. Ribo-SPIA™ is very simple and fast, generating labeled
targets for array analysis within a single day, and reproducibly
achieves highly efficient mRNA amplification from very small (5 to
100ng) total RNA samples. Ribo-SPIA™ generates single-stranded
DNA products that are homologous to the first strand cDNA, while
maintaining excellent representation of  transcripts. Products that
incorporate the Ribo-SPIA™ amplification have been commercial-
ized under the product family name Ovation™. The Ovation™
system for mRNA amplification and labeling for microarray analysis
with dual channel detection has been used successfully on a variety
of  microarray platforms. In addition, we have developed novel
methods for fragmenting and biotin labeling the amplified cDNA
products, and have successfully applied this novel target preparation
method for expression profiling analysis using Affymetrix
GeneChip® technology.  Highly efficient and rapid global amplifica-

tion using the Ribo-SPIA™ technology has been demonstrated with
either poly-A tailed mRNA as found in eukaryotic organisms, or
mRNA lacking poly-A tails, as required for gene expression
profiling of  prokaryotic organisms. The poly-A independent
approach is known as Whole Transcript SPIA™ Amplification (WT-
SPIA™) and generates microgram quantities of  cDNA products
from nanogram amounts of  starting total RNA. As a proof  of
principal experiment to demonstrate the utility and sensitivity of
WT-SPIA™ we will present gene expression and real-time PCR data
from two biological paradigms in two independent systems,
Pseudomonas aeruginosa and E. coli.

11
THE APPLICATION OF MASS SPECTROM-
ETRY IN METABOLOMIC STUDIES OF
CAMPYLOBACTER JEJUNI 81-176
E. C. Soo1, A. J. Aubry2, J. R. Brisson2, J. Kelly2, P. Guerry3, S. M.
Logan2; 1Institute for Marine Biosciences, National Research Council,
Halifax, NS, CANADA, 2Institute for Biological Sciences, National
Research Council, Ottawa, ON, CANADA, 3Naval Medical Research
Centre, Silver Springs, MD.

The identification and characterization of  novel cellular biosynthetic
pathways in important microbial pathogens has significant relevance
in the identification of  new therapeutic targets. In recent years there
has been a substantial increase in reports of  protein glycosylation in
prokaryotes, in particular, in pathogenic species. We have shown in
earlier work that the flagellin of  the gastrointestinal pathogen
Campylobacter was glycosylated with the novel sialic acid-like sugar,
pseudaminic acid (Pse). While the biosynthetic pathway of  Pse is
unknown it is presumed that it will closely resemble that of  sialic
acid. A genetic locus responsible for flagellar glycosylation in
Campylobacter has been identified although the specific functions
of  individual genes has only been inferred by homology to function-
ally characterized proteins from other organisms. Homologs of  key
sialic acid biosynthetic genes are present within this locus.
Metabolomics provides a novel means to assign unknown gene
functions and as part of  our study, we developed a highly selective
method for the detection of  sugar-nucleotides using Capillary
electrophoresis-Electrospray Mass Spectrometry (CE-ESMS) and
precursor ion scanning for fragment ion(s) specific to the individual
nucleotide carriers CMP, UDP, GDP and ADP. Tandem mass
spectrometry experiments have been performed to elucidate the
structures of  novel biosynthetic sugar-nucleotides. Preliminary
studies of  wild-type and isogenic mutants of  this glycosylation
pathway revealed novel CMP- and UDP- sugars as key biosynthetic
substrates and provided insight into the roles of  the corresponding
genes in Pse biosynthesis and the flagellar glycosylation process.
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12
MICROBIAL METABOLOMICS: THE UNBI-
ASED SELECTION AND RANKING OF TAR-
GETS
M. J. van der Werf; TNO Food, Zeist, NETHERLANDS.

Metabolomics involves the comparative, non-targeted analysis of
the complete set of  metabolites in a cell. As the biochemical level
of  the metabolome is closest to that of  the phenotype, it is
expected to best reflect biological functioning, and thus be highly
suitable for the unbiased selection of  targets for metabolic engineer-
ing. We have developed a very robust and inert metabolomics
platform. The detection limit of  the analytical methods that it is
comprised out of, is between 0.005 and 0.15 ìg/ml depending on the
compound analyzed, and the RSD <10% and generally <4% for the
more stable metabolites. The (micro-)biological and analytical
methods have been extensively validated to allow the analysis of
metabolome samples that are identical to the metabolome of the
cells at the moment when they are harvested (‘snapshot’), i.e.
preventing the introduction, removal or occurrence of  (biotic or a-
biotic) changes in the metabolites as present in the sample. To this
end, quenching and extraction methods have been set up and
validated, and the inertness of  the different steps in the procedure
have been extensively validated. These comprehensive methods
together allow the detection of  96% of  the commercially available
Bacillus subtilis metabolites, a microorganism used as a model
organism. In a preliminary experiment, we have detected between
300-350 different metabolites in glucose grown cells of  B. subtilis
(unpublished results). Of  these, 80 are of  known identity, what is
approximately 25% of  the total. This percentage is considerably
lower than the percentage of  57% of  the metabolites from the in
silico metabolome of  B. subtilis for which reference compounds can
be obtained commercially. Assuming that the ratio between known
and unknown is the same for the complete metabolome of  B. subtilis
as determined for glucose-grown cells, this suggests that in total
1200-1400 metabolites are present in the B. subtilis metabolome.
This is approximately 3 times more than the 550 deduced from the
full genome sequence. We are currently using this platform in
combination with multivariate data analysis tools, like PCDA and
PLS, and regression analysis tools to unbiasedly identify bottlenecks
in metabolic engineering and to reconstruct the metabolic network
and the metabolite-dependent regulatory interactions in microorgan-
isms.

13
E. COLI TRNA
NUCLEOTIDYLTRANSFERASE: CHARAC-
TERIZATION OF PHOSPHODIESTERASE
AND PHOSPHATASE ACTIVITIES IDENTI-
FIED BY GENERAL ENZYMATIC ASSAYS
A. Yakunin, M. Proudfoot, E. Kuznetsova, G. Brown, J. Reinking , A.
Savchenko, C. Arrowsmith, A. Edwards; University of  Toronto, Toronto,
ON, CANADA.

In all sequenced genomes, a large fraction of  predicted genes
encodes proteins of  unknown biochemical function. We developed a
series of  general enzymatic assays with which to test the purified
proteins for catalytic function. These assays (phosphatase, phos-
phodiesterase, protease, esterase, dehydrogenase, and oxidase) were
designed to have relaxed substrate specificity in order to increase
the probability of  identifying new enzymes or new activities in
known proteins. General phosphatase screens with the artificial
substrate p-nitrophenylphosphate (pNPP) identified high phos-
phatase activity in the E. coli tRNA nucleotidyltransferase (tRNA-
NT), which catalyzes the synthesis of  the 3‘-terminal CCA sequence
of  tRNA. The phosphatase activity had a neutral pH optimum and
preferred Ni2+ as the metal. Secondary screens with natural phos-
phatase substrates (52 phosphorylated compounds) revealed that
tRNA-NT has broad substrate specificity and can dephosphorylate
pyrophosphate, NADP, and all canonical nucleotide di- and
triphosphates. With nucleotide monophosphates as substrates, high
phosphatase activity was observed against 2‘-AMP, and no activity
was found toward 5‘- or 3‘-nucleotide monophosphates. The protein
also had significant phosphodiesterase activity toward 2‘,3‘-cyclic
nucleotide monophosphates with highest affinity to 2‘,3‘-cAMP (Km
= 0.5 mM). This cyclic substrate was hydrolyzed with the formation
of  3‘-AMP and some 2‘-AMP. Site-directed mutagenesis demon-
strated that both phosphatase and phosphodiesterase activities of
the E. coli tRNA-NT are associated with the conserved HD motif
located in the C-terminal domain. Since many RNases degrade
tRNA with the formation of  2‘,3‘-cyclic monophosphate at the 3‘-
termini, our hypothesis is that in the E. coli tRNA-NT, the HD
domain cleaves the 2‘,3‘-cyclic monophosphate bond (phosphodi-
esterase activity) and dephosphorylates the 3‘-termini of  tRNA
(phosphatase activity) making it suitable for the attachment of  CCA
end catalyzed by the N-terminal nucleotidyltransferase domain.
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14
SEQUENCING ESTS FROM THE XYLOSE
FERMENTING YEAST PICHIA STIPITIS: IDEN-
TIFICATION OF THE FIRST INTRON-CON-
TAINING GENE
J. M. Laplaza1, Y. Jin2, T. W. Jeffries1; 1USDA-FS, Forest Products
Laboratory, Madison, WI, 2Massachusetts Institute of  Technology, Boston,
MA.

Pichia stipitis is the best-characterized xylose fermenting yeast
known. In an effort to rapidly clone genes encoding enzymes
regulated by carbon source and aeration, an expressed sequence tag
(EST) library was constructed and partially sequenced. mRNA was
isolated from yeast grown in either xylose or glucose as a carbon
source, and in either fully aerobic or micro aerobic conditions. The
mRNA was pooled, and a cDNA phage library was constructed.
Using PCR, the inserts of  individual plaques were amplified and
sequenced from the 5â•™ end. Of  965 sequence runs, 678 had
readable sequence that clustered in 426 groups. Fifteen groups
contained sequences of  novel genes encoding proteins with high
identity to proteins involved in central carbon metabolism. Of
special interest is the gene encoding the ribosomal protein RPL28.
An analysis of  this gene showed that like S. cerevisiae, it contains an
intron. As the only gene in Pichia stipitis identified so far containing
an intron, amplification of  this gene is an important tool to verify
the absence of  genomic DNA in mRNA preparations. Large-scale
sequencing of  the EST library is continuing, and sequencing of  the
P. stipitis genome by the DOE Joint Genome Institute should be
completed in the spring of 2004

15
YEAST RESPONSES DURING ADAPTATION
TO THE HERBICIDE 2,4-DICHLOROPHE-
NOXYACETIC ACID (2,4-D) SUGGESTED
BY QUANTITATIVE PROTEOMICS
M. C. Teixeira, P. M. Santos, A. R. Fernandes, I. Sá-Correia; Biological
Sciences, Centre for Biological and Chemical Engineering, Instituto Superior
Técnico, Lisbon, PORTUGAL.

The intensive use of  herbicides may give rise to a number of
toxicological problems and has led to the emergence of  resistant
weeds. To gain insights into the mechanisms of  toxicity and
tolerance to the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D),
we have examined the eukaryotic experimental model Saccharomyces
cerevisiae and identified variations in protein expression level in
response to herbicide aggression, based on two-dimensional gel
electrophoresis. We show results suggesting that during the
adaptation period, preceding cell division under sub-lethal 2,4-D-
induced stress, Ahp1p (the antioxidant enzyme alkyl hydroperoxide
reductase) and the heat shock proteins Hsp12p and Ssb1p or Ssb2p
(members of  the Hsp70 family) are present in higher amounts.
Other enzymes involved in protein and mRNA degradation
(Cdc48p, Dcp1p, and Hyp2p) and in glycolysis (Glk1p, Eno1p,
Enop2p, Tdh3p and Ald6p) are also up-regulated. This is consistent

with increased cell needs to rapidly alter the internal protein
repertoire and to generate energy to support energy-consuming
adaptation mechanisms [1, 2, 3]. The increased expression of  (at
least) two (Vma1p and Vma2p) of  the eight different subunits
forming the peripheral catalytic sector of  the H+-ATPase in the
vacuolar membrane (V-ATPase) was also suggested by this quantita-
tive proteomic analysis. The V-ATPase is involved in intracellular
pH homeostasis and compartmentalization of  metabolites in the
vacuole, in particular of  amino acids. Significantly, a functional
enzyme is required for a more rapid yeast adaptation and resistance
to 2,4-D [3]. Despite the in vivo stimulation of  V-ATPase activity by
2,4-D [3], also suggested by this study, the physiological proton-
gradient across vacuolar membrane is dissipated in yeast cells
challenged with the highly lipophilic herbicide. As observed in the
mutant Ävma1, with an affected vacuolar function, the concentra-
tion of  amino acids accumulated in the vacuole is strongly reduced
under 2,4-D stress. The disturbance of  the functions of  the vacuole
and of  plasma membrane, as a permeability barrier and a matrix for
solute transporters, leads to a strong reduction of  amino acids
concentration in the vacuole and the cytosol under 2,4-D-stress.
Amino acid limitation may be involved in the up-regulation of
amino acid biosynthetic enzymes (His4p, Arg1p, Gdh1p, Aro3p,
Aro8p, Ilv3p, and Met6p) and in the variation of  the expression
level of  enzymes involved in nucleotide metabolism (Ade5,7p,
Ade17p and Ado1p), registered under herbicide stress.
[1] Teixeira M.C., Sá-Correia I. 2002. Biochem. Biophys. Res. Commun. 292:530-
537.
[2] Simões T., Teixeira M.C., Fernandes A.R., Sá-Correia I. 2003. Appl.
Environ. Microbiol. 69: 4019-4028.
[3] Fernandes A.R., Durão P.J., Santos, P.M., Sá-Correia I. 2003. Biochem.
Biophys. Res. Commun. 312:1317-1324.

16
GENE EXPRESSION PROFILES AND META-
BOLIC FLUXES DURING WINE FERMENTA-
TION
C. Varela, E. Agosin; Pontificia Universidad Catolica de Chile, Santiago,
CHILE.

Wine fermentation is a dynamic and complex process in which the
yeast is subjected to multiple stress conditions. Wine yeasts have
evolved mechanisms to sense environmental changes and thus
maintain metabolic activity and cellular integrity. Quantification of
changes in metabolism and gene expression profiles under
winemaking conditions is fundamental for understanding and
describing yeast behavior during wine fermentations. Functional
genomic techniques provide the tools necessary for analyzing and
quantifying the yeast transcriptome. Furthermore, flux-based
metabolic models quantify the distribution of  carbon and energy in
metabolic networks. We used Serial Analysis of  Gene Expression
and Metabolic Flux Analysis to quantify gene expression and
metabolic changes in an industrial strain of  Saccharomyces cerevisiae
under winemaking conditions using synthetic must. The
transcriptome and metabolism of  wine yeast were analyzed at three
points of  the fermentation process, mid-exponential phase, early-
and late-stationary phase. Genes related to energy generation
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pathways and to stress responses were the most expressed tran-
scripts in all phases studied. Different isoenzymes, including HXT
carriers, were induced depending on the growth phase. Many genes
of  unknown function were highly expressed during the fermenta-
tion process. Metabolic fluxes throughout glycolysis diminished,
despite expression of  glycolysis genes increased. Genes of  TCA
cycle were slightly over expressed while fluxes within the cycle
decreased. Complementing information from metabolic fluxes and
gene expression profiles enable to obtain a clearer picture of  how
transcription and enzymatic activity are regulated within the yeast
cell.

17
EVIDENCE OF MITOCHONDRIAL FATTY
ACID BETA-OXIDATION IN FILAMENTOUS
FUNGI
L. A. Maggio-Hall, N. P. Keller ; University of  Wisconsin-Madison,
Madison, WI.

Fatty acids are degraded to acetyl-CoA units by cycles of  â-
oxidation in both mitochondria and peroxisomes of  animals and
plants. Yet extensive studies of  Saccharomyces cerivisiae and other
yeasts show that â-oxidation occurs exclusively in the peroxisomes
of  these organisms, leading to the supposition that all fungi lack
mitochondrial â-oxidation. Here we present genetic and biochemical
evidence that the filamentous fungus Aspergillus nidulans possesses
enzymes for mitochondrial â-oxidation. Disruption of  the D-
bifunctional enzyme of  peroxisomal â-oxidation (foxA) only partially
impeded growth on oleic acid (C18:1), while growth on hexanoic
acid (C6) was unaffected. Homologs of  enzymes catalyzing â-
oxidation of  short-chain fatty acids in mammals were identified in
the genome sequences of  the filamentous fungi A. nidulans,
Neurospora crassa, and Magnaporthe grisea. Disruption of  the putative
enoyl-CoA hydratase (echA) in A. nidulans abolished growth on
hexanoic acid. Growth on oleic acid was severely restricted, and
similar to a strain carrying mutations in both foxA and echA,
suggesting the mitochondrial pathway is the more important of  the
two with respect to growth on fatty acids of  any length. Disruption
of  echA lead to a 28-fold reduction in 2-butenoyl-CoA hydratase
activity, suggesting that the corresponding peroxisomal hydratase is
less active with shorter enoyl-CoA molecules. Taken together, the
data suggest peroxisomal â-oxidation serves to shorten long chain
fatty acids for the mitochondrial pathway. The subcellular localiza-
tion of  the FoxA and EchA proteins was confirmed through the use
of  red and green fluorescent protein fusions.

18
BIOLOGICAL PRODUCTION OF PHENOL
FROM SUGAR BY THE SOLVENT TOLERANT
PSEUDOMONAS PUTIDA S12
N. J. Wierckx, J. Wery, J. A. de Bont; TNO-MEP, Apeldoorn,
NETHERLANDS.

Green chemistry provides an attractive alternative to the often
polluting chemical synthesis of  many products. Main products of
interest are chemicals that are nowadays being synthesized from
fossil resources, or that are difficult to synthesize chemically. The
main problem for biological production of  these chemicals is their
toxicity to the host. Common to whole cell biocatalysis is the long
time it takes to develop an efficient biocatalyst. Especially in ‘green’
production processes, in which sugars are transformed into a
desired product. Many reactions controlled by complex regulatory
mechanisms need to be optimized. This poses a severe constraint on
rapid development of  a green process. The first problem will be
dealt with by using the solvent tolerant bacterium P. putida S12 (see
[1] and poster Rita Volkers). A global view on cellular responses is
imperative for swift optimization of  the biocatalyst. A genomics
approach will enable us to get an unbiased, complete view of  the
complex metabolic routes that lead to our model compound. As a
case study, bioproduction of  phenol from sugar was chosen to
prove the usefulness of  P. putida S12 in a green production pro-
cesses. Phenol was chosen as the target compound because it is an
industrially relevant, highly toxic chemical. In addition, production
of  phenol requires large quantities of  energy and toxic chemicals. In
order to make P. putida S12 produce phenol, the strain was first
transformed with the tpl gene. This gene codes for tyrosine phenol
lyase, which converts L-tyrosine to phenol. This resulted in a strain
that did produce phenol from sugar, but in very small quantities. In
order to make it an efficient biocatalyst, the traditional approach of
targeted genetic modification of  key metabolic genes is combined
with mutant screening and differential proteome analysis of
mutants. This will provide new insights in the metabolism of  P.
putida S12 and will allow for identification of  new ways to increase
the carbon flow into the metabolic route leading to phenol.
[1]: de Bont, J.A.M., Solvent-tolerant bacteria in biocatalysis. Tibtech 16:
493-499.

19
GENETIC ENGINEERING OF LACTIC ACID
BACTERIA TOWARD FERMENTATIVE PRO-
DUCTION OF ETHANOL
S. Liu; USDA, ARS, NCAUR, Peoria, IL.

One of  the major tasks of  converting renewable biomass to ethanol
and other value added products is to create new microbial strains
that are capable of  fermenting biomass derived sugars (mixture of
hexoses and pentoses). Naturally ethanol fermenting Saccharomyces
cerevisiae and Zymomonas mobilis only use hexose, not pentose sugars.
Several Lactic acid bacteria (LAB) contain genes that enable them to
ferment the mixed sugars contained in renewable biomass, and the
potential development of  these as ethanologens via genetic
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engineering was explored. In most LAB, pyruvate is converted into
lactate via lactate dehydrogenase (encoded by ldh). The Lactobacillus
plantarum TF103 strain lacking functional ldh genes produces
ethanol, acetoin, 2,3-butanediol, and mannitol. Another ldh mutant
of  Lactococcus lactis (Neves, Ramos et al. 2002) was also reported to
produced ethanol. We aim to engineer LAB by introducing efficient
ethanol pathways to covert the lactic acid fermentation capacities
into that of  ethanol production. In the ethanol producing yeast S.
cerevisiae and the bacterium Z. mobilis, the pdc (pyruvate decarboxy-
lase) and adh (alcohol dehydrogenase) genes function together to
convert pyruvate via acetaldehyde to ethanol. The pdc and adh genes
from Z. mobilis (assembled as PET operon) enable E.coli produce
ethanol with high yield and rate (Ingram, Conway et al. 1987).
Efforts have been made to introduce the PET operon in the more
robust Gram-positive Bacillus (Ingram, Barbosa-Alleyne et al. 1999)
Lactobacillus casei (Gold, Meagher et al. 1S6:) and several other LAB
(Nichols, Dien et al. 2003). Low efficiency of  ethanol fermentation
from these studies suggested that the pdc gene of  Gram-negative
origin did not function in Gram-positive bacteria. To avoid the
problems encountered by earlier researchers, we have introduced the
Gram-positive Sarcina ventriculi pdc gene into LAB, particularly in a
host strain L. plantarum TF103 with both L-ldh and D-ldh inactivated.
Western blot analysis using antiserum against an oligo-peptide for S.
ventriculi PDC confirmed the presence of  PDC in transformed LAB.
Results from flask fermentation analysis for ethanol production will
be presented. Genome shuffling using the S. vertriculi pdc trans-
formed TF103 strain will be proposed for advanced strain improve-
ment.

20
GLOBAL GENE EXPRESSION ANALYSIS OF
ESCHERICHIA COLI GROWN IN A MINIA-
TURIZED BIOREACTOR FOR HIGH-
THROUGHPUT DATA ANALYSIS AND INTE-
GRATION OF GROWTH PHYSIOLOGY
AND GENOMICS
P. Boccazzi, A. Zanzotto, N. Szita, S. Bhattacharya, K. F. Jensen, A. J.
Sinskey; Massachusetts Institute of  Technology, Cambridge, MA.

Combining high-throughput growth physiology and global gene
expression data analysis is of  significant value for the integration of
metabolism and genomics. We have performed global gene expres-
sion analysis from 500ng of total RNA of an Escherichia coli culture
grown in LB or defined media in a novel 50 ìl bioreactor. The
microbioreactor was fabricated out of  poly(dimethylsiloxane)
(PDMS) and glass and equipped with on-line measurements for
optical density, dissolved oxygen and pH. All three parameter
measurements were based on optical methods. Aeration of  cultures
occurred through a gas-permeable PDMS membrane. Behavior of
bacteria grown in microbioreactors under well-defined conditions
was very similar to that of  bacteria grown under similar conditions
in 500 ml bench-scale reactors. Total RNA was isolated from
microbioreactor-grown cells at early exponential growth phase from
3 independent fermentations in rich medium and 3 independent
fermentations in defined glucose medium. Microarray hybridizations

were performed with the Qiagen HiLightTM dual-color array
detection system, which is based on Resonance Light Scattering
technology. Microarray chips were purchased at the BioMicro
Center at MIT (Cambridge, MA, USA) and contained 4,400 open
reading frames (ORFs) representing the entire E.coli chromosome.
The ORFs were spotted on Corning GAPS slides with a Biorobotics
Microgrid Two printer. From these experiments we found that 108
genes were expressed at significantly higher levels on defined
glucose medium, including genes involved in amino acid biosynthe-
sis, central metabolism and regulatory functions and 90 genes were
expressed at significantly higher level when cells were grown in LB,
including genes involved in the translational apparatus and the
motility apparatus. The increasing rate of  the public release of
complete genomic sequences of  microorganisms offers an unprec-
edented opportunity for detailed investigations of  these organisms.
Our results from only 500ng of  total RNA indicate that with novel
biochemical platforms and improved detection technologies, high-
throughput integration of  growth physiology and genomics will be
possible.

21
METABOLIC RECONSTRUCTION OF ARO-
MATIC COMPOUNDS BIODEGRADATION
FROM THE COMPLETE GENOME SE-
QUENCE OF RALSTONIA EUTROPHA
JMP134 (PJP4)
D. Pérez-Pantoja1, R. de la Iglesia1, D. Pieper2, B. González1;
1Departamento de Genética Molecular y Microbiología, Facultad de Ciencias
Biológicas, P. Universidad Católica de Chile., Santiago, CHILE, 2Division
of  Microbiology, GBF-German Research Center for Biotechnology.,
Braunschweig , GERMANY.

Ralstonia eutropha JMP134 (pJP4) is a well-known (halo)aromatic
compounds degrading strain able to mineralize chlorinated
phenoxyacetates, halobenzoates, trichlorophenol, and several other
aromatic compounds. The complete genome sequence (7.4 Mb) of
R. eutropha JMP134 (pJP4) is now available as part of  an initiative
from DOE Joint Genome Institute and our lab. We performed the
metabolic reconstruction of  aromatic compounds biodegradation,
correlating the catabolic abilities as determined in silico with a
complete study of  the range of  compounds that support growth of
this strain. We observed a strong correlation between the catabolic
abilities found in silico with those determined in vivo. Several central
ring-cleavage pathways for aromatic compounds were detected: the
â-ketoadipate pathway, with its catechol and protocatechuate
branches, the (methyl)catechol meta pathway, the gentisate pathway,
the phenylacetate pathway, the homogentisate pathway and the 3-
hydroxyphenylpropionate pathway. A broad spectrum of  peripheral
reactions was determined to channel several substituted aromatics
into the central ring-cleavage pathways mentioned above. However,
some catabolic properties couldn’t be found in the R. eutropha
JMP134 genome based on reported gene sequences. A genomic
comparison with another well-known catabolic strain, Pseudomonas
putida KT2440, showed that R. eutropha JMP134 has a much broader
degradative potential. Gene redundancy in catabolic functions may
play a significant role in the great catabolic potential of  R. eutropha.
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This work also confirmed the utility of  the complete genome
sequence to predict the metabolic abilities of  microorganisms.
Supported by grant FONDECYT 1030493. D. Pérez-Pantoja is a DAAD-
CONICYT fellowship recipient. R. De la Iglesia is a MECESUP fellowship
recipient.

22
ANALYSIS OF BACILLUS LICHENIFORMIS
CARBON METABOLISM BY GENOMIC
SEQUENCING AND DNA MICROARRAYS
A. Ehrenreich1, B. Veith1, H. Liesegang1, J. Feesche2, K. Maurer2, G.
Gottschalk1; 1Institute for Microbiology; University of  Goettingen, Goettingen,
GERMANY, 2Henkel; VBT Enzymetechnology, Duesseldorf, GER-
MANY.

Bacillus licheniformis, an endospore forming rod and relative of  B.
subtilis, is used in technical fermentations to produce huge amounts
of  exoenzymes like proteases or amylases as well as the antibiotic
Bacitracin. In order to identify and remove bottlenecks of  B.
licheniformis based bioprocesses it is essential to understand its
physiology. Prerequisite for a thorough understanding of  a micro-
bial metabolism is the determination of  the genome sequence.
Therefore we sequenced B. licheniformis DSM13/ATCC1458 with a
coverage of  7,22 by a whole genome shotgun approach. Remaining
gaps were closed using multiplex PCR reactions and the sequence
was finally polished. The genome is organized in a single circular
chromosome and has a total length of  4.222.742 bp with a GC
content of  46,2%. We identified 4286 open reading frames in
addition to 72 tRNAs and 7 rRNA operons. The annotated genes
and their upstream regions where compared to orthologous genes in
the published sequence of  B. subtilis. By categorizing genes present
or absent in one of  those organisms we describe parallels and
differences in the metabolism of  these organisms. Based on the
genomic data a DNA microarray was constructed by PCR amplifica-
tion of  more than 95% of  ORFs larger than 300 bp. We used
appropriate shotgun plasmids from the sequencing process as
templates. This was done to require only one specific primer
together with a plasmid derived standard primer for amplification
of  as many as possible genes. Adequate shotgun clones could be
identified for 80% of  the genes thus reducing the costs of  the
microarray significantly. This approach has the additional advantage
that usage of  shorter primers is possible while eliminating unwanted
unspecific PCR products that could arise when using chromosomal
DNA as template. With this microarray we monitored carbon
metabolism of  B. licheniformis in continuous cultures using
different carbon sources. Microarray data is verified by Realtime-
PCR and used to reconstruct the employed pathways and to
compare them to B. subtilis.

23
TRANSCRIPTIONAL ANALYSIS OF REGULA-
TION OF SECONDARY METABOLISM IN
STREPTOMYCES COELICOLOR
W. Lian1, S. Mehra1, F. Glod2, K. P. Jayapal1, D. H. Sherman2, W. Hu1;
1University of  Minnesota, Minneapolis, MN, 2University of  Michigan, Ann
Arbor, MI.

Secondary metabolite biosynthesis in Streptomyces is controlled by a
complex regulatory network consisting of  a large number of
pathway-specific and global regulators organized in a hierarchical
tree. Based on the putative regulatory architecture in Streptomyces
coelicolor we have knocked out over 20 known and putative regulatory
genes, including many two-component systems. Among the mutants
are growth variants, antibiotic overproducers and low producers.
Whole genome DNA microarrays were used to examine the
temporal transcriptional profiles of  these mutants. Key observations
were confirmed by QRT-PCR. Using Timeview, a visualization and
analysis tool developed by us, expression time profiles of  individual
genes in the parental strain and different mutants were systemati-
cally compared. Genes whose expression time profiles have changed
in different ways among different mutants were identified. In
addition, mutants are classified based on clustering of  the expres-
sion profiles of  genes involved in secondary metabolism. The
possible positions of  these genes on the regulatory hierarchy will be
discussed.

24
SOLVENT-TOLERANT PSEUDOMONAS
PUTIDA S12 AS HOST FOR THE PRODUC-
TION OF SUBSTITUTED AROMATICS FROM
SUGAR
K. Nijkamp, J. Wery, J. de Bont; TNO MEP, Apeldoorn, NETHER-
LANDS.

Whole-cell biocatalysis has long been regarded as a ‘green’ alterna-
tive for chemical synthesis. In addition a major advantage of  using
whole-cells for biocatalysis is their ability to perform complex
reactions in a highly specific fashion. Whole-cell biocatalysis could
prove to be an excellent means to producing chemicals that are
traditionally synthesized from fossil resources and/or chemicals that
are difficult to manufacture chemically. Examples of  this kind of
chemicals are substituted aromatics, which are, however, extremely
toxic to living cells.  A way to overcome this problem is the use of
solvent-tolerant Pseudomonas putida S12 [1, 2]. A main advantage of
this strain as a host for bioproduction of these products is its ability
to actively extrude these compounds (see poster Rita Volkers). This
mechanism not only protects the cell from the toxic effects but it
also drives the reaction equilibrium towards the product [1, 2]. The
aim of  this research is to swiftly design an economically feasible
‘green’ production process. The applied strategy is to optimize the
conversion of  sugar into an aromatic amino acid, which subse-
quently will be converted to a substituted aromatic by introducing a
foreign gene. The metabolic pathway to aromatic amino acids
consists of  many reaction steps with different regulatory mecha-



32 ASM Conferences

POSTER ABSTRACTS
POSTER ABSTRACTS

nisms. Therefore it is extremely difficult to identify main bottle-
necks and a global view on the cellular response is necessary. We
consider the use of  comparative genomics imperative. Optimization
of  the production host will be achieved by the following concept.
Mutagenesis is followed by high throughput screening of  the
mutants for optimized production of  the substituted aromatic. The
cellular response under different culture conditions of  the mutants
that show optimized production will be monitored by using
comparative transcriptomics and proteomics. This will subsequently
provide leads towards targeted improvement. We anticipate that the
combined approach of  classical mutagenesis and comparative
genomics is an excellent strategy to swiftly identify bottlenecks in
the metabolic pathway to the desired product. Ultimately an
efficient host will be rapidly designed by targeted metabolic
engineering. The results of  a case study on the conversion of  sugar
to aromatics will be presented.
1. De Bont, J.A.M., 1998, Solvent-tolerant bacteria in biocatalysis. Trends
Biotechnol., 16:493-499
2. Wery, J. and De Bont, J.A.M., 2004, Solvent-tolerance of  Pseudomonads:
A New Degree of  Freedom in Biocatalysis, Chapter 20. In: Ramos, J.L.
(Ed.) The Pseudomonads, Vol. III. Kluwer

25
TRANSCRIPTION ANALYSIS OF
DAPTOMYCIN BIOSYNTHESIS IN STREPTO-
MYCES ROSEOSPORUS
K. Rhee1, V. Miao2, J. Davies1; 1University of  British Columbia,
Vancouver, BC, CANADA, 2Cubist Pharmaceuticals, Inc., Lexington.usa,
MA.

Insights into gene expression have potential for guiding antibiotic
yield improvement and also for the development of  robust produc-
tion hosts for use in recombinant production. CubicinTM

(daptomycin for injection) is a recently approved antibiotic active
against many Gram (+) pathogens, including those resistant to
methicillin, vancomycin and fluoroquinolones. Daptomycin is
produced as a secondary metabolite by Streptomyces roseosporus. A 128
kb region of  DNA including the daptomycin biosynthetic gene
cluster (dpt) has been cloned and sequenced. Using a selected array
of  probes representing this region, we have compared the expres-
sion levels of  the dpt genes between S. roseosporus wild type (WT)
and an S. roseosporus high producer of  daptomycin (HP). We
observed that the majority of  the biosynthetic genes showed greater
expression levels in the HP than in WT: seven genes, including
those encoding daptomycin synthetase, showed consistent and
significantly higher expression levels in HP (P?0.05) compared to
WT. In contrast, other nearby genes were expressed at higher levels
in WT compared to the HP. The expression of  housekeeping genes
such as S. roseosporus rpsL, rpsG, glnA, and 16S (positive controls)
and presumptive intergenic regions in the dpt cluster (negative
control) was identical in the two strains. These results suggest that
enhanced expression of  dpt genes contribute to increased produc-
tion of  daptomycin in HP. The data from this experiment, as well as
from additional transcriptional studies of  the dpt gene cluster at
various growth phases, will be presented

26
ISOLATION OF A NOVEL HEME-PROTEIN
AND ITS ENCODING GENE FROM
CUNNINGHAMELLA ELEGANS INVOLVED
IN THE DECOLORIZATION OF TRIPHENYL-
METHANE DYES
Y. H. Kim, P. C. Lau; Biotechnology Research Institute, Montreal, PQ ,
CANADA.

Triphenylmethane (TPM) dyes are an important group of  synthetic
dyes that are widely used in textile processing industries; malachite
green, for example, is also used in fish farming industry as an
efficacious antifungal agent. Dye decolorization by fungi is poten-
tially a promising solution to treatment of  effluents that contain
them. The non-ligninolytic zygomycete, Cunninghamella elegans,
possesses an activity for the reduction of  triphenylmethane dyes, eg.
malachite green, Coomassie blue and basic fuchsin. We purified the
activity from a mitochondrial fraction using hydroxyapatite, Phenyl-
Sepharose, DEAE-Sepharose and Superdex 200 gel filtration
column resins under 2% Tween 20 detergent conditions. The
activity of  each purification step was monitored by gel electrophore-
sis using a negative staining technique that includes 0.1% Coomassie
blue, 10 mM dithiothreitol in 25 mM Tris-HCl (pH 7.4), followed by
destaining with 10 mM DTT in the same buffer. Apparent homoge-
neity of  the purified protein was confirmed by SDS-PAGE with a
molecular mass of  7,000. The Superdex 200 gel filtration showed
that this protein consists of  a single subunit. Simultaneous detection
of absorbance at 280 nm and 417 nm indicates the presence of
heme at a A417/A280 ratio of  over 2.5. By automated Edman
degradation, the N-terminal sequence was determined as
XCPAEQNSQSYCN, where X is possibly an acetylated lysine. This
sequence was perfectly matched to a cDNA sequence uniquely
found in a C. elegans library (Fungal genomics project, Concordia
University). The full cDNA sequence indicates a possible post-
translational modification that occurs at amino acid position 19 and
that the mature protein sequence consists of  81 amino acids.
Analysis of  the predicted primary sequence indicates a novel heme-
containing protein that includes two tentative heme-binding motifs,
XXXCH, near the N-terminus and two weak heme-binding motifs,
XXXAH elsewhere. Further studies are underway to characterize
this novel protein.

27
METABOLITE PROFILING OF STREPTOMY-
CES TENJIMARIENSIS IN RELATION TO
SECONDARY METABOLITE PRODUCTION
J. R. Denery, M. J. Cooney, Q. X. Li; University of  Hawaii, Manoa,
Honolulu, HI.

Metabolite profiles show metabolic states and dynamic biochemical
processes in a cell. Streptomyces tenjimariensis, a model organism in this
study, is known to produce two powerful antibiotics: istamycin A
and B displaying potent antimicrobial activities against many gram
negative and positive bacteria resistant to other aminoglycoside
antibiotics. In addition, S. tenjimariensis has been shown to induce
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antibiotic production through co-culture with other marine species,
and closely relates to the genetically well-characterized species
Streptomyces coelicolor. The link between antibiotic production and co-
culture with other species indicates the presence of  an externally
triggered genetic regulator of  antibiotic production. However, at
present, little is known about the genetic regulation of  antibiotic
production, the cell signal generation, or recognition pathways of
this organism. In this study, a variety of  metabolites were profiled,
and their concentrations were compared among three distinct
growth phases (i.e., physiological states) during batch bioreactor
growth of  the antibiotic producer S. tenjimariensis. Simultaneous cell
lysis and quenching of  enzymatic catalysis facilitated the extraction
of  the intracellular contents. Following fractionation and
trimethylsilyl derivatization, extracts were analyzed with gas
chromatography- mass spectrometry (GC-MS). Primary metabolite
groups analyzed include sugars and sugar alcohols, amino acids,
fatty acids, and other metabolic intermediates. GC-MS analysis
yielded significantly different chromatograms representing metabo-
lites in each distinct physiological state, which correlated with anti-
microbial activities as assayed by agar diffusion against Staphylococcus
aureus. Metabolites analyzed and their correlation with secondary
metabolite production and physiological stages will be presented.

28
THE NTR RESPONSE, POLYAMINES, AND
STRESS
B. L. Schneider, L. Reitzer; University of  Texas at Dallas, Richardson,
TX.

Microarray analysis has indicated that nitrogen limitation induces
about 100 genes. The products of  these nitrogen-regulated (Ntr)
genes assimilate ammonia and transport nitrogenous compounds.
These functions do not account for induction of  several catabolic
operons. For example, nitrogen limitation induces the ast operon
whose products degrade arginine. This is perplexing because 10%
of  cellular nitrogen is found in protein arginine, which would
suggest that such catabolism is counterproductive. To account for
the induction of  catabolic enzymes that degrade a related set of
compounds (arginine, aminobutyrate, ornithine and putrescine), we
propose that a major function of  Ntr genes is to control intracellu-
lar levels of  polyamines, especially putrescine, and that such
regulation integrates nitrogen metabolism with a variety of  meta-
bolic functions, such as protein synthesis. We have identified the
major pathways of  putrescine catabolism. The regulation of  the
putrescine catabolic genes not only suggests Ntr control, but also
control by RpoS. These results suggest that intracellular polyamines
integrate various macromolecular processes with nutritional status
(e.g., nitrogen limitation), growth rate, and stress.

29
EFFECTS OF CITRATE AND PH ON THE
REGULATION OF THE CITBZC OPERON OF
STREPTOCOCCUS MUTANS
J. Chia, P. Chen, J. Chen; College of  Medicine, National Taiwan Univer-
sity, Taipei,, TAIWAN REPUBLIC OF CHINA.

In a previous study, we found that the genes citB, citZ, and citC,
encoding aconitase, citrate synthase, and isocitrate dehydrogenase,
enzymes in the citrate pathway of  Streptococcus mutans, are subject to
regulation following environmental stress challenge. The goals of
this study were to assess the role of  cis-acting regulatory elements
and to identify factors involved in the induction and repression of
these genes. A transcript of  around 6.0 kb, corresponding to the
predicted size of  a polycistronic citBZC operon, was identified on
northern blots and its intensity was repressed by over 90% after 30
min of  exposure of  S. mutans cells to pH 5.5, high osmolarity and
temperature. The transcription start site of  the citBZC operon was
identified by primer extension analysis and was mapped to a T
residue upstream of  the translation initiation codon of  the citB. The
CitBZC promoter and its derivatives generated by deletions were
fused to a promoterless â-galactosidase gene in a reporter shuttle
vector, and strains carrying the transcriptional fusions were then
analyzed for â-galactosidase activity in response to low pH. A cis-
acting sequence of 95 bp (-44 to + 51), encompassing a consensus -
10 motif, and several derivatives with or without a region extending
further upstream from -44 to +79, relative to the transcription
initiation site (TIS) of  citBZC, were analyzed. Promoter activity and
Northern blots assays suggested that the repression of  the citBZC
promoter activities by exposing to low pH was subjected to
regulation at both transcriptional and post-transcriptional level. The
role of  a dyadic sequence (DS), located at -75 to -44 relative to the
TIS, was also investigated. Citrate appears to be an effector
molecule governing the regulation of  the citBZC operon. This work
was supported by the National Science Council (grant NSC-902320-
B002-134).

30
TRANSCRIPTOME ANALYSIS OF THE OVER-
LAP BETWEEN OSMOTIC AND THERMAL
CONTROL OF GENE EXPRESSION IN ES-
CHERICHIA COLI K-12
O. Paliy1, P. Gyaneshwar1, L. N. Csonka2; 1University of  California,
Berkeley, CA, 2Purdue University, West Lafayette, IN.

Osmotic stress has been shown to enhance thermotolerance and
oxidative stress resistance in Enterobacteriaceae. In order to gain
insights into the osmotic regulation of resistance to high tempera-
ture and oxidizing agents, we carried out an analysis of  gene
expression in wild type E. coli K12 strain NCM3722 using
Affymetrix GeneChips and glass slide cDNA micorarrays. mRNA
was isolated from exponentially growing cells adapted to four
different conditions: low or high osmolality (no NaCl or 0.3 M
NaCl), at 30°C or 43°C. Our data describe the steady state level of
gene expression under the four conditions tested, rather than
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transient levels seen after osmotic or heat shocks. At both tempera-
tures, 0.3 M NaCl elicited 25- to 200-fold induction of  the proU
operon, which specifies a transport system for osmoprotectants
glycine betaine and proline. Interestingly, several operons that are
important for osmotic adaptation, including proU, kdp, betT, and
betIAB, showed higher induction ratios in response to 0.3 M NaCl at
43°C than at 30°C, indicating that there is an interaction between
osmotic and thermal regulation of  gene expression. 0.3 M NaCl
induced the soxS gene and other genes of  the oxidative stress
regulon. 0.3 M NaCl at 30°C up-regulated the heat shock sigma
factor rpoH and other members of  the heat shock response,
including dksA, clpSA, and htpX. Other genes showing elevated
expression in response to high osmolality included a number of
other “stress”-related loci such as rpoS, nlpD, cpxPR, dps, cspA, cspB,
uspA, which could contribute to the increased tolerance of  E. coli to
a subsequent exposure to high temperature.

31
SUPPRESSOR ANALYSES OF CBRAB TWO-
COMPONENT SYSTEM IN THE REVERSE
CATABOLITE REPRESSION OF PSEUDOMO-
NAS AERUGINOSA
W. Li, C. Lu; Georgia State University, Atlanta, GA.

Catabolite repression in Pseudomonas aeruginosa differs from E. coli
and B. subtilis in that C4 dicarboxylates in the TCA cycle (e.g.
succinate), but not glucose and other sugars, are the preferred
carbon sources, a phenomenon termed reverse catabolite repression
with unknown molecular mechanisms. The global effect of  the
CbrAB two-component system in the utilization of  a variety of
compounds, including arginine, histidine and other amino acids,
polyamines and sugars but not C4 dicarboxylates, has been reported
recently. In this study, suppressor mutants of  the ÄcbrAB mutant
were selected from minimal medium plates containing L-arginine as
the sole source of  carbon and nitrogen. These suppressor mutants
fall into two groups according to the ability to grow on histidine.
Complementation experiments were conducted on PAO701 to
identify the corresponding suppressor genes. The genomic libraries
of  two representative suppressor mutants were constructed and
used in the transformation of  the ÄcbrAB mutant, and positive
clones were selected on arginine minimal medium. For the arginine+

histidine+ suppressor mutant, a recombinant plasmid with a genomic
insert covering the ‘glnA-PA5120-PA5121-PA5122-PA5123-ntrB-
ntrC’ region was obtained and subjected to further analysis. A
subclone containing only ntrB is sufficient for growth complementa-
tion on arginine and histidine, and subsequent sequence analysis
indicated that a T-to-G point mutation at nt. 680 of  the ntrB gene
led to the change of  Asp227 to Ala227. The nucleotide sequences of
ntrB from three more histidine+ suppressor mutants were deter-
mined, and the results indicated the following changes: Leu126 to
Trp126, Ser229 to Ile229, and Pro228 to Leu228. No mutation was
identified on ntrC from these mutants. For the arginine+ histidine-

mutant, a clone containing PA5120 and PA5121 of  unknown
function complemented the growth of  the ÄcbrAB mutant on
arginine, but at a slower growth rate than the suppressor mutant.
Either gene alone failed to complement. And no mutation was

found in these genes. These results suggested that the observed
complementation effect of  PA5120 and PA5121 could be mediated
by a collaborative interaction in a copy-number dependent manner.
In summary, the results from this study support the working
hypothesis that CbrAB and NtrBC work together to control the C/
N balance in the cell, and the novel genes between glnA and ntrB in
pseudomonads may play a role in this regulatory network.

32
METABOLIC DIFFERENTIATION IN SWARM-
ING SALMONELLA
W. Kim, M. G. Surette; University of  Calgary, Calgary, AB, CANADA.

Most current paradigms of  microbial metabolism have been derived
from studying cells grown under a variety of  nutrient compositions
in aqueous environments. With recent advances in genomics and
experimental techniques, alternative forms of  bacterial growth are
increasingly being explored. When propagated on nutrient-rich
semi-solid media, several species of  bacteria undergo a morphologi-
cal differentiation into swarmers that are capable of  migrating on
surfaces. Recent studies indicate that swarmer differentiation
represents much more than a motility phenotype, as several clinically
important attributes are also co-regulated. We used a proteomic
approach to compare swarmer and vegetative swimmer cells of
Salmonella enterica serovar Typhimurium. Although the growth
medium differed only in the agar concentration for the two
populations of  cells, we observed a global shift in basic metabolism.
Furthermore, once the cells have differentiated, the swarmers
remain in this physiological state under conditions that do not
promote the initial differentiation. The capacity to override some of
the classic paradigms established in aqueous environments repre-
sents a unique physiological response by the pathogen that may be
advantageous in polymicrobial environments such as the host.

33
FUNCTION OF REDOX PROTEIN, NDH AND
NUO, IN ANAEROBIC METABOLIC REGU-
LATION AND CELLULAR RESPONSES IN E.
COLI
N. Yun, K. Sang , G. N. Bennett; Rice University, Houston, TX.

E. coli excretes a mixture of  organic acids such as acetate, lactate,
succinate, formate (or CO2 and H2) and ethanol under fermentative
growth conditions. The profile of  metabolites produced under a
specific condition is a function of  the combined action of  various
enzymes. The distribution of  carbon among these products is
largely determined by the relative activities of  D-lactate dehydroge-
nase (ldhA), pyruvate formate lyase (pfl), fumarate reductase (frdA),
pyruvate kinase (pyk), formate dehydrogenase (fdhF), alcohol
dehydrogenase (adhE), phosphotransacetylase (pta), acetate kinase
(ackA), and phosphoenolpyruvate carboxylase (ppc), and is affected
by redox-sensing regulatory systems and the redox proteins, Ndh
and Nuo. Here, we investigated the effects of  Ndh and Nuo in
anaerobic metabolism. Knockout mutant strains of  ndh and/or nuo
of E. coli MG1655 were constructed using the lambda derived
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recombination system. Fermentation products were quantified from
glucose cultures by HPLC analysis. In the ndh and nuo mutants, the
levels of  lactate and ethanol were increased in log phase. A ndh/nuo
double mutant strain produced a higher level of  lactate than either
single mutant strain. The transcriptional level of  12 metabolic genes
(ppc, frdA, pykAF, ldhA, pflAD, fdhF, adhE, aldH, pta, and ackA) was
also investigated by quantitative RT-PCR analysis. In both nuo and
ndh/nuo mutants, the expression level of  pflA, fdhF, and adhE was
increased in only log phase. The ndh/nuo mutant expressed a higher
level of  frdA in the stationary phase. Comparing the level of  gene
expression and metabolite production is relatively well correlated,
suggesting that the regulation at the gene expression level is in
harmony with that of  the protein activity in this system. The
individual inactivation of  the ndh and nuo genes significantly affected
metabolic regulation from the viewpoint of  gene expression or
metabolite production.

34
HYDROGEN GAS PRODUCTION BY ES-
CHERICHIA COLI FORMATE
HYDROGENLYASE AT ACIDIC PH AND IN
THE PRESENCE OF EXTERNAL FORMATE
K. A. Bagramyan, A. A. Trchounian, N. G. Mnatsakanyan; Yerevan
State University, Yerevan, ARMENIA.

Escherichia coli is able to produce formate and molecular hydrogen
(H2) when grow on glucose and carry out mixed-acid fermentation.
H2 formation is possessed by two hydrogenases, 3 (Hyd-3) and 4
(Hyd-4), those, in conjunction with formate dehydrogenase H (Fdh-
H), constitute distinct membrane-associated formate
hydrogenlyases. At slightly alkaline pH (pH 7.5) the production of
H2 was found to be dependent on Hyd-4 and the F0F1-ATPase,
while external formate increased the activity of  Hyd-3. In this study
with cells grown without and with external formate, H2 production
dependent on pH was investigated. In both types of  cells H2
production was increased upon lowering of  pH. At acidic pH (pH
5.5), this production became no sensitive either to N,N’-
dicyclohexylcarbodiimide or to osmotic shock as well as it became
largely dependent on Fdh-H and Hyd-3 but not Hyd-4 and the
F0F1-ATPase. The results indicate that Hyd-3 has a major role in
H2 production at acidic pH independently on the F0F1-ATPase.

35
INTERFERING WITH DIFFERENT STEPS OF
PROTEIN SYNTHESIS EXPLORED BY TRAN-
SCRIPTIONAL PROFILING OF ESCHERI-
CHIA COLI K12
J. Sabina1, N. Dover2, L. J. Templeton2, D. R. Smulski2, D. Söll1, R. A.
LaRossa2; 1Yale University, New Haven, CT, 2Central Research and
Development, DuPont Company, Wilmington, DE.

Escherichia coli responses to four inhibitors that interfere with
translation were monitored at the transcriptional level. A DNA
microarray method provided a comprehensive view of  changes in
mRNA levels after exposure to these agents. Real-time reverse
transcriptase PCR analysis served to verify observations made with
microarrays, and a chromosomal grpE::lux operon fusion was
employed to specifically monitor the heat shock response. 4-
Azaleucine, a competitive inhibitor of  leucyl-tRNA synthetase,
surprisingly triggered the heat shock response. Administration of
mupirocin, an inhibitor of  isoleucyl-tRNA synthetase activity,
resulted in changes reminiscent of  the stringent response. Treat-
ment with kasugamycin and puromycin (targeting ribosomal subunit
association as well as its peptidyl-transferase activity) caused
accumulation of  mRNAs from ribosomal protein operons. Abun-
dant biosynthetic transcripts were often significantly diminished
after treatment with any of  these agents. Exposure of  a relA strain
to mupirocin resulted in accumulation of  ribosomal protein operon
transcripts. However, the relA strain’s response to the other
inhibitors was quite similar to that of  the wild-type strain.

36
QUANTITATIVE REAL TIME RT-PCR ANALY-
SIS OF THE KINETICS OF INDUCTION OF
OSMOTICALLY CONTROLLED GENES IN
SALMONELLA ENTERICA SEROVAR
TYPHIMURIUM
B. Balaji, K. O’Connor, J. M. Anderson, L. Csonka; Purdue University,
W. Lafayette, IN.

In Enterobacteriaceae, the proU (proline/glycine betaine transport)
and the kdpABC (K+ transport) operons show the highest sensitiv-
ity to osmotic regulation. We used Quantitative Real Time RT-PCR
to determine the timing of  induction of  these two operons after
osmotic upshifts in S. typhimurium. In cultures that were shocked
with 0.3 M NaCl, induction of  the 5' end of  the proU operon was
observed by 3 min after the shock. However, induction of  the 5'
end of  kdp operon was not detectable until 8 min after the shock.
When the osmotic upshift was imposed by 0.6 M sucrose, proU was
induced 2 min after the shock, whereas the kdp operon was not
induced at all. According to the “turgor control model”, loss of
turgor after an osmotic upshift is the primary osmoregulatory
stimulus, which first triggers induction of  kdp and uptake of  K+,
and the increased concentration of  K+ is the secondary messenger
for the induction of  proU. In a second model in the literature, it has
been proposed that the regulatory signal for the induction of  all
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osmotically controlled genes is the increase in the molecular
crowding of  cytoplasmic constituents after plasmolysis. Our data
demonstrate that the induction of  proU can precede or can occur
independently of  the induction of  kdp after osmotic upshifts, and
therefore they are inconsistent with both of  these models. By
determining the timing of  induction of  different parts of  the proU
and kdp mRNAs, we were able to estimate that the rate of  mRNA
elongation was 0.6 to 1 kb / min during the first 10 minutes after
the osmotic upshift. As a control, we measured the levels of  the gnd
(gluconate-6-phosphate dehydrogenase) mRNA and found that it
showed no consistent variation after the osmotic shock and
subsequent adaptation phase, indicating that the osmotic shock did
not cause an inhibition of  mRNA synthesis. Currently, we are
determining the kinetics of  induction of  other osmotically regulated
genes (ompC, proP, rpoS, otsB), in order to obtain an overview of  the
timeline of  the regulatory events that occur after an osmotic
challenge.

37
NEGATIVE DNA SUPERCOILING IN-
CREASES BASAL, BUT DECREASES
PARAQUAT-INDUCED SOXS EXPRESSION
IN ESCHERICHIA COLI
W. Park, E. Hidalgo, J. Y. Seo, B. Demple; Harvard School of  Public
Health, Boston, MA.

The change in extracellular osmolarity alters in vivo DNA supercoil-
ing and the soxS expression is sensitive to this change. Transcrip-
tional fusion study and Northern blot analysis have shown that an
increase in extracellular osmolarity elevated the basal level expres-
sion of  the soxS within 5 min in the presence of  SoxR. The
expression of  soxR is independent of  extracellular osmolarity.
Interestingly, the increased basal SoxR-dependent soxS expression in
high extracellular osmolarity is influenced by divergently tran-
scribed- either soxR region or other transcriptionally active promoter
that replaced the soxR region. In transcriptional fusion study,
negative DNA supercoiling generated by divergently transcribed
promoter increased the basal level of  soxS expression, however,
decreased Paraquat-induced soxS expression in vivo. Northern blot
analysis has shown that the reduced level of  global negative
supercoiling by Novobiocin increased the Paraquat-induced soxS
expression within 10 min in vivo. It has been shown using in vitro
transcription assay that the level of  the soxS expression by the
oxidized SoxR with supercoiled plasmid is lower than with linear-
ized plasmid. However, transcription of  the soxS gene can occur
with apoSoxR or RNA polymerase alone with supercoiled plasmid,
but not with linearized plasmid. Northern blot analysis has revealed
that Paraquat-induced soxS expression in topA mutant is significantly
lower than that in wild type strain. These results suggested that
Paraquat-induced soxS expression is repressed to some extent by
extra negative supercoiling and relaxation of  the template DNA
stimulates Paraquat-induced soxS expression. Thus, our data
indicated these proper DNA supercoiling and soxR-soxS transcrip-
tional couplings are required for optimal soxS expression.

38
STAPHYLOCOCCUS AUREUS PHYSIOLOGY
AND EVASION OF THE INNATE IMMUNE
RESPONSE
G. A. Somerville; Rocky Mountain Laboratories, Hamilton, MT.

In bacteria, translation initiates with formyl-methionine (f-Met),
however, the N-terminal formyl group is usually removed by
peptide deformylase, an enzymatic activity requiring iron. Staphylococ-
cus aureus delta-toxin has been reported to accumulate in the culture
medium in both the formylated (approximately 90%) and
deformylated (approximately 10%) forms. Deformylated delta-toxin
unexpectedly stops accumulating in the culture medium during the
postexponential growth phase. In contrast, formylated delta-toxin
continues to accumulate, thus accounting for the large disparity in
the concentrations of  formylated and deformylated delta-toxin. The
transition from producing both species of  delta-toxin to producing
only the formylated delta-toxin occurred concomitant with maximal
tricarboxylic acid (TCA) cycle induction. The TCA cycle contains
several iron-requiring enzymes leading us to hypothesize that TCA
cycle induction depletes the available iron, thereby, inhibiting
peptide deformylase activity. This repression of  delta-toxin
deformylation could be relieved by TCA cycle inactivation or the
addition of supplemental iron to the culture medium. Of interest,
peptides containing f-Met are potent chemoattractants for neutro-
phils, suggesting that delta-toxin deformylation may have functional
consequences. We found neutrophil chemotactic activity only with
formylated delta-toxin. The S. aureus TCA cycle is derepressed upon
depletion of  rapidly catabolizable carbon sources, this coincides
with the transition to producing only formylated delta-toxin, and
resulting in an increased inflammatory response. The pro-inflamma-
tory response would increase host-cell damage and result in the
release of  nutrients. Taken together, these results establish an
important linkage of  bacterial metabolism and pathogenesis.

39
EXTENSIVE GENOMIC POLYMORPHISM
WITHIN MYCOBACTERIUM AVIUM
M. Semret1, G. Zhai1, S. Mostowy1, C. Cleto1, D. Alexander1, G.
Cangelosi2, D. Cousins3, D. Collins4, D. van Soolingen5, M. A. Behr1;
1McGill University Health Centre, Montreal, PQ , CANADA, 2Seattle
Biomedical Research Institute, Seattle, WA, 3Australian Reference Labora-
tory for Bovine Tuberculosis, Perth, AUSTRALIA, 4AgResearch,
Wallaceville Animal Research Centre, Upper Hut, NEW ZEALAND,
5National Institute of  Public Health and the Environment, Bilthoven,
NETHERLANDS.

Members of  the Mycobacterium avium complex are important
pathogens of  humans and livestock, as well as highly prevalent
environmental organisms. The three subspecies of  M. avium differ in
several aspects, namely their preferred environmental niche, host
range, pathogenic potential and laboratory properties. To explore
the genomic diversity of  these closely-related organisms, we
assembled a whole genome microarray based on the complete
genome sequence of  Mycobacterium avium subsp. avium (MAA) strain
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104, and performed comparative genomic studies with isolates of
the other M. avium subspecies, Mycobacterium avium subsp paratubercu-
losis (MAP) and Mycobacterium avium subsp silvaticum (MAS).  DNA-
based comparisons reveal 13 large sequence polymorphisms (LSP)
representing over 700 kilobases (12% of  the MAA 104 genome) that
are present in MAA 104 but absent from MAP and/or MAS isolates.
Each of  the LSPs was tested across a panel of  45 MAC isolates by
PCR followed by sequencing. Six of  these LSPs appear to be simple
deletion events while the other seven suggest complex events
involving both introduction of  novel DNA and loss of  genetic
material at the same locus. Genes deleted from MAA are more likely
to be insertion sequences/phages and genes encoding fatty acid
metabolism; conversely, members of  the PE/PPE families and those
involved in information pathways are under-represented in dele-
tions. These results reveal that there is extensive genetic diversity
within MAC organisms, which likely reflects their diverse habitats
and varied roles, from innocuous environmental bacteria to
important pathogens. The combination of  simple and complex
events possibly indicates that the genome of  MAC organisms is the
product of  both vertical inheritance, as seen in the M. tuberculosis
complex, and horizontal acquisition of  DNA, such as recently
described for M. ulcerans. Further characterization of  the LSPs
described may provide explanations for the distribution, species
specificity and pathogenic potential of  the M. avium subspecies.
Moreover, examination of  these LSPs across a larger panel of
isolates is expected to provide insight into the evolution of  the M.
avium complex.

40
SEROLOGICAL PROTEOME ANALYSIS TO
IDENTIFY SPECIFIC ANTIGENS OF MYCO-
BACTERIUM PARATUBERCULOSIS
I. Georis1, J. Godfroid2, V. Rosseels3, K. Huygen3, P. Falmagne1, R.
Wattiez1; 1University of  Mons-Hainaut (UMH), Mons, BELGIUM,
2Veterinay and Agrochemical Research Centre, Brussels, BELGIUM,
3Pasteur Institute of  Brussels, Brussels, BELGIUM.

Johne’s disease, caused by infection of  ruminants with Mycobacterium
avium subsp. paratuberculosis (MAP), results in significant economic
losses to the dairy and beef  cattle industries (Chi et al., 2002). The
genetic similarity between MAP and other mycobacterial species has
confounded the development of  MAP-specific diagnostic reagents
(Harris and Barletta, 2001). We are currently performing serological
proteome analysis in order to identify antigens of  MAP suitable for
improved diagnosis. Total cell extracts as well as culture filtrates
were resolved by two-dimensional electrophoresis and antigenicity
determined by Western blotting using sera from animals infected
with MAP and with Mycobacterium bovis. So far, a total of  55 proteins
specifically revealed by MAP-infected animal were identified.
Among these, 20 proteins show no strong similarities with proteins
from other mycobacterial species.
Chi, J. et al. (2002) Prev. Vet. Med. 55:137.
Harris, N. B. and R. G. Barletta (2001) Clin. Microbiol. Rev. 14:489-512.
Acknowledgements : This work is supported by the “Region Wallonne” of
Belgium

41
LEVELS OF EXPRESSION AND LOCALIZA-
TION OF BMPA AND BMPC IN BORRELIA
BURGDORFERI GROWN UNDER VARIOUS
CULTIVATION CONDITIONS
J. J. Shin, H. P. Godfrey, F. C. Cabello; New York Medical College,
Valhalla, NY.

Borrelia burgdorferi, the Lyme disease agent, maintains its enzootic life
cycle involving the tick vector, Ixodes scapularis, and a mammalian
host. DNA microarrays have been used to study global differential
gene expression of  B. burgdorferi as the spirochete adapts to the
various environments during its life cycle. The paralogous bmp
family 36 of  B. burgdorferi is a tandemly-located chromosomal gene
cluster encoding four putatively surface-located lipoproteins. It has a
complex transcriptional regulatory system with overlapping
regulatory signals and simultaneous and multiple expression of
these genes. Condition-dependent differential gene expression of
bmp genes was observed in DNA microarrays by some investigators.
In an effort to confirm and quantify this differential expression,
mRNA of  bmpA and bmpC and protein levels of  the corresponding
proteins were measured in B. burgdorferi growing under various
conditions (early-, mid-, late-logarithmic, and stationary phases; pH
6.8, 7.5, 8.0; temperature shift from 23 ºC to 37 ºC; presence or
absence of  tick cells). mRNA was measured by quantitative
Taqman® real-time RT-PCR using probes composed of  a sequence
specific oligonucleotide for bmpA or bmpC; proteins was measured
by quantitative dot immunobinding using monospecific polyclonal
anti-recombinant (r)BmpA or anti-rBmpC rabbit antibodies,
respectively. Constitutively expressed chromosomal flaB and FlaB
protein were used as standards. The relative transcription and
translation of  bmpA and bmpC were similar under all conditions of
cultivation of  B. burgdorferi: 70.3 ± 0.88 fg of  bmpA mRNA and 5.53
± 0.016 fg of BmpA; 2.45 ± 0.097 fg of bmpC mRNA and 1.08 ±
0.012 fg of  BmpC. The same monospecific antibodies were used to
localize BmpA and BmpC in B. burgdorferi. Results from treatment
of  intact B. burgdorferi with proteinase K, from double-labeling
immunofluorescence of  unfixed B. burgdorferi with anti-rBmpA or
with anti-rBmpC in combination with outer surface-exposed OspA
or periplasm-localized FlaB, as well as the bacteriostatic activity of
anti-rBmpA and the lack of  this activity with anti-rBmpC suggested
limited surface exposure on the outer bacterial membrane of BmpA
and no surface exposure of  BmpC. Conservation of  bmp in different
B. burgdorferi sensu lato strains, consistent expression levels of  bmpA
and bmpC in B. burgdorferi grown under various cultivation condi-
tions at both transcriptional and translational levels, and differential
localization of  Bmp proteins in the spirochete may indicate that
Bmp proteins play an essential role in B. burgdorferi biology (Sup-
ported by NIH grant R01 AI48856).

POSTER ABSTRACTS
POSTER ABSTRACTS



38 ASM Conferences

42
TESTING THE SENSITIVITY AND SPECIFICITY
OF DNA & RNA MICROARRAYS: LESSONS
FROM MYCOBACTERIUM TUBERCULOSIS
K. Henry, J. Westley, M. Semret, S. Mostowy, A. Scott, M. Behr ; McGill
University Health Centre, Montreal, PQ , CANADA.

DNA microarray results are contingent on quantifying data
variation, filtering genes, and data normalization. Despite the large
number of  statistical methods to improve the accuracy of  the
signals, there are still no commonly accepted methodological rules
or techniques to rigorously judge the accuracy of  these different
techniques. In this study we evaluate microarray normalization
methods against a gold standard in a manner similar to what is done
for medical diagnostic tests with the view to determine the capacity
to detect genes deleted from M. tuberculosis genes in DNA-DNA
hybridizations. The gold standard is the result of  BCG strain
genomic studies using Affymetrix GeneChips, completely sequenced
genomes, and PCR confirmation, whereby genomic deletions as
small as a few hundred base pairs have been documented. Using the
DNA of  these same BCG strains hybridized on spotted microarrays,
we noted the changes in global variability when applying the
different statistical techniques using the R2 of  a one-way ANOVA.
We also derived receiver-operating-characteristics (ROC) curves to
determine the sensitivity and specificity of  different methods to
define the optimal cut-off  when looking to rule-in or rule-out a
putative deletion call. Our results indicate that normalization
methods can significantly affect the calling of  the known deletions
and also suggest that a Z score of  -2.0 generally has about 70-80%
sensitivity at detecting the deleted genes. Further work will involve
the creation of  algorithms which account for neighboring genes
during data normalization and quantification because of  the
propensity for deletions (and operons) to involve a series of  genes
together. Ultimately we will apply these techniques to RNA-RNA
arrays where accurate results are contingent on data filtering and
normalization.

43
REMODELING METABOLISM AS A KEY
ASPECT OF HOST-PATHOGEN INTERAC-
TIONS
M. C. Lorenz1, J. A. Bender2, G. R. Fink2; 1University of  Texas Health
Science Center, Houston, TX, 2Whitehead Institute, Cambridge, MA.

Candida albicans is a ubiquitous commensal of the mammalian
gastrointestinal tract. It is also the fourth most common pathogen
in hospitalized patients with mortality rates exceeding 30%. The
innate immune system is the primary defense against systemic
candidiasis, and we have examined the interaction of  C. albicans with
mammalian macrophages using transcriptional profiling. C. albicans
cells are rapidly phagocytosed by macrophages; virtually all yeast
cells have been internalized within one hour. This stimulates a rapid
and massive reorganization of  metabolism in the fungus, including a
switch in the primary carbon source utilized. Our data suggests that

ingested fungal cells find an available reservoir of  fatty acids (either
from themselves or the host), as we can see strong induction of
virtually every enzyme involved in â-oxidation, the glyoxylate cycle
and gluconeogenesis. Simultaneously, phagocytosis results in a large-
scale downregulation of  translation. Ribosomal protein mRNAs
present on our array (51 in total) are repressed an average of  5-fold
in internalized cells. Related genes, including translation initiation
and elongation factors, ribosome biogenesis activities and tRNA
synthases are similarly repressed. In contrast, mitochondrial
translation is essentially unaffected, perhaps because mitochondrial
activity is necessary for â-oxidation and the glyoxylate cycle and
other aspects of  stress response. A total of  56 translation-related
genes are down more than 4-fold. Other pathways are also regu-
lated: biosynthesis of arginine is induced; that of purines is
repressed. Globally, the changes are similar to those seen in cells
deprived of  nutrients in vitro, but the specific alterations give
important insights into the environment of  the phagosome and the
nature of  the host-pathogen interaction. While phagocytosis also
regulates many genes unrelated to nutrient utilization, including
many predicted genes without homologs in current databases,
widespread metabolic changes are a central feature of  the response
of  C. albicans in this host-pathogen system; the fact that these
responses are almost wholly absent in phagocytosed cells of  the
non-pathogenic S. cerevisiae suggests that this is a critical aspect of
pathogenesis. We are continuing to characterize this response and to
delineate the underlying regulatory mechanisms.

44
APPLICATION OF MICROARRAYS FOR
MONITORING OF INTRA- AND EXTRACEL-
LULAR PROCESSES DURING MICROBIAL
FERMENTATIONS ON COMPLEX MEDIA
M. V. Baev, A. J. Radek, D. Kaznadzey, D. Baev, N. N. Ivanova;
Integrated Genomics, Inc., Chicago, IL.

The ability of  microorganisms to change pattern of  gene expression
in response to extracellular events allows using them as live sensors
reporting on their own physiological state, as well as on the
environment, including availability of  individual components of  the
nutrient medium. The media used in industrial fermentations are
predominantly complex. These media are cheap, provide microor-
ganisms with biosynthetic intermediates and growth factors, and
support high productivity. However, the undefined composition of
complex media makes fermentations poorly reproducible; it also
significantly decreases our ability to gain insight into the metabolism
of  cells, and to control availability of  nutrients during fermentation.
Monitoring gene expression throughout fermentation processes, and
functional analysis of  transcriptome data can improve our under-
standing of  microbial metabolism during growth on complex media,
and provide a means to monitor the availability of  nutrients in the
broth. E. coli MG1655 was cultivated on LB complex medium in a
bench-scale fermentor under controlled conditions for 7 h. Twelve
samples were taken at different time points of  the fermentation.
RNA was isolated and used as template for the synthesis of
fluorescent-labeled cDNA. cDNA was hybridized to microarrays
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containing unique PCR products corresponding to 4272 E. coli
MG1655 ORF-s. Expression curves were obtained for nearly every
gene (97%) of  the genome. The genes grouped into pathways
clearly demonstrate the metabolic changes occurring in the course
of  fermentation. For instance, with the majority of  genes coding for
enzymes involved in the biosynthesis of  biomass building blocks
(amino acids, nucleotides, etc.) expression started to increase
between 2 and 3.5 h of  fermentation. The culture grew with the
highest values of  specific growth rate (ì) in this time period.
Expression curves of  genes coding for biosynthetic enzymes
reached their peaks between 3.5 and 5 h of  fermentation, when the
culture grew with two-fold decreased ì. We hypothesize that the
observed changes in the expression of  genes coding for anabolic
enzymes reflect changes occurring in the nutrient broth during
fermentation, specifically the gradual exhaustion of  the biomass
building blocks in the medium starting after 2 h of  fermentation.
When the culture is synthesizing most of  its cellular constituents
(3.5 – 5 h), it grows with a ì close to that measured during growth in
minimal medium. The increase in the gene expression observed
when the culture enters stationary phase supports the model
according to which the first response of  microbial cells to the
depletion of  nutrients is rerouting their metabolism toward the
anabolic branch. Expression of  genes coding for enzymes partici-
pating in other metabolic pathways will also be discussed.

45
THE INFLUENCE OF REDUCED OXYGEN
AVAILABILITY ON PATHOGENICITY AND
GENE EXPRESSION IN MYCOBACTERIUM
TUBERCULOSIS
J. Bacon1, B. W. James1, L. Wernisch2, A. Williams1, K. A. Morley1, G. J.
Hatch1, J. A. Mangan3, J. Hinds4, N. G. Stoker5, P. D. Butcher4, P. D.
Marsh4; 1HPA Porton Down, Salisbury, UNITED KINGDOM, 2Birkbeck
College, London, UNITED KINGDOM, 3St Georges Hospital Medical
School, London, UNITED KINGDOM, 4St George’s Hospital Medical
School, London, UNITED KINGDOM, 5Royal Veterinary College,
London, UNITED KINGDOM.

We investigated how Mycobacterium tuberculosis responds to a
reduced oxygen tension in terms of  its pathogenicity and gene
expression by growing cells under either aerobic or low oxygen
conditions in chemostat culture. The chemostat enabled us to
control and vary the oxygen tension independently of  other
environmental parameters, so that true cause-and-effect relation-
ships of  reduced oxygen availability could be established. Cells
grown under low oxygen were more pathogenic for guinea pigs than
those grown aerobically. The effect of  reduced oxygen on global
gene expression was determined using DNA microarray. Spearman
rank correlation confirmed that microarray expression profiles were
highly reproducible between repeat cultures. Using microarray
analysis we have identified genes that respond to a low oxygen
environment without the influence of  other parameters such as
nutrient depletion. Some of  these genes appear to be involved in the
biosynthesis of  precursors for the biosynthesis of  cell wall and their
induction may have contributed to increased infectivity in the guinea

pig. This study has shown that a combination of  chemostat culture
and microarray presents a biologically robust and statistically reliable
experimental approach for studying the effect of  relevant and
specific environmental stimuli on mycobacterial virulence and gene
expression.

46
HPV-16 SUPPRESSES THE EXPRESSION OF
BAK AND FAS VIA A P53-INDEPENDENT
PATHWAY IN LARYNGEAL SQUAMOUS
CARCINOMA CELLS
G. G. Chen1, A. C. Vlantis1, J. Du1, P. K. Chan2, K. Y. Tsang1, C. A.
van Hasselt1; 1Dept of  Surgery, The Chinese University of  Hong Kong ,
Hong Kong , HONG KONG SPECIAL ADMINISTRATIVE
REGION OF CHINA, 2Dept of  Microbiology, The Chinese University of
Hong Kong , Hong Kong, HONG KONG SPECIAL ADMINISTRA-
TIVE REGION OF CHINA.

Human papillomaviruses (HPVs) are DNA viruses with small
circular genomes that cause epithelial hyperplasias ranging from
benign papillomas to premalignant lesions that can progress to
squamous cell carcinomas. Our recent study has demonstrated that
among various types of  HPVs, HPV-16 is well correlated with
laryngeal cancer. One of  the most consistent hallmarks of  malig-
nant progression is the physical integration of  the HPV-16 DNA
into the host genome. Intergration of  the viral genome is a terminal
event and not part of  the normal life cycle of  HPV. HPV-16
contributes to neoplastic progression predominantly through the
action of  its E6 and E7 oncoproducts. It is known that E6 and E7
can extend the life span of  cells and even make them immortalized.
In order to study the mechanism responsible for these effects
offered by E6 and E7 in human laryngeal cancer, we stably trans-
fected UMSCC12, a human laryngeal cancer cell line, with HPV 16
E6 and E7 respectively to establish two human laryngeal cancer cell
lines that expressed HPV 16 E6 and E7 respectively. Using these
two cell lines, we found that both E6 and E7-expressing cells were
significantly resistant to cell death stimuli. It was revealed that p53
was not detected in both E6 and E7-expressing cells. This non-
detection of p53 appeared not to related to the rapid elimination of
p53 by a high level of  HPV 16 E6 or E7, as p53 was also undetect-
able in non-transfected UMSCC12 cells, which contain neither E6
nor E7, suggesting that undetected p53 may be due to an inherent
property of  UMSCC12 cells. We further used DNA gene filters to
screen any possible gene that might contribute to the cell death
resistance seen in cell models studied. Two genes were finally
identified. The expression of  pro-apoptotic molecules, Bak and Fas,
was significantly reduced in UMSCC12 expressing either E6 or E7
and these changes were also confirmed at protein levels by Western
blot analysis. We therefore conclude that human laryngeal cancer
cells with E6 and E7 of  HPV-16 are resistant to cell death stimuli in
a p53-independent pathway. The alternations of  Bak and Fas
expression contribute, as least in part, to the cell death resistance
observed in the cell models we studied.
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47
PROBING THE GENOME CONTENT OF
MYCOBACTERIUM BOVIS FOR EVIDENCE
OF HOST ADAPTATION
S. Mostowy1, D. Cousins2, C. Martin3, M. Behr1; 1McGill University
Health Centre, Montreal, PQ , CANADA, 2Australian Reference Labora-
tory for Bovine Tuberculosis, Perth, AUSTRALIA, 3Universidad de
Zaragoza, Zaragoza, SPAIN.

Species of  the Mycobacterium tuberculosis (MTB) complex have been
traditionally classified according to the host from which they are
primarily isolated, including M. tuberculosis from humans and M. bovis
from cattle. Unlike M. tuberculosis whose host range is specific to
humans, M. bovis is further supposed to universally infect a broad
range of  animal species that minimally differ in their immunological
makeup and social organization, including the seal, goat, possum,
elk, badger, cougar, and buffalo. While it may be that M. bovis is
versatile enough to accommodate such a dynamic host range, its
success can depend on committing to specific evolutionary chal-
lenges posed by host adaptation. To evaluate whether host variability
might impact the ongoing evolution of  M. bovis, the DNA content
of  isolates from atypical mammalian hosts were investigated via
Affymetrix GeneChipTM.  Consistent with genomic analysis of  the
MTB complex, large sequence polymorphisms of  putative diagnos-
tic and biological consequence distinguish interrogated isolates. The
distribution of  deleted regions present genomic profiles for M. bovis
whose variation is dependent upon geographic location and/or host
range. Whereas an endemic profile will likely dominate a particular
geography, a profile unique to host range might embody host
adaptation. Ongoing work is aimed towards evaluating catalogued
genomic change among M. bovis in its ability to infect, transmit, and
prevail among different hosts.

48
FUNCTIONAL AND REGULATORY ANALY-
SIS OF THE GENOME SEQUENCES OF
PATHOGENIC SPECIES OF RICKETTSIA
M. E. Eremeeva1, A. Madan2, J. Malek3, G. A. Dasch4; 1University of
Maryland, Baltimore, MD, 2University of  Iowa, Iowa City, IA, 3Agencourt
Bioscience Corp, Beverly, MA, 4Centers for Disease Control and Prevention,
Atlanta, GA.

The availability of  genome sequences for six pathogenic species of
Rickettsia has permitted a novel opportunity to look at the muta-
tional events which have occurred in the adaptation of  this genus to
different invertebrate eukaryotic hosts over the last 200 million
years. Two species (R. prowazekii, R. typhi) have insect hosts (lice and
fleas, respectively), one is found in mites (R. akari), and three (R.
conorii, R. rickettsii, and R. sibirica) have different hard tick hosts in
different continents. Population bottlenecks occurring in small
population sizes, increased mutational rates, and host selection of
metabolic functions may have occurred in these obligately intracellu-
lar bacteria. Genome reduction and selective loss of  genes, diver-
gence in evolutionary rates of  proteins, and genome-wide selection
of  amino acid and codon usage have occurred. Sequences were

analyzed for all possible open reading frames (ORFs) and with
codon usage recognition programs and for standard RNA mol-
ecules. Because the coding sequences are highly conserved and
syntenic and exhibit only a small number of  inversions relative to
each other, the simplest common sequences were used to identify
common start codons and thus the correct intergenic regions.
Phylogenetic relationships among the six species were consistent
irrespective of  the coding regions or sizes of  the genome segments
analyzed, suggesting that evolutionary changes occurred similarly
throughout each genome. Nonetheless, genome reduction is
selective among functional categories. Relative rates of  mutation
among these categories also appears to depend upon whether a core
metabolic function is involved or surface factors that may affect
pathogenicity are examined. Use of  specific amino acids and codons
appears to be driven by a AT mutational bias that has led to very
low G+C contents in Rickettsia. Multiple alignments of  intergenic
regions which have the greatest alterations in traits among species
has been helpful in identifying potential regulatory elements
including transcriptional factors, promoters, and termination signals.
However, because putative proteins including many conserved
rickettsial ORFs have no characterized homologs in other bacteria,
concerted functional proteomics and metabolomics work will be
required to fully understand the organization of  the genomes of
species of  Rickettsia and their uniqueness.

49
USE OF A NEW REPORTER SYSTEM TO
STUDY CCPC-DEPENDENT REGULATION
OF CARBON METABOLISM IN LISTERIA
MONOCYTOGENES
H. Kim, A. L. Sonenshein; Tufts University, Boston, MA.

L. monocytogenes is an intracellular bacterial pathogen responsible
for serious disease (e.g. meningitis, sepsis, pneumonia, and abortion)
in immuno-compromised patients, pregnant women, and newborns.
L. monocytogenes can invade and multiply within a wide range of
phagocytic and nonphagocytic mammalian cells, and it has been an
important model system to study the mechanisms of  both intracel-
lular parasitism and host cell biology. Several genes involved in
Listeria pathogenesis have been identified, and regulation of  these
genes has been investigated to a great extent. However, the central
metabolism of  this pathogen has been largely ignored. The L.
monocytogenes lmo1010 gene encodes a protein homologous to CcpC,
one of  the major transcriptional regulators involved in carbon
catabolite regulation of  the TCA branch of  the Krebs cycle in
Bacillus subtilis. We screened the L. monocytogenes genome for CcpC-
like binding sites and found examples upstream of  citB, the gene for
aconitase, and lmo0847, which appears to encode a glutamate
transporter. We overexpressed and purified a His-tagged version of
Lmo CcpC, and tested its interaction with citB and lmo0847. In vitro
gel mobility shift assays and DNase I footprinting experiments
established that L. monocytogenes CcpC recognizes these sites, and
that this interaction is specifically inhibited by citrate. To test the in
vivo role of  CcpC in L. monocytogenes, we created strains carrying lacZ
transcriptionally fused to a target promoter at an ectopic locus using
a new reporter system. pHK77 can be used to integrate a lacZ fusion
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by double crossover recombination at the non-essential int-‘comK
locus. We have cloned the promoter regions of  citB and lmo0847 in
pHK77 and created L. monocytogenes strains carrying integrated citB-
lacZ or lmo0847-lacZ fusions. The activities of  both fusions were
derepressed in a ccpC mutant compared to the wild type. Our results
confirm that CcpC is a transcriptional repressor of  citB and lmo0847,
and also suggest that there is a second transcriptional repressor for
citB.

50
MYCOBACTERIUM BOVIS AND THE ATKINS
DIET
L. A. Keating, P. R. Wheeler, M. H. Mansoor, J. K. Inwald, J. Dale, R.
G. Hewinson, S. V. Gordon; Veterinary Laboratories Agency, Surrey,
UNITED KINGDOM.

Recurrent in studies of  the in vivo environment encountered by
Mycobacterium tuberculosis is the finding that lipids act as important
sources of  energy. These studies suggest that the phagosomal
environment in which mycobacteria reside is carbohydrate poor,
with fatty acids the predominant carbon source. Comparative
genomics between M. tuberculosis and M. bovis revealed multiple
lesions in carbohydrate metabolism in the bovine bacillus, including
disruption of  the genes required to activate glycerol (glpK) and
metabolise this substrate to pyruvate (pykA). This was intriguing
considering that M. bovis, unlike M. tuberculosis, is unable to use
glycerol as a sole carbon source. In addition to revealing the genetic
basis for the inability of  M. bovis to use glycerol, disruption of  pykA
also demonstrated that carbohydrates are unable to act as carbon
sources for M. bovis. pykA encodes pyruvate kinase, the enzyme
which catalyses the final irreversible step of  glycolysis. Without a
functioning pyruvate kinase the energy generating role of  glycolysis
is blocked. Furthermore, this mutation was found to occur in other
members of  the M. tuberculosis complex, namely M. microti and M.
africanum. With carbohydrates unable to act as sources of  energy, the
importance of  lipids for both energy metabolism and gluconeogen-
esis in vivo becomes apparent. Complementation of  M. bovis with the
pykA gene from M. tuberculosis H37Rv restored growth on glycerol.
Additionally, the presence of  a functioning pyruvate kinase caused
the colony morphology of  the knock-in mutant to change from the
characteristic dysgonic growth of  M. bovis to eugonic growth, an
appearance normally associated with M. tuberculosis. This alteration in
colony morphology suggests a genetic basis for the change in
colony morphology noted by Calmette and Guerin during the
derivation of  the BCG vaccine strain.

51
MOLECULAR TYPING OF SHIGELLA
SONNEI ISOLATES BY USING
PFGE(PULSED-FIELD GEL ELECTROPHORE-
SIS)
J. Lee, M. Kim, S. Park, Y. You, M. Song , B. Choi; Seoul Metropolitan
Government Institute of  Health and Environment, Seoul, REPUBLIC OF
KOREA.

Shigella sonnei has emerged as a major cause of  diarrheal disease in
developed as well as in developing countries. In seoul city of  korea
the shigellosis was increased significantly from 1S1: to 2001.
Especillay prior to1990 S. flexneri was the predominant species but
since then S. sonnei was the predominant species. There are several
methods of  molecular typing, for example. Plasmid profile analysis,
restriction endonuclease analysis of  plasmids, rRNA gene restriction
analysis(ribotyping), pulsed field gel electrophoresis(PFGE), and
enterobacterial repetitive intergenic consensus(ERIC). In this study
we used pulsed field gel electrophoresis to study the genetic
relatedness. 170 S. sonnei collected in seoul of  korea from 2001 to
2003. A total of  170 S. sonnei were cleaved with XbaI enzyme. If
the difference was two bands or less, then a numerical suffix was
allocated. A phylogenetic tree constructed from PFGE were
classified 6 major groups(A, B, C, D, E, F) in similarity 85%.
According to phylogenetic analysis, all type strains of  S. sonnei
formed a distinct cluster. In addition 6 groups were divided into 10
distinct subgroups(A1. A2. B1. C1. D1. D2. D3. E1. E2. F1)  We
coclude that it is possible for a typical clinical laboratory to analyze
a large amount of  PFGE information on shigella isolates obtained
under controlled conditions. such data analysis should enhance
surveillance capabilities and give indications of  further work to be
done on various aspects of  bacterial pathogenicity of  the species.

52
LINEAGE SPECIFICITY OF GENE EXPRES-
SION PATTERNS
Y. Kluger1, S. Weissman2; 1NYU School of  Medicine, New York, NY,
2Yale University, New Haven, CT.

The hematopoietic system offers many advantages as a model for
understanding general aspects of  lineage choice and specification,
and response to physiologic stimuli.
Using oligonucleotide microarrays, we have compared the gene
expression patterns of  multiple multiple purified hematopoietic cell
populations including neutrophils, monocytes, macrophages, resting,
centrocytic and centroblastic B lymphocytes and dendritic cells as
well as hematopoietic stem cells. Some of  these cells were studied
under both resting and stimulated conditions. We studied the
collective behavior of  subsets of  genes derived from three sources:
the Biocarta database of  functional pathways, hand-tuned groupings
of  genes into broad functional categories based on the Gene
Ontology database, and the metabolic pathways in the KEGG
database. Principal component analysis revealed strikingly pervasive
differences in relative levels of  gene expression among cell lineages
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that involve most of  the subsets examined. These results indicate
that many processes in these cells behave differently in different
lineages. Much of  the variation between lineages was captured by
the first few principal components. Principal components biplots
were found to provide a convenient visual display of  the contribu-
tions of  the various genes within the subsets in lineage discrimina-
tion. Moreover, by applying tree constructing methodologies
borrowed from phylogenetics to the expression data from differenti-
ated cells and stem cells, we reconstructed a tree of  relationships
that resembled the established hematopoietic program of  lineage
development. Thus, the mRNA expression data implicitly contained
information about developmental relatiionships between cell types.

53
USING THE Â•˜IRONCHIPÂ•™ TO UNDER-
STAND HOW INFECTION DISRUPTS IRON
HOMEOSTASIS IN HOST EPITHELIAL CELLS
R. A. Bonnah1, M. Muckenthaler2, H. Carlson3, C. Enns3, M. Hentze2,
M. So3; 1Vaccine & Gene Therapy Institute Oregon Health & Science
University, Portland, OR, 2European Molecular Biology Laboratory,
Heidelberg , GERMANY, 3Oregon Health & Science University, Portland,
OR.

Delineation of  the inter-play between pathogen and host may
provide us with new and innovative anti-microbial agents and
vaccination targets. One promising area involves understanding the
molecular basis of  iron withholding by the mammalian host, and the
mechanisms by which microbial pathogens circumvent these
processes. We have previously shown that Neisseria meningitidis
(meningococcus or MC) and the closely related pathogen N.
gonorrhoeae (gonococcus or GC) alter cellular iron homeostasis of
target epithelial cells at multiple levels. First, infection by these
pathogens results in downregulation of  host Tf  Receptor 1 (TfR-1)
mRNA. This correlates with infected cells having decreased surface
and cycling TfR over time. There is also a redistribution of  TfR-1
from intracellular compartments to the epithelial cell surface at early
infection time points, and infected cells internalize much less Tf
(~50%). Neisseria likely alters host cell iron homeostasis to enhance
the supply of iron to the bacterial populations that reside both
within and outside of  host cells. To delineate how the host iron
regulatory network is altered during infection, we analyzed the
expression profile of  genes involved in iron metabolism in human
epithelial cells. As a tool we used a specialized cDNA microarray
platform (‘IronChip’ Version 3.0). We find that MC infected A431
cells exhibit a gene expression profile similar to uninfected, iron-
deficient A431 cells (treated with Desferrioxamine). An important
exception was TfR-1, whose mRNA levels are greatly reduced
following MC infection. As iron homeostasis is controlled post-
transcriptionally by Iron Regulatory Proteins (IRPs) we also
analyzed IRP activity. Surprisingly, infected cells had low IRP
activity similar to cells in â•˜high ironâ•™ conditions. This result
may in part explain TfR-1 downregulation during infection, since
low IRP activity may result in destabilization of  the TfR-1 mRNA.
Finally, we analyzed levels of  TfR-1 and the iron storage protein
ferritin by Western blot. As expected TfR-1 levels were reduced

following MC infection, corroborating â•˜IronChipâ•™ analysis
that showed reduced TfR-1 mRNA levels. Surprisingly, ferritin
protein levels were also reduced during infection, despite elevated
ferritin mRNA levels. Our study demonstrates how MC and other
pathogens may manipulate host cells rendering them unable to
respond appropriately to iron depletion. Our new paradigm of  host-
pathogen interplay hypothesizes how disruption of  the host iron
homeostasis network could effectively deliver iron to both extracel-
lular and intracellular bacterial populations.

54
YJGF MUTANTS IN S. ENTERICA; A STUDY
OF METABOLIC INTEGRATION
G. E. Schmitz, D. Downs; University of  Wisconsin, Madison, WI.

The YER057c/YjgF protein family is conserved across a wide range
of  organisms, yet no biochemical function has yet been described
for any member of  this family. In Salmonella enterica, null muta-
tions in yjgF affect multiple metabolic pathways suggesting a broad
role for this gene in physiology. Relevant to work that will be
discussed is the reduction of  transaminase B (IlvE) activity caused
by a yjgF mutation in vivo. Published work from our lab has
proposed that in the absence of  YjgF, IlvE activity is reduced by a
product produced by threonine deaminase (IlvA), the first enzyme
in isoleucine synthesis. We further suggest this product is distinct
from 2-ketobutyrate, the known 2-ketoacid product of  IlvA. Our
work is one of  several published studies supporting a correlation
between 2-ketoacids and the function of  YjgF homologs. In
addition, multiple reports concerning various cell types observed
that high, intracellular levels of  2-ketobutyrate and other 2-
ketoacids have toxic effects. Based on those studies and data
discussed here, we suggest YjgF functions in vivo to control the
deleterious effects of  2-ketoacid build-up. Here we describe the
sensitivity profile of  a yjgF mutant to various 2-ketoacids. In vitro
work being implemented to test the working model that a product
of the IlvA reaction affects IlvE function will also be discussed.
Data from these studies will facilitate efforts to understand the
complex phenotypes generated when yjgF mutations are introduced
to mutant strains defective in distinct pathways.

55
A MAP OF FUNCTIONAL LINKS IN STREP-
TOMYCES AVERMITILIS FROM COMPARA-
TIVE GENOMICS
C. Gang, Y. Ziniu; Huazhong Agricultural University, Wuhan, CHINA.

In order to build up the map of  functional links existed in Streptomy-
ces avermitilis, three different comparative genomic methods:gene
neighbor method,gene fusion method and Phylogenetic profiles
method have investigated it with another 70 microorganism.About
1499 interactions and 3436 proteins were got from analysis.Gene
fusion method could be the most accuracy one and phylogenetic
profiles method have got most interactions. When we put all the
result together,it built up a complex map of  functional links in
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S.avermitilis and give us a brandy new angel to understand metabolic
of  S.avermitilis.In the map,587 proteins have two interactions and
176 proteins have three or more links with other.This map included
several pathways and gene clusters:Selenoamino acid
metabolism,Peptidoglycan biosynthesis,Porphyrin and chlorophyll
metabolism. This will give high through experiment considerable
guiding and a method for understanding genomic structure.

56
CARBON NUTRITION OF ESCHERICHIA
COLI IN THE MOUSE INTESTINE
T. Conway1, P. S. Cohen2; 1University of  Oklahoma, Norman, OK,
2University of  Rhode Island, Kingston, RI.

Whole-genome expression profiling revealed E. coli MG1655 (K-12
commensal strain) genes induced by growth on mucus, conditions
designed to mimic nutrient availability in the mammalian intestine.
Most were nutritional genes corresponding to catabolic pathways for
nutrients found in mucus. We knocked out several pathways and
tested the mutants in competition with their wildtype parent for
their relative fitness for colonization of  the mouse intestine. We
found that only mutations in sugar pathways affected colonization,
not phospholipid and amino acid catabolism, not gluconeogenesis,
not the tricarboxylic acid cycle, and not the pentose phosphate
pathway. Gluconate appeared to be a major carbon source used by
E. coli MG1655 to colonize, impacting both the initiation and
maintenance stages. N-acetylglucosamine and N-acetylneuraminic
acid appeared to be involved in initiation, but not maintenance.
Glucuronate, mannose, fucose, and ribose appeared to be involved
in maintenance, but not initiation. The in vitro order of  preference
for E. coli MG1655 paralleled the relative impact of  the correspond-
ing metabolic lesions on colonization: gluconate > N-
acetylglucosamine > N-acetylneuraminic acid = glucuronate >
mannose > fucose > ribose. Unlike E. coli MG1655, EDL933
(O157:H7 pathogenic strain) does not utilize gluconate as a major
carbon source for colonization. In control experiments, wildtype
MG1655 eliminated EDL933 during the maintenance stage. We
tested whether gluconate catabolism by MG1655 plays a role in
eliminating EDL933 when both strains are in the intestine simulta-
neously and found that EDL933 grew to relatively high numbers in
the presence of  the MG1655 gluconate-defective mutant and was
not eliminated during maintenance. The systematic analysis of
nutrients used by E. coli MG1655 and EDL933 to colonize the
mouse intestine is intriguing in light of  the nutrient-niche hypoth-
esis, which states that the ecological niches within the intestine are
defined by nutrient availability. Since humans are presumably
colonized with different commensal strains, differences in nutrient
availability may provide an open niche for infecting E. coli pathogens
in some individuals and a barrier to infection in others.

57
IDENTIFICATION OF A TWO-COMPONENT
SYSTEM AS THE SECOND ARGININE-RE-
SPONSIVE REGULATORS IN PSEUDOMO-
NAS AERUGINOSA BY TRANSCRIPTOME
ANALYSIS
Z. Yang, C. Lu; Georgia State University, Atlanta, GA.

Arginine metabolism is of  particular significance in Pseudomonas
aeruginosa, which can utilize arginine as carbon and nitrogen sources
via four different pathways. ArgR, the first reported arginine
responsive regulator protein, is essential for the induction of  the
arginine succinyltransferase (AST) pathway as the major route of
arginine utilization under aerobic conditions. However the prelimi-
nary data from this laboratory implicated the existence of  other
regulatory elements for the induction of  the arginine dehydrogenase
(ADH) pathway yet to be characterized. GeneChip® technology was
used to analyze the global gene expression profiles of  the wild type
strain PAO1 and its argR mutant strain PAO501 grown in glutamate
minimal medium in the presence and absence of  arginine. Four
putative operons of  twenty-one genes were found inducible by
arginine in PAO501 to a higher level than the wild type. The
induction effect of arginine on one of thus identified operon
(PA4975-PA4981) was confirmed by promoter::lacZ fusion studies;
four-fold and twenty-fold induction by arginine were observed in
PAO1 and PAO501, respectively. The potential physiological
function of  this operon in arginine utilization was analyzed in the
corresponding transposon insertion mutants; however, no apparent
function of  this operon can be concluded from these experiments. A
putative two-component regulatory system (PA4982 and PA4983)
was found immediate upstream of  this operon, and the knockout
mutant of  PA4982 abolished the induction effect of  arginine on the
PA4975-PA4981 locus in PAO1 and PAO501. In comparison to the
retarded growth phenotype of  the argR mutant on arginine, the argR
PA4982 mutant showed no growth on arginine as sole carbon and
nitrogen sources. These results suggest that both AST and ADH
pathways are not inducible by arginine in the argR PA4982 mutant.
The candidate genes encoding enzymes of  the arginine dehydroge-
nase pathway were also revealed from the transcriptome analysis;
characterization of  these genes in arginine utilization is currently in
progress. This study depicted a wider regulatory network of  arginine
metabolism than previous recognized. We suggested that arginine
induction of  the ADH pathway and a variety of  uncharacterized
metabolic reactions is mediated by PA4982 and PA4983, the second
arginine responsive regulatory elements in P. aeruginosa.
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58
ACTIVATION OF THE BACILLUS SUBTILIS
GLOBAL REGULATOR CODY BY DIRECT
INTERACTION WITH BRANCHED-CHAIN
AMINO ACIDS
R. P. Shivers, A. L. Sonenshein; Tufts University School of  Medicine,
Boston, MA.

CodY is a global transcriptional repressor of  early stationary phase
genes in Bacillus subtilis, with homologues found in many other
gram-positive bacteria. CodY contains a helix-turn-helix motif
characteristic of  DNA binding proteins and GTP-binding consensus
sequences similar to those of  small GTPases of  the Ras family.
Binding of  CodY to target promoters is controlled by the intracellu-
lar GTP concentration. CodY has been shown to participate in the
regulation of  nutritional stress-induced genes involved in sporula-
tion, nutrient transport and utilization, competence, motility and
chemotaxis. Surprisingly, direct targets of  CodY also include the
multiple operons involved in the branched chain amino acid
(BCAA) biosynthetic pathway. CodY-dependent regulation of  the
ilvB operon was studied further using in vivo transcriptional fusions,
in vitro gel mobility shift assays, and DNase I footprinting assays.
CodY-dependent regulation of  the ilvB operon in vivo and binding to
the ilvB promoter region in vitro responded to both GTP and
BCAAs. Isoleucine and valine increased the affinity of  CodY for the
ilvB promoter and for other CodY targets as well. This effect of
BCAAs in vitro was additive with the effect of  GTP on CodY DNA-
binding activity, but the sequence specificity of  CodY binding was
different depending on whether GTP or BCAA or both were
present.

59
GENOME-METABOLOME LINKS IN ES-
CHERICHIA COLI
T. Ferenci; The University of  Sydney, Sydney, AUSTRALIA.

Comparative metabolomics using two-dimensional HPTLC (high-
performance thin layer chromatography) has been developed that
allows profiling of  bacterial metabolites. Experimental data is
available that permits comparisons of  metabolomes under different
growth conditions, between wild-type and mutant bacteria and
between pathogenic and non-pathogenic strains of  Escherichia coli.
In each case, differences in metabolome profiles have been docu-
mented. The metabolome approach has been particularly useful in
determining changes in metabolism associated with experimental
evolution experiments with bacteria adapting to growth with low
concentrations of  glucose. The data accumulated so far allows a
realistic appraisal of the potential of metabolomics in functional
genomics.

60
METABOLIC PATHWAYS: FINDING THE
ROOM AND THE MEANS IN THE CURRICU-
LUM TO GO BEYOND GLYCOLYSIS AND
THE KREBS CYCLE
A. C. Vollmer; Swarthmore College, Swarthmore, PA.

Traditionally, biochemistry and microbiology courses were places
where students studied metabolism: pathways, interconversions,
regulation of  metabolic pools, vitamins and co-factors. Then came a
parade of  newer and “more exciting” topics and techniques,
particularly regulation of  gene expression, molecular cloning, PCR
and genomics. Given the limits of  the course syllabus and length of
the semester, things had to be squeezed out of  the way. Since the
actual teaching of  metabolic pathways was often dry, not creative,
and required a breadth of  knowledge, many instructors have chosen
to de-emphasize anything beyond the Embden-Meyerhoff  pathway
and the Krebs cycle. Even the Calvin cycle became an ‘elective’
rather than required part of  the curricular cannon, especially in the
more biomedically-biased departments. It is ironic, then, that
current genomic and proteomic analyses require a fluency about
integrated metabolism that is noticeably absent in many younger
scientists. Our ongoing work in this area begins to address the
following questions: (1) What should students be taught about
metabolism? (2) At what level should metabolism be taught? (3)
How should knowledge of  and ability to apply integrated metabo-
lism be assessed? We have found that while many comment on the
students’ lack of  training, few are actively engaged in it. We hope to
extend our recent data gathering to educational models outside of
the US. In this study, we offer one way that metabolic pathways and
their integration was taught to advanced undergraduate biology and
biochemistry majors in a seminar/discussion format involving
reading and analysis of  the primary literature. The gap between
knowledge of  genome level transcript analysis and how the products
of  those genes function in a concerted and complex fashion must
be bridged if  interesting and important physiological questions in
biomedicine and ecology are to be addresses rigorously. Just as we
are quick to share and learn new techniques in research, we can fine
new and interesting ways to engage students in learning and
applying metabolic concepts. The responsibility for teaching and
assessment should be shared among those in the life science
professorate.

61
RALSTONIA METALLIDURANS: A NEW
ACETON TOLERANT BACTERIUM
R. G. Wattiez1, N. Leys2, P. Janssen2, S. Monchy2, P. Falmagne1, M.
Mergeay2; 1University of  Mons-Hainaut, Mons, BELGIUM, 2Belgium
Nuclear Research Center SCK/CEN, Mol, BELGIUM.

Genomic and proteomic studies have been performed out on
Ralstonia metallidurans.  This communiaction focuses on proteins
involved in the degradation of  aceton. Indeed, AcxC, a subunit of
the Aceton carboxylase, was found to be overexpressed in space-
flight conditions without clear involvement of  acetone. This

POSTER ABSTRACTS

POSTER ABSTRACTS



45Integrating Metabolism and Genomics

intriguing observation led us to focus on the metabolism of  acetone
in ground conditions.
1°) The bacterium can use this solvent as sole carbon source at
concentrations up to 250mM in a minimal salts medium
2°) acx genes similar to those found in R. metallidurans are quite
rare:their distribution in the sequenced genomes as well as their
phylogeny will be discussed in this presentation
3°) A comparative investigation of  protein expression by two-
dimensional gel electrophoresis associated to mass spectrometry was
conducted between type strain CH34 cultures grown in defined
medium in presence of different concentration of aceton and
isopropanol. 12 proteins were specifically induced in the presence
of  aceton and isopropanol. These proteins included the 3 subunits
of  the Acetone carboxylase, a key enzyme of  bacterial acetone
metabolism catalyzing the condensation of acetone and CO2 to
form acetoacetate. This proteomic analysis has provided the first
characterization of  R. metallidurans aceton/isopropanol growth and
increased our understanding of  its aceton metabolic pathway.
Further studies will focus on other substrates or inducers of  aceton
carboxylase as well as on regulatory features in order to get clues
about the overexpression in spaceflight conditions.
Acknowledgements : This project was made possible by the financial
support of  European Space Agency (ESA-PRODEX) and the Belgian
Federal Office for Science, Technology and Culture (DWTC/SSTC)
(Prodex agreements No 90037 & No 90094). We are grateful to C. Lasseur
and C. Paille, both from ESTEC/ESA, for constant support and advice.

62
FLUX ANALYSIS REVEALS A METABOLIC
LOOP CRITICAL FOR CONTROLLING
FORMALDEHYDE TOXICITY AND CARBON
PARTITIONING IN THE METHYLOTROPHIC
BACTERIUM METHYLOBACTERIUM
EXTORQUENS AM1
C. J. Marx1, M. E. Lidstrom2; 1Michigan State University, East Lansing ,
MI, 2University of  Washington, Seattle, WA.

Organisms transitioning between fundamentally different metabolic
modes must substantially alter their metabolic network in response
to new environmental conditions. The transition to or from single-
carbon (C1) substrates by facultative methylotrophs such as
Methylobacterium extorquens AM1 is particularly interesting because
growth on C1 compounds involves production of  the toxic com-
pound formaldehyde as a central metabolite. We performed
concurrent 14C and deuterium labeling methods that permitted flux
through all C1 branches of  metabolism to be calculated throughout
these growth transitions. This led to the surprising discovery that
the tetrahydrofolate (H4F)-dependent pathway of  this organism
does not participate in formaldehyde oxidation, as was observed for
the tetrahydromethanopterin (H4MPT)-dependent pathway. Rather,
the H4F pathway incorporates C1 units from formate produced by
the H4MPT pathway for assimilation via the serine cycle. This
generates a metabolic loop whereby C1 units can be assimilated
either directly from formaldehyde, or from the level of  formate.
During growth on methanol, the direct route through formaldehyde
dominates, but early in the transition to growth on methanol the
long route through formate is the primary pathway for assimilation.

The dynamic loop generated by the two C1 transfer pathways of  M.
extorquens AM1 appears to provide a means to detoxify formalde-
hyde while elegantly and efficiently balancing carbon flow into
assimilatory and dissimilatory metabolism over a wide range of
formaldehyde production rates.

63
INVOLVEMENT OF CLASS I
AMINOTRANSFERASES IN L-ALANINE
BIOSYNTHESIS IN ESCHERICHIA COLI
W. A. Whalen; Xavier University of  Louisiana, New Orleans, LA.

To date, no obligate L-alanine auxotrophs have been isolated in any
microorganism, and the pathways of  L-alanine synthesis have yet to
be elucidated. We have taken an approach of  directed gene replace-
ment to attempt to construct an L-alanine auxotroph in Escherichia
coli. One pathway has been described: L-alanine is produced from
pyruvate using valine as an amino donor in a reaction catalyzed by
the alanine-valine transaminase (transaminase C) encoded by avtA.
The ultimate source of  the amino group is glutamate. It donates its
amino group to valine in a reaction catalyzed by the branched chain
aminotransferase, encoded by ilvE. Non-polar ilvE mutations confer
an isoleucine requirement but do not require valine since it can by
synthesized via transaminase C using L-alanine as an amino donor.
Since valine synthesis is dependent upon L-alanine synthesis in ilvE
strains, we have used them as a starting point to look for L-alanine
requiring mutants. We reasoned that a likely route of  L-alanine
synthesis would be via an aminotransferase. There are 5 class I
aminotransferases with unknown functions in the E. coli MG1655
genome, encoded by yfbQ, yfdZ, ybdL, ydcR, and yjiR. Each of  these
genes was replaced by an appropriate antibiotic resistance gene and
transduced into the ilvE mutant. Of  the five, yfbQ conferred a
requirement for either L-alanine or valine in the ilvE background,
suggesting its role in L-alanine biosynthesis. However, an ilvE avtA
yfbQ triple mutant, which has a strict requirement for valine, did not
have any requirement for L-alanine. Thus, there is one additional
pathway that is sufficient to provide enough L-alanine for normal
cell function but is not sufficient when L-alanine must also be used
as an amino donor in valine synthesis. Both avtA and yfbQ single
mutants do not have any detectable growth requirements. The
transaminase C protein sequence is highly conserved in closely
related strains of  the Enterobacteriaceae as well as distantly related
(e.g., Neisseria) strains. Interestingly, the aminotransferase encoded
by yfbQ is much more highly conserved throughout all bacterial
lineages.
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64
USING PHENOTYPIC SIMILARITY TO
PROBE GENE FUNCTION IN IRON SULFUR
CLUSTER METABOLISM
E. C. Skovran, D. M. Downs; University of  Wisconsin-Madison,
Madison, WI.

Iron Sulfur (Fe-S) clusters are found in many proteins and have a
variety of  functions including electron transfer, protein structure
maintenance, substrate binding, and regulation in response to small
molecules. In the last several years, significant strides have been
made in the understanding of  Fe-S cluster assembly. It has been
previously shown that many Fe-S clusters like the oxygen labile
hydrolases can be repaired after oxidative damage. The proteins
responsible for this repair remain unknown. We show that in
addition to the characterized genes, gshA and isc, loss of  the ApbC
or E, RseC and YggX proteins also prevent efficient Fe-S cluster
synthesis or repair. ApbE is a periplasmic lipoprotein that shares
similarity with RnfF and NosX; two proteins involved in electron
transfer and/or metal cofactor assembly. ApbC appears cytoplasmic
and has similarity with the NifH and CooC proteins, also involved
in electron transfer and/or metal cofactor assembly. RseC has
recently been shown to be required for reduction of  the SoxR
protein in vivo. The defects in Fe-S metabolism caused by loss of
these gene products can be overcome by over-expression of  YggX;
a small protein of 90 amino acids with no significant similarity to
other proteins in the database. Here we demonstrate several
biochemical and nutritional properties associated with these mutant
strains that indicate a specific defect in Fe-S cluster metabolism, and
the ability of  the YggX protein to suppress this defect. We report
on our progress in understanding the cellular role of  these proteins
and present a model for their involvement in Fe-S cluster metabo-
lism.

65
CREATION OF A MINIMIZED GENOME
COMPLEMENT OF ESCHERICHIA COLI K-
12
J. Apodaca, I. Y. Goryshin, W. S. Reznikoff; Department of  Biochemistry,
University of  Wisconsin, Madison, WI.

Our goal is to directly assess a minimal genome complement of
Esherichia coli K-12 MG1655 capable of  survival under complex
media conditions. We are currently generating sequential chromo-
somal deletions using a specialized Tn5 transposition system for
reducing the genome of  E. coli. This technique employs two
sequential transposition events beginning with random insertional
transposon mutagenesis, followed by the induction of  a secondary
intramolecular transposition event resulting in the loss of  selectable
markers and adjacent chromosomal material. We applied this
method serially on wild-type E. coli K-12 to create mutants
containing different combinations of  deletions. Genomic microarray
hybridization mapping of  several of  our reduced strains has
revealed an 8.6% reduction in genome size corresponding to at least
327 ORF deletions, which include 181 genes of  unknown function.

The most recently characterized version of  our deletion mutants,
following 34 rounds of  transposon induced deletion formation,
shows an increase in growth rate over wild-type MG1655 in rich
media. In contrast, this mutant is now incapable of  growing in
Neidhardt’s MOPS defined media and glucose M9 minimal media.
Hybridization data suggest this phenotype is a result of  a 10 kb
deletion found at map position 76.3 min. This deletion includes
genes associated with ferrous iron transport, gluconate transport,
maltose degradation and biotin biosynthesis. The above method
allows us to determine a combination of  non-essential gene
deletions rather than the impact of  individual gene deletions under
rich media conditions. Despite the fact that we are creating a lineage
specific experimentally derived genome, we anticipate that this
minimal genome will allow us to study key essential genetic
functions and derive basic principles governing bacterial life.

66
EVOLUTION OF METHIONINE BIOSYNTHE-
SIS - NEW TWISTS IN AN ANCIENT PATH-
WAY?
U. Gophna1, W. F. Doolittle1, E. Bapteste1, E. Z. Ron2; 1Dalhousie
University, Halifax, NS, CANADA, 2Tel Aviv University, Tel Aviv,
ISRAEL.

Methionine is a central cellular compound - in addition to being a
component of  proteins, it is the first amino acid in every protein
and is essential for initiation of translation. It is the precursor of S-
adenosylmethionine that is involved in the transfer of  C1-fragments
for reactions such as methylation and formylation. SAM also
participates in the biosynthesis of  polyamines (spermidine and
spermine). Recent findings indicate that methionine has yet another
important physiological role - it is involved in the synthesis of  N-
acyl homoserine lactone autoinducer molecules that constitute
quorum-sensing signals which act as cell density-dependent
regulators of  gene expression and are important in pathogenesis and
biofilm formation. We examined the methionine pathway from an
evolutionary perspective. Most of  the genes involved in the
methionine pathway have a broad taxonomical distribution,
suggesting that the enzymes involved in this patwhay have an
ancient common origin. However, the different methionine
biosynthesis genes have very different evolutionary histories.
Methionine synthases, which catalyze the final step of  the pathway -
methylation of  homocysteine to methionine - are widely conserved
across all life’s domains. The enzymes involved in the preceeding
steps, sulfur assimilation into the methionine backbone, seem to
have evolved from one ancestral enzyme, regardless of  the bio-
chemical reaction they catalyze at present (transsulfuration or direct
sulfhydrylation) and are also shared across great evolutionary
distances. Paradoxically, the first step of  the pathway appears to
have evolved last, can be carried out by at least two unrelated
proteins and in some organisms appears to have been acquired
through lateral gene transfer. This first step is of  particular interest
because it controls the cellular concentration of methionine and is
important for the regulation of  growth at elevated temperatures.
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67
CENTRAL METABOLISM IN E. COLI, A
MISUNDERSTOOD BLACK BOX
R. A. Bender; University of  Michigan, Ann Arbor, MI.

During aerobic growth in the presence of  excess glucose, enteric
bacteria like E. coli or K. pneumoniae go to great lengths to
minimize the energy yield they obtain from glucose: glucose
transport by the PTS system is limited, electron transport is often
wasteful, the citric acid cycle functions only biosynthetically, and
most of  the carbon from glucose is excreted (or left behind) with
most of  its energy intact, as acetate or gluconate. Yet this is not the
picture we generally consider when modelling metabolism in E. coli.
Moreover, the regulation of  nitrogen metabolism (a monitor of
biosynthetic status) and the regulation of carbon metabolism (a
monitor of  energy status) are so closely integrated that it is difficult
to separate them in the way that other regulatory systems can be
studied in isolation. Nitrogen starvation almost always results in a
signal of  carbon excess and carbon starvation almost always results
in a signal of  nitrogen excess. The obvious crossover points at
acetyl phosphate, 2-oxoglutarate, and phosphenol pyruvate play
roles we do not yet fully understand. While much of  our knowledge
comes from an analysis of  starvation for carbon and energy, little
attention has been paid to the problems associated with excess
carbon and energy metabolism. In short, what are the consequences
of  too much proton pumping by the electron transport chain? Does
reverse electron transport prevent NADH oxidation? Does deple-
tion of  the ADP pool and saturation of  the ATP/ADP ratio have
consequences for metabolic integration? Does accumulation of
acetyl phosphate affect the regulators of  the two-component
systems in harmful ways? These are but a few examples. Curiously,
we know of  surprisingly few ways that the enteric bacteria can
deplete their proton motive force. So how can E. coli survive the
catastrophe of  growth in glucose minimal medium. And is this
catastrophe mitigated or exacerbated by the fact that we often grow
the cells under osmotic stress (necessary to have buffering capacity)
and high concentrations of  phosphate. And in nature, where
buffering can be limited, what are the consequences of  excreting
acetate and gluconate, which can collapse the proton gradient? Is
this a catastrophe or a salvation. In short, is there any aspect of
central metabolism as presented in standard textbooks that is
relevant to the actual physiological state of  these cells?

68
METABOLOMIC ANALYSIS OF ESCHERI-
CHIA COLI K-12 MUTANTS WITH DELE-
TIONS OF 1440 GENES
M. Ito1, T. Baba2, H. Mori3, H. Mori1; 1Kyowa Hakko Kogyo Co.,LTD,
Machida, JAPAN, 2Keio University, Yamagata, JAPAN, 3Nara Institute of
Science and Technology, Nara, JAPAN.

Our goal is to create the microbe with higher metabolic activity and
higher material productivity. Our current approach is reconstruction
of  the Esherichia coli genome. Genome analysis of  Esherichia coli has
revealed approximately 4000 genes on its genome including large

numbers of  function-unknown genes. It is necessary to get
information of  all genes from the viewpoint of  metabolism for the
reconstruction. At first, we evaluated the metabolic activity of  1440
gene-deleted mutants with the GN2-MicroPlate (Biolog Inc.), which
permits quantitative assay of  95 carbon-source utilizations at once.
Raw data was subjected to clustering analysis using GeneSpring
software (Silicon Genetics). The analysis revealed that functional-
related genes such as aerobic-respiratory genes (sucA, sdhA, lpdA,
etc.) or battery of  two-component system (Sensor kinase gene:
barA, Response regulator gene: uvrY) belonged to the same cluster.
These results suggested that this metabolomic technique could
cluster genes in functionally related groups. Further analysis
identified clusters that up- or down-regulate metabolic activities for
10 to 20 carbon sources. There were other clusters that strictly up-
or down-regulate metabolic activity of  a single carbon source. In
order to improve the metabolic activity of  E. coli cell, up-regulating
deletions should be incorporated into the design of  the reconstruct-
ing genome. This technique is seems to be useful for detecting
important deletions to improve metabolism, and also for the
functional genomics of  basic science.

69
FE-S CLUSTER ASSEMBLY UNDER STRESS:
THE ROLE OF THE SUF OPERON IN ES-
CHERICHIA COLI
W. Outten1, M. J. Wood1, O. Djaman2, M. Munoz1, G. Storz1; 1National
Institutes of  Health, Bethesda, MD, 2University of  Illinois, Urbana, IL.

E. coli has three loci encoding homologues of the NifS cysteine
desulfurase, the iscRSUA operon, the sufABCDSE operon, and the
csdAygdK locus. The gene arrangement at each of  these loci is
unique, and each NifS homologue is transcribed in conjunction with
a variety of  adjacent genes encoding different accessory proteins.
Both the isc and suf operons are upregulated in response to
oxidative stress and iron starvation. Previous work has shown that
the isc operon is essential for the normal function of  a wide range
of  Fe-S cluster enzymes. In contrast, the suf  operon is not essential
for Fe-S enzyme activity under normal growth conditions. The
similar regulation but differential phenotypes of  the two operons
raises several questions. Does each operon carry out discrete
functions within the cell or are they redundant? What are the
functions of  the other accessory proteins? We have begun to
address these questions by examining the regulation of  the operons,
the genetic interactions between operons, and the biochemical
characteristics of  accessory proteins. Regulation of  isc appears to be
mediated only by the IscR transcriptional repressor while the suf
operon is regulated by the OxyR hydrogen peroxide sensor and the
Fur iron metalloregulatory protein. Targeted mutagenesis reveals
that deletion of  most suf  genes is synthetically lethal with the iscS
deletion. Furthermore, deletion of  the suf  operon renders the cell
more sensitive to iron starvation than an isc deletion. The suf
mutant also shows diminished activity of  Fe-S enzymes under iron
limiting conditions as compared to the wild-type strain. These
results imply that while the suf  and isc operons have partially
overlapping functions the suf  operon is better adapted to construct
Fe-S clusters under stress conditions such as iron starvation or
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oxidative stress. To determine how isc and suf  might diverge in
their roles, we have purified all six of  the suf-encoded proteins. We
have found that SufB, SufC and SufD, three gene products unique
to the suf  operon, co-purify as a stable complex that has ATPase
activity in vitro. We also found that the SufE protein dramatically
enhances the basal cysteine desulfurase activity of  SufS by acting as
a sulfur acceptor protein. This SufE dependent enhancement of
SufS is further increased by the addition of  the SufBCD complex,
suggesting that the suf  gene products comprise a novel sulfur
transfer pathway for Fe-S cluster assembly under stress conditions.
Further genetic, regulatory, and biochemical analysis will elucidate
how the suf  gene products are adapted to acquire iron and con-
struct Fe-S clusters during iron starvation and oxidative stress.

70
POST-GENOMIC ANALYSIS OF
RHODOCOCCUS
P. A. Lessard1, J. A. Archer2, P. Far2, C. Kirkpatrick2, A. C. Loos2, J.
Taylor2, A. J. Sinskey1; 1Massachusetts Institute of  Technology, Cambridge,
MA, 2Cambridge University, Cambridge, UNITED KINGDOM.

Among the Actinomycetes, mycolic acid bacteria are an important
group of  microbes from medical, environmental, and industrial
perspectives. The recent availability of  genome sequences from
several Actinomycete genera has enabled a comparative approach to
genome analysis that can be matched by few other taxa. Evidence
for extensive synteny among the mycolic acid bacteria suggests that
insights from the genomes of  well-studied organisms can be
extrapolated to new strains at reasonable cost. In addition, gene-for-
gene conservation between Actinomycetes as diverse as Rhodococcus
and Streptomyces can facilitate robust gene-prediction from limited
DNA sequence data. In this presentation, we describe the sequenc-
ing and annotation of  the genome of  Rhodococcus aetherovorans I24, a
soil microbe that can metabolize a wide variety of  aromatic
hydrocarbons. In addition to comparative genomic approaches, we
have applied genetic tools such as gene knockouts, promoter
fusions, DNA microarray analyses, and pathway engineering, to
identify the roles of  various operons within this species. From these
studies, we have identified a battery of  oxygenases that contribute
to the biodegradative abilities of  these bacteria. This strain also
possesses several operons involved in the synthesis of  polyketides
and non-ribosomal peptides. The I24 strain harbors two
megaplasmids whose composition is allowing us to probe the
mechanisms of  horizontal gene transfer among soil bacteria. This
presentation will review recent results from our exploration of the
Rhodococcus aetherovorans I24 genome.

71
MODELING THE AUTOREGULATORY NET-
WORK OF SECONDARY METABOLISM IN
STREPTOMYCES COELICOLOR A3(2)
S. Mehra1, W. Lian1, F. Glod2, G. Karypis1, D. H. Sherman2, E.
Takano3, W. Hu1; 1University of  Minnesota, Minneapolis, MN, 2University
of  Michigan, Ann-Arbor, MI, 3University of  Tuebingen, Tuebingen,
GERMANY.

Regulation of  secondary metabolite biosynthesis in Streptomyces
entails an intricate network involving multiple overlapping circuits.
We have taken a systematic approach integrating genome-wide gene
expression profiling, informatics and mathematical modeling to
decode this complexity of  biological systems using Streptomyces
coelicolor A3(2) as a model organism. Of  the many regulatory
networks, we have focused on the ScbR-ScbA system controlling the
synthesis of  an extracellular signaling molecule, SCB1. The delicate
balance of  the two proteins and SCB1, mediated through feedback
and amplification loops, affects the onset of  secondary metabolic
events. A mathematical model of  the butyrolactone mediated
regulatory network was developed based on the hypothesized
regulatory architecture from the analysis using the scbA and scbR
mutants. Simulation results reproduced the expression profiles of
some of  the regulatory elements. We explored a vast terrain of  non-
linear dynamics exhibited by this system, and tested its robustness
to variation in parameter values. Based on the model simulations we
hypothesized additional control elements being involved in this
pathway. We have also constructed series of  mutations in the
histidine kinase two component systems found in S. coelicolor and are
examining the temporal profiles of  gene expression in these strains
using a whole-genome microarray. To computationally evaluate
different network structures, we have developed an approach based
on pattern recognition techniques to help identify the most robust
network structure. The gene expression information together with
the model predictions are used to propose a number of  alternative
network structures. Such an approach will greatly facilitate in
deciphering and unlocking the regulation of  natural product
biosynthesis.

72
MECHANISMS OF SOLVENT-TOLERANCE
IN PSEUDOMONAS PUTIDA S12
R. J. Volkers, J. Wery, J. A. de Bont; TNO-MEP, Apeldoorn, NETH-
ERLANDS.

An important problem in whole-cell biocatalysis is the toxicity of
the product to the biocatalyst. Bioproduction of industrially
relevant lipophilic chemicals, such as substituted aromatics,
epoxides, aldehydes and medium chain alcohols, is seriously
hampered by their destructive action on the level of  the cellular
membrane. The solvent tolerant Pseudomonas putida S12 has been
shown to engage specific physiologic responses to cope with the
devastating effects of  these products [1,2]. It maximizes repulsive
effects of  the outer membrane, it increases the rigidity of  the
cytoplasmic membrane and it actively removes solvent molecules
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from the membrane by use of  a solvent pump. Thus, this strain may
prove to be an excellent production host for the production of
lipophilic chemicals [3]. Many aspects of  solvent-tolerance however,
remain to be elucidated. The regulation as well as the interdepen-
dence of  the various mechanisms and the influence of  the environ-
ment is largely unknown. In addition new mechanisms exist that we
do not know of  yet. The aim of  our research is to gain more
knowledge about the mechanisms of  solvent-tolerance and design
an optimal biocatalyst out of  P. putida S12 using this knowledge.
Our strategy is to use a comparative genomics approach to gain a
global view on cellular response. Comparative genomics (proteomics
and transcriptomics) is very useful here because of  the complexity
of  the problem. The general approach will be comparing the wild-
type strain under different conditions that have been shown to
affect solvent-tolerance, such as different culture media and
different solvents. P. putida S12 will also be compared to mutants
that have a higher level of  solvent-tolerance. Such mutants were
generated by directed evolution: increasing the concentration of
benzene in the medium step-by-step. This approach yielded a
mutant that grows in the presence of  25 mM of  benzene, which is
near saturation. The wild-type only grows in 12 mM of  benzene.
The comparative genomics approach will yield relevant cellular
response data that will be translated into leads for targeted improve-
ment of  S12 as a host for the production of  valuable toxic chemi-
cals.
References: 1. Isken, S. and de Bont, J.A.M., Bacteria tolerant to organic solvents,
Extremophiles (1998) 2, p. 229-238; 2. Kieboom, J. and de Bont, J.A.M.,
Mechanisms of  organic solvent-tolerance in bacteria, in ‘Bacterial stress responses’,
ASM Press, Washington (2000), p. 393-402; 3. Wery, J. and de Bont, J.A.M.,
Solvent-tolerance of  Pseudomonads: A new degree of  freedom in biocatalysis, Chapter
20 in ‘The Pseudomonads’, vol. III, Kluwer Academic/Plenum Publishers,
New York (2004, in press).

73
THE BETA-KETOADIPATE SUCCINYL-COA
TRANSFERASE OF SINORHIZOBIUM
MELILOTI
A. M. MacLean, T. M. Finan; McMaster University, Hamilton, ON,
CANADA.

The beta-ketoadipate pathway is involved in the conversion of  the
aromatic compound protocatechuate (PCA) into succinyl-CoA and
acetyl-CoA. The enzyme beta-ketoadipate succinyl-CoA transferase
mediates the penultimate step of  the pathway and in Acinetobacter
calcoaceticus is composed of  two heterogeneous subunits, encoded by
pcaI and pcaJ. Sinorhizobium meliloti has the ability to grow on PCA as
a sole carbon source, and several pca genes have been annotated in
the recently reported genome sequence. The objective of  this study
was to investigate whether the Y20587and Y20588 genes in S.
meliloti encode the beta-ketoadipate succinyl-CoA transferase
subunits. Y20587and Y20588 are located in close proximity to the
pcaDCHGB operon on the pSymB megaplasmid. These genes appear
to be organized in an operon with the third gene predicated to
encode a beta-ketoadipyl-CoA thiolase (pcaF). The two unknown
open reading frames Y20587 and Y20588 were cloned into an
expression vector and over-produced in Escherichia coli. Cell free
extracts were assayed for transferase activity in an assay mixture

containing 200 mM Tris buffer (pH 8.0), 40 mM MgCl2, 10 mM
beta-ketoadipate and 0.4 mM succinyl-CoA. An increase in absor-
bance at 305 nm indicates the formation of  a beta-ketoadipyl-CoA-
Mg2+ ion complex. Activity was observed in induced cell extracts
while uninduced controls yielded much reduced activity, whereas
activity was absent in extracts obtained from E. coli carrying the
empty plasmid. The promoter region of  this putative operon was
also cloned into a reporter plasmid with the objective of  elucidating
the regulation of  these genes. Expression of  the operon was
induced >20-fold in the presence of 5 mM PCA and 5- to 10-fold
in the presence of  30 mM adipate. We conclude that the two genes
encoding beta-ketoadipate succinyl-CoA transferase subunits of  S.
meliloti have been identified and that the expression of  these genes is
induced in the presence of  PCA and adipate, the nonmetabolizable
analogue of  beta-ketoadipate. The role of  a putative regulator, pcaR,
in the regulation of  expression of  these genes is presently under
investigation.

74
PROTEOMIC ANALYSIS OF METABOLISM
OF DEHYDROABIETIC ACID, AN ARO-
MATIC ABIETANE DITERPENOID, BY
BURKHOLDERIA SP. LB400
D. J. Smith, M. Patrauchan, C. Florizone, R. Farnsworth, J. E. Davies, L.
D. Eltis, W. W. Mohn; University of  British Columbia, Vancouver, BC,
CANADA.

Abietane diterpenoids are naturally occurring plant compounds with
pharmaceutical properties. The abietane diterpenoid, dehydroabietic
acid (DhA) is a tricylcic compound containing a single aromatic
ring. Analysis of  the genome sequence of  LB400 revealed a 60-kb
gene cluster, containing putative homologues of  genes known to
encode abietane diterpenoid degrading enzymes. For the first time,
we demonstrate that LB400 can grow on DhA. The initial culture
had a 100-hour lag phase prior to growth with a doubling time of
18 hours. Subsequent transfers grew with a short lag phase and a
doubling time of  7 hours. Substrate removal was slower in the initial
culture (0.35 ìM/hour/ìg of protein) than for the subsequent
transfers (1.3 ìM/hour/ìg of  protein). Comparison of  2D gel
proteomes of  mid-log phase cultures grown on succinate (control)
and DhA identified 19 proteins that were up-regulated on DhA. 14
of  these proteins are encoded in the 60-kb gene cluster, including
several proteins associated with â-oxidation, the á and â subunits of
a ring hydroxylating dioxygenase, a ring cleavage dioxygenase, and a
cytochrome P450. These proteins are distinct from those of  the
biphenyl degradation pathway. These results establish likely roles for
several genes and proteins in the pathway for DhA biodegradation.
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75
PARTIAL GENOME SEQUENCING OF LAC-
TOBACILLUS CASEI BL23
A. Benachour1, A. Mazé2, V. Pichereau1, A. Hartke1, J. Deutscher2, Y.
Auffray1; 1Université de CAEN, Caen, FRANCE, 2INAPG-CNRS,
Thiverval-Grignon, FRANCE.

Lactobacillus casei is a heterofermentative organism widely used in
milk fermentations and is therefore of  great biotechnological
importance. It belongs to the few bacteria for which probiotic
effects have been claimed in numerous studies. Previously estimated
at 2.2 Mbp for the neotype strain ATCC334, the genome of  Lb. casei
BL23 has been sequenced by a shotgun approach. Presently, a total
of  14000 sequences have been obtained corresponding to a size of
2.6 Mbp. This portion covers nearly 95% of  the complete genome
as estimated by pulsed field electrophoresis (2.7 Mbp) for the BL23
strain. We attempt now to close the about 500 remaining gaps.
Preliminary analysis of  the genome sequence revealed that Lb. casei
seems to be a metabolically versatile organism consistent with its
classification as a heterofermentative lactic acid bacterium which can
be encountered in many different environmental niches. This
flexible and adaptive behaviour is reflected by the relatively large
number (30) of  Phospho-Enol Pyruvate:Phosphotransferase sugar
transport systems. One of  these PTS overexpressed in a ptsH
mutant has been characterized as a lev operon which encodes the
sugar specific components for a low capacity fructose/mannose
specific PTS strongly resembling the proteins of the Lev-PTS of
Bacillus subtilis. The most obvious difference between the B. subtilis
and the Lb. casei BL23 lev operons was the absence of  the levanase-
encoding sacC gene and the presence of  an additional gene levX of
unknown function in Lb. casei BL23. Interestingly, the Lb. casei
neotype strain ATCC334 possesses a sacC-containing lev operon, the
cistrons of  which exhibit more than 98% sequence identity when
compared to the corresponding cistrons of  strain BL23, indicating a
metabolic diversity strain-dependant even within the same species.
In addition, attempts to characterize the major extracellular proteins
of  Lb. casei BL23 were carried out by using mono- or two-dimen-
sional gel electrophoresis. The first observation indicated that the
secretome of  BL23 strain seemed to be less complex comparatively
to that of  other bacteria such as B. subtilis. Taking advantage from
the available partial genome sequence of  Lb. casei, the quantitatively
most important spots or bands were subjected to identification by
mass spectrometry.

76
ROCK OIL AND A HARD PLACE:  PATH-
WAYS OF ANAEROBIC MICROBIAL HY-
DROCARBON METABOLISM
J. Heider; Univ. of  Freiburg , Freiburg , GERMANY.

Although many hydrocarbons enter the environment either by
natural processes or by human activity, these compounds have been
believed for a long time to be degradable only with the aid of
molecular oxygen. Only about 15 years ago, anaerobic degradation
of  some hydrocarbons has been recognised as a widespread

microbial physiological property, which obviously requires unusual
biochemical strategies to substitute for otherwise oxygen-dependent
reactions of  aerobes. We elucidated the anaerobic catabolic path-
ways of  two model hydrocarbons, toluene and ethylbenzene, and
characterised the enzymes involved and the genes coding for the
respective enzymes. Remarkably, anaerobic metabolism of  toluene
and ethylbenzene proceeds via two completely different pathways
even in a single bacterial strain, each pathway providing paradigms
of  enzymes catalysing unprecedented biochemical reactions. Toluene
degradation is initiated by benzylsuccinate synthase, a glycyl-radical
enzyme catalysing enantioselective addition of  the methyl group of
toluene to a fumarate cosubstrate and yielding (R)-benzylsuccinate
as first intermediate. Benzylsuccinate is subsequently activated to a
coenzyme A thioester and beta-oxidised in a second specific part of
the pathway. Analogous radical-catalysed fumarate additions have
since been identified for a growing number of  other anaerobic
hydrocarbon pathways, including n-alkane degradation, which
demonstrates the broad environmental significance of  this reaction
type. Yet in contrast, ethylbenzene metabolism by denitrifying
anaerobes is initiated by a completely different reaction, namely the
first known oxygen-independent hydrocarbon oxidation to the
corresponding alcohol. This reaction is catalysed by a novel
periplasmic molybdenum enzyme, ethylbenzene dehydrogenase,
which has recently been characterised. The remaining steps of
anaerobic ethylbenzene catabolism are also quite different from
those of  toluene degradation and include a novel ATP-dependent
carboxylation reaction. The novel pathways of  hydrocarbon
metabolism are also currently analysed on the genomic level, leading
to new insights in the organisation and regulation of  the corre-
sponding genes and their widespread occurrence in the environ-
ment. Moreover, many of  the novel enzymes of  these degradation
pathways show similarity to gene products of  unknown function
and thus will lead to new insights into the functions of previously
unknown genes from many other organisms.

77
METHIONINE AS THE KEY SULPHUR
SOURCE FOR PATHOGENIC MYCOBAC-
TERIA?
P. R. Wheeler1, N. G. Coldham1, T. Parish2, E. Wooff1, L. A. Keating1,
S. V. Gordon1, R. G. Hewinson1; 1Veterinary Laboratories Agency
(Weybridge), Addlestone, UNITED KINGDOM, 2Queen Mary and
Westfield College, St Barts. and The Royal London School of  Medicine,
London, UNITED KINGDOM.

Transcriptome analysis of  Mycobacterium tuberculosis has highlighted
the importance of  genes annotated for sulphate transport (cysTWA)
and sulphur fixation (e.g.cysDHM) during starvation and growth in
minimal media. Many of  the genes are under sigH regulation that is
associated with virulence. However, cysA and subI mutants of  the
vaccine strain, Mycobacterium bovis BCG, which are unable to take up
sulphate, survived as well in mice as their parent strains. Such
mutants are methionine auxotrophs, suggesting an alternative source
of  sulphur to sulphate. However, methionine utilisation could not
be predicted since the key gene needed for this activity, cystathion-
ine ã -lyase (CGL) was not found during analysis of  the M. tuberculo-
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sis or M.bovis genome sequences. Therefore we investigated bio-
chemically the Rv1079 gene product as it is one of  the cys-met
metabolism PLP-dependent enzymes family that includes both CGL
and cystathionine ã -lyase (CGS or metB). Rv1079 was annotated as
metB but an Rv1079 knockout lacked both CGS and CGL and the
ability to convert methionine to cysteine, all activities found in the
parent strain (M.tuberculosis H37Rv). When cloned into E.coli ÄmetB,
Rv1079 conferred both CGS and CGL activities that were lacking in
the host strain. Though Rv1079 encodes a bifunctional CGS/CGL
it is likely to act as a CGL in situ, generating a flux of  cysteine, as
cysteine was essentially absent in the intracellular metabolite pools.
With this re-evaluation of  the function of  Rv1079 a more precise
and complete interpretation of  genome-based data is possible. For
example, M.leprae is revealed as a natural methionine auxotroph with
its ÄmetC ÄcysTWA ÄcysH genotype since its Rv1079 homologue
with 87% identity, ML2394, is now predicted to allow the flux of
sulphur from methionine to cysteine.

78
CLUES TO METABOLIC AND MOLECULAR
ADAPTATION TO LIFE AROUND PH 0
FROM THE GENOME SEQUENCE OF
PICROPHILUS TORRIDUS
W. Liebl1, A. Angelov1, H. Liesegang1, G. Gottschalk1, G. Antranikian2,
B. Schepers2, C. Dock2, C. Schleper3, O. Fuetterer1; 1Georg August
University, Goettingen, GERMANY, 2Technical University, Hamburg ,
GERMANY, 3Technical University, Darmstadt, GERMANY.

With the ability to grow at pH values around pH 0 at an optimum
growth temperature of  60°C, the euryarchaeal species of  the genus
Picrophilus, P. torridus and P. oshimae, are the most thermoacidophilic
organisms known. P. torridus is an obligately aerobic heterotroph,
unable to grow by sulphur respiration. The high specialization of  P.
torridus for growth in extremely hot and acidic habitats is evident
from its inability to grow at pH values above 4.0 and its low
intracellular pH (4.6), and makes it a model organism to study
thermoacidophilic adaptation. Sequence analysis of  the entire P.
torridus genome yielded a 1.55 Mb large single circular chromosome
wich encodes 1,536 proteins. To our knowledge, P. torridus has the
smallest genome among aerobic microorganisms growing on organic
substrates. The following features deduced from comparative
genome analysis may contribute to the thermoacidophilic survival
strategy of  P. torridus: (i) The small genome of  P. torridus with the
highest coding density among thermoacidophiles indicates that
genome reduction may have been important for the evolution of
adaptation at the utmost limits of  thermoacidophily. (ii) Compari-
son of  the amino acid composition of  P. torridus proteins with
values deduced from other genomes suggests that an increased
(surface) hydrophobicity may contribute to their acid tolerance. (iii)
An exceptionally high ratio of  secondary over primary transport
systems demonstrates that the high proton concentration in the
surrounding medium is extensively used for transport processes. (iv)
Finally, it seems that horizontal gene transfer from phylogenetically
distant crenarchaea and bacteria was important for the evolution of
the extreme thermoacidophily found in P. torridus. 66 % of  all P.
torridus genes were found to have orthologs in the related

euryarchaeon Thermoplasma acidophilum but also 58 % in the
crenarchaeon Sulfolobus solfataricus. These phylogenetically distant
thermoacidophiles apparently share an unexpectedly large pool of
genes.

79
ENZYME ARCHITECTURE: POTENTIAL
STRATEGIES BY WHICH MICROBULBIFER
DEGRADANS 2-40 EFFICIENTLY DE-
GRADES COMPLEX POLYSACCHARIDES
M. B. Howard, N. A. Ekborg , L. E. Taylor, R. M. Weiner, S. W.
Hutcheson; University of  Maryland, College Park, MD.

Microbulbifer degradans 2-40 is an unusually efficient degrader of
complex polysaccharides. The draft genome sequence provided by
the Joint Genome Institute of  the US Department of  Energy has
revealed over 180 genes encoding proteins involved in the depoly-
merization of  complex polysaccharides and many more for the
transport and metabolism of  liberated sugars. Many of  these
enzymes have unusual structural features that contribute to the
degradative abilities of  M. degradans. Analysis of  these systems has
revealed that 46 secreted carbohydrases contain polyserine linker
domains that are located between catalytic, binding, and/or
anchoring domains. These linkers are relatively rare among prokary-
otes and may function as a flexible tether to enhance substrate/
enzyme interactions. Further, 31 enzymes involved in complex
polysaccharide degradation have features typical of  a lipid-modified,
surface-anchored lipoprotein. This may prevent diffusion of
secreted enzymes and, in cases where a carbohydrate binding
domain is present, assist in keeping the bacterium in close proximity
to the carbon source. Domain rearrangement and genetic duplica-
tion appear to have played a role in the acquisition of  genes for
some of  these enzymes, particularly within the pectin degrading
system. Finally, a number of  polysaccharide depolymerizing
enzymes have been identified that appear to contain two catalytic
domains. In the case of  Chitinase B, each of  the domains has a
distinct activity on chitin. Taken together, these features may
contribute to the ability of  M. degradans to efficiently metabolize
such a wide range of  polysaccharides and may have allowed it to
adapt its enzyme systems to act on newly encountered substrates.

80
TRANSCRIPTOME RESPONSES OF A SIBE-
RIAN PERMAFROST ISOLATE
PSYCHROBACTER 273-4 TO GROWTH AT
LOW TEMPERATURES AND INCREASED
OSMOTIC PRESSURE
M. A. Ponder, H. Ayala del Rio, M. F. Thomashow, J. M. Tiedje;
Michigan State University, East Lansing, MI.

The continuously frozen conditions of  the permafrost pose a
challenge to microbial survival. The Siberian permafrost is an
extreme, yet stable environment continually exposed to low
temperature (-10°C), low water activity (aw= 0.9) and the associated
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decrease in bio-availability of  nutrients. A diversity of  microbes,
dominated by the bacteria are isolated from the Siberian permafrost.
In addition to maintaining activity at low temperatures Siberian
permafrost bacteria must also contend with the increasing concen-
tration of  solutes in the remaining unfrozen water films (aw=0.85-
0.9). The majority of  these isolates are capable of  growth under
increased osmotic pressure, in addition to possessing psychroactivity
- the ability to grow at temperatures as low as -5°C. To gain
knowledge of  microbial adaptation to low temperature and water
activity, the genome of  a Siberian permafrost isolate was sequenced.
Psychrobacter 273-4, a gamma-Proteobacterium is psychroactive and
displays marked physiological changes under low temperature versus
mesophilic growth and in the presence of  increased osmotic
pressure. Genes known to be differentially expressed in mesophiles
and some psychrotrophs in response to low temperatures and
increased salinity are also present in the genome. Microarrays
consisting of  70-mer oligonucleotides to 1,S3: of  the 2,056
predicted genes of  Psychrobacter were constructed. Differential gene
expression analyses at 4°C and 24°C reveal 2-fold or greater
upregulation at the cold temperature for at least 10 transport
associated genes and 9 metabolic genes including a potential amino
acid metabolism operon, which has been implicated in compatible
solute production in other bacteria. The different expression
patterns of  the transport genes support physiological evidence that
differential carbon sources are utilized at the two temperatures. The
majority of  genes downregulated (2-fold or greater) when grown in
the presence of  5%NaCl are involved in cation transport, indicating
a systemic response to limit NaCl transport into the cell.
Upregulation of  a gene predicted to be involved in cell shape
correlates with the physiological determinations of  increased cell
size in the presence of  5%NaCl. In addition, general stress response
chaperones are upregulated under both increased salinity and
decreased temperatures. Several other genes with unknown func-
tions are also upregulated under both stresses, which may indicate
their importance in stress survival.

81
FUNCTIONAL ANALYSIS OF SHORT-CHAIN
DEHYDROGENASES/ REDUCTASES (SDRS)
FROM SINORHIZOBIUM MELILOTI
S. A. Adham, A. I. Jacob, T. C. Charles; University of  Waterloo,
Waterloo, ON, CANADA.

Short-chain dehydrogenases/ reductases (SDR) constitute a large
protein family with highly diverse functions in pro- and eukaryotes;
they catalyze NAD(P)(H)-dependent oxidation/reduction reactions.
With the availability of  the genome sequence of  the symbiotic N2
fixing proteobacterium Sinorhizobium meliloti, we are concentrating
on the identification, characterization and over-expression of
unknown proteins classified under the SDR group. S. meliloti has the
ability to utilise a wide range of  substrates for growth. This could
be related to the presence of  the large number of  SDRs in the
genome of  this organism, but little is known about the substrate
specificity of  individual SDRs. We searched for predicted SDRs
containing the PROSITE consensus sequence and other identified
conserved sequence motifs in the SDR families that had been

derived from multiple sequence alignments. The results indicated
the presence of  four different groups: the first group, containing
the PROSITE consensus sequence, consists of  52 different proteins
and was classified as classical group, the second group, classified as
extended, contained 500 different proteins, the third group,
classified as intermediate, was composed of  15 proteins and the
fourth group, classified as divergent, was composed of  19 proteins.
We have constructed an expression vector that generates Strep-tagII
fusions that are IPTG-inducible. The Strep-tagII allows
immunodetection of  the fusion protein. We are overexpressing each
of  our identified genes in this vector. Another experiment we are
carrying out is the creation of  knockout mutations in each of  the
identified genes. Phenotypic and metabolite analyses will be carried
out in attempt to determine the functions of  each of  these genes.

82
CHARACTERIZATION OF GENES ENCOD-
ING 3-HYDROXY-9,10-SECOANDROSTA-
1,3,5(10)-TRIENE-9,17-DIONE HYDROXY-
LASE OF COMAMONAS TESTOSTERONI
TA441
M. Horinouchi, T. Hayashi, T. Kudo; RIKEN, Saitama, JAPAN.

Steroid degradation genes of  Comamonas testosteroni TA441 are
encoded in at least two gene clusters: one containing the meta-
cleavage enzyme gene tesB and following ORF 1, 2, and 3; and
another consisting of  ORF18, 17, tesI, H, ORF11, 12, and tesDEFG.
TesH and I are respectively the Ä1- and Ä4(5á)-dehydrogenase of  the
3-ketosteroid, TesD is the hydrolase for the product of  meta-
cleavage reaction, and TesEFG degrade one of  the product of
TesD. The putative amino acid sequences of  ORF11 and 12,
encoded in the center of  this gene cluster, showed homology to
some oxygenases, though the identity was only about 30% at
maximum. In this study, two characteristic intermediate compounds
accumulated by ORF11- and ORF12-disrupted mutant were
identified as 3-hydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17-
dione and its hydroxylated derivative, 3,17-dihydroxy-9,10-
secoandrosta-1,3,5(10)-triene-9,17-dione by MS and NMR analysis.
A complementation experiment using a broad host range plasmid
showed that both ORF11 and 12 are necessary for hydroxylation of
3-hydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17-dione to 3,4-
dihydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17-dione.
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83
DISTRIBUTION OF CATALYTIC DOMAINS
AND CARBOHYDRATE BINDING MODULES
WITHIN TEN POLYSACCHARIDE DEGRAD-
ING SYSTEMS OF MICROBULBIFER
DEGRADANS 2-40
N. A. Ekborg, M. B. Howard, L. E. Taylor, S. W. Hutcheson, R. M.
Weiner ; Universty of  Maryland, College Park, MD.

Microbulbifer degradans 2-40 was isolated from the surface of  decaying
marsh cord grass, Spartina alterniflora in the Chesapeake Bay. M.
degradans is able to degrade numerous complex polysaccharides
(CPs) from various sources including agar, alginate, chitin, cellulose,
laminarin, pectin, polypectate, pullulan, starch and xylan. This
organism degrades CPs by secreting multiple depolymerizing
enzymes to the extracellular milieu. The draft genomic sequence of
M. degradans was obtained in collaboration with the Department of
Energy Joint Genome Institute to investigate the apparent multitude
of  CP degrading enzyme systems. Genomic annotation by the
Computational Biology division at Oak Ridge National Laboratories
revealed that 185 genes or 4% of  the genome of  M. degradans
appears to be devoted to the degradation of  complex polysaccha-
rides. Similar to biochemical activities detected in cell lysates, genes
for at least 3 depolymerizing enzymes were identified for each
degradation system. Using these data degradation pathways for the
above CPs are proposed. Further analysis of  the predicted proteins
within these pathways revealed that M. degradans encodes 40
different catalytic domain families and 11 different carbohydrate
binding module families along with several predicted domains of
unknown function. This diverse range of  modules devoted to CP
degradation has not been observed in any other organism. The
genomic sequence allows further study into the acquisition of
modules and potential domain shuffling within a single organism.

84
NATURALLY MOSAIC SECONDARY ME-
TABOLITE OPERONS: VARIABILITY AND
POTENTIAL HORIZONTAL TRANSFER OF A
B-KETOACYL SYNTHASE DOMAIN IN THE
EPOTHILONE POLYKETIDE SYNTHASE (PKS)
LOCUS
J. V. Lopez; Harbor Branch Oceanographic Institution, Ft Pierce, FL.

A putative horizontal gene transfer (HGT) event involving one
discrete b-ketoacyl synthase (KS) and a NRPS domain of  the
epothilone Type I polyketide biosynthetic gene cluster from the
myxobacterium, Polyanguim cellulosom was detected using
molecular phylogenetics and sequence analyses. The specific KS
domain of  module EPO B failed to phylogenetically cluster with
other epithilone locus KS sequences, a pattern typically observed in
many other Type I biosynthetic loci. As further support, the d(GC)
content of  the epoB KS and adjacent NRPS (nonribosomal peptide
synthetase) domain appears significantly different from the base
composition of  other epo KS domain sequences. Lastly, the

transposed EpoB/NRPS loci are flanked by previously identified
transposon-like sequences. This study confirms the power of  using
phylogenetic methods to infer the evolutionary history of  particular
gene sequences, and also supports the idea that genes coding for
adaptive traits, e.g. defensive natural products, may be prone to
transposition between divergent prokaryotic taxa and genomes. In
addition, the common phylogenetic clustering of  domains within a
locus support a possible natural mechanism for the diversification
of  secondary metabolite biosynthetic loci via gene duplication, while
a HGT event would support the Selfish Operon Theory.

85
LINKAGE DISEQUILIBRIUM OF HLA DR
GENOTYPES, AUTOANTIBODIES AND
WINGSPAN/HEIGHT RATIOS IN PATIENTS
WITH ENVIRONMENTALLY ACQUIRED
TOXIGENIC ILLNESS
R. C. Shoemaker; Center for Research on Biotoxin Associated Illnesses,
Pocomoke City, MD.

Background: We have presented data showing enrichment of
particular HLA DR genotypes in patients with chronic illnesses
occurring following exposure to toxins made by fungi, dinoflagel-
lates and spirochetes. The association of  HLA DQ-2 with celiac
disease prompted a review of  our 1000 patient library of  HLA DR
genotypes win patients with known illnesses looking at autoantibody
formation. We hypothesized that the DQ-2 linkage and autoanti-
body formation was a subset of  known triplets of  HLA alleles and
that autoantibodies to cardiolipins, gliadins and myelin basic protein
would be differentially increased by exposure.
Methods: Database review of  600 patients with known environmen-
tally acquired illness for whom HLA DR by PCR, autoantibody
testing results and wingspan/height ratios were available were
compared to 100 control patients.
Results: The ill patients had associations with unique exposure-
specific and non-specific HLA genotypes, with the same relative
risks as reported previously. In the patients ill from exposure to
amplified growth of  indoor fungi (n=375), enrichment of  autoanti-
body positivity compared to controls exceeded 36%, 45%, and 15%
for gliadin, myelin basic protein and cardiolipin respectively.
Dinoflagellate (n=75) patients were 22%, 15 % and 8%. Spirochete
patients (n=150) were 25%, 18% and 22%. Control patients were
<2% for all autoantibodies. Wingspan/height ratios for indoor
fungal exposed, ill patients exceeded 1.0 in 75% with DRB1-17,
DQ-2, DRB3-52A and DRB1-7, DQ-2, DRB4-53, but < 10% in
other patients and controls.
Discussion: the link between genomics and environmentally
acquired illness may extend to include autoantibody formation. The
curious association of  susceptibility to environmentally acquired
illness and autoantibody formation with body habitus will require
additional investigation. A prospective study to follow asymptomatic
patients is planned to better define the interaction of  genetics,
environment and autoimmunity.
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86
MICROARRAY ANALYSIS TO ELUCIDATE
MULTIPLE ISOZYMES USED FOR DEGRA-
DATION OF AROMATIC COMPOUNDS BY
RHODOCOCCUS SP. RHA1
E. R. Gonçalves1, H. Hara1, A. Pu1, M. Fukuda2, L. D. Eltis1, J. E.
Davies1, W. W. Mohn1; 1University of  British Columbia, Vancouver, BC,
CANADA, 2Nagaoka University of  Technology, Nagaoka, JAPAN.

Polychlorinated biphenyls (PCBs) and alkyl benzenes are common
pollutants of  soil and water. Bioremediation is an effective means to
clean up alkyl benzenes and is promising for cleaning up PCBs.
Rhodococcus sp. RHA1 was isolated from hexachlorocyclohexane-
contaminated soil and has very broad metabolic diversity. This
bacterium can degrade many aromatic compounds, including alkyl
benzenes and PCBs. Previous work indicated that multiple isozymes
are involved in biphenyl degradation by RHA1 and that some of  the
same enzymes are involved in ethylbenzene degradation. In the
present study a 70-mer microarray with probes for 2484 RHA1
genes (about 30% of  the genome) was used to analyse gene
expression by RHA1 growing on biphenyl, ethylbenzene,
isopropylbenzene, and pyruvate, the latter serving as a control. Total
RNA from RHA1 cells in mid-log phase was extracted, converted to
cDNA using random primers, labelled indirectly with Cy3 or Cy5
esters and hybridized with the microarray. Ethylbenzene induced the
greatest number of  genes, 270 (from 2.5- to 321-fold up-regulation);
while, biphenyl induced 195 genes (2- to 348-fold up-regulation).
165 genes were up-regulated on both substrates, indicating a
common suit of  enzymes used for both substrates. This suit
includes multiple isozymes for each step of  the ring-cleavage
pathway. Besides these known genes of  degradation, many other
genes encoding putative or hypothetical proteins were up-regulated
on biphenyl and ethylbenzene and may contribute to the degrada-
tion process.

87
GLOBAL RESPONSE TO PHENOL-IN-
DUCED-STRESS IN PSEUDOMONAS PUTIDA
KT2440 REVEALED BY QUANTITATIVE
PROTEOMICS
P. M. Santos1, D. Benndorf2, I. Sá-Correia1; 1Biological Sciences, Centre for
Biological and Chemical Engineering , Instituto Superior Técnico, Lisbon,
PORTUGAL, 2Department of  Environmental Microbiology, UFZ-Centre
for Environmental Research, Leipzig-Halle, GERMANY.

Organic solvents may be highly toxic for bacteria depending on
their concentration and tolerance of  the stressed cells. Problems
resulting from solvent toxicity represent a major drawback in
wastewater treatment or bioremediation to remove these chemicals
and in solvent application in whole-cell biotransformations.
However, bacteria can adapt to survive chemical aggression through
a combination of  different mechanisms. To gain insights into the
global mechanism underlying phenol toxicity and tolerance in
bacteria, we have generated a two-dimensional protein reference
map and used it to identify variations in protein expression level in

Pseudomonas putida KT2440 following exposure to sub-lethal
inhibitory concentrations of  this solvent. The inspection of  the 2-
DE gels revealed that 1 hour following sudden cell exposure to two
different concentrations of phenol, leading to the inhibition of
exponential growth (600 mg l-1) or to growth arrest for, at least, 4
hours before inhibited growth resumption (800 mg l-1), the quantity
of  70 proteins was increased while the quantity of  13 proteins was
reduced. The up-regulated proteins includes proteins involved in
the: 1) oxidative stress response (AhpC, SodB,Tpx and Dsb); 2)
general stress reponse (UspA, HtpG, GrpE and Tig); 3) energetic
metabolism (AcnB, AtpH, Fpr, AceA, NuoE, and MmsA-1); 4) fatty
acid biosynthesis (FabB, AccC-1 and FabBx1); 5) inhibition of  cell
division (MinD); 6) cell envelope biosynthesis (LpxC, VacJ, and
MurA); 7) transcription regulation (OmpR and Fur); and 8)
transport of  small molecules (TolC, BraC, AotJ, AapJ, FbpA and
OprQ). Among the down-regulated proteins are those involved in
nucleotide biosynthesis (PurM, PurL, PyrH and Dcd) and cell
motility (FliC). The discussion of  the information emerging from
this genome expression profiling and details of  this study are in
press in the journal Proteomics. The detailed investigation of  the
biological role of  candidate genes, as targets of  phenol toxicity or as
determinants of  phenol resistance in P. putida KT2440, will allow
more rationale strategies for developing bacteria with greater solvent
tolerance. This may have impact in bioremediation and whole-cell
biotransformations in media with organic solvents.

88
GLOBAL EXPRESSION PATTERNS AND
PHYSIOLOGY ASSOCIATED WITH CO-
METABOLISM OF PCBS BY BURKHOLDERIA
XENOVORANS LB400
J. Parnell, J. Park, V. Denef, T. Tsoi, J. Quensen, III, S. Hashsham, J.
M. Tiedje; Michigan State University, East Lansing , MI.

Metabolism of  polychlorinated biphenyls (PCBs) by Burkholderia
xenovorans LB400 has traditionally been induced by growth on
biphenyl or subjection to starvation conditions. While the upper
biphenyl pathway bph-operon has been extensively scrutinized over
the past 15 years, only now with the sequencing of  the LB400
genome are we able to outline the global metabolic networks
involved in facilitating, maintaining, and ultimately regulating
metabolism. Here we explore the physiological and genome-wide
adaptations resulting from (or related to) i) the carbon source effect
and ii) dynamic growth effect of  the degradation of  PCBs. We
characterize carbon source effect under low bph-pathway expression
(succinate and benzoate as carbon source) and induction by
biphenyl. The dynamic growth effect is characterized at different
time points during the growth on succinate-grown culture after
stationary (starvation) phase results in transition to metabolism of
PCBs.  In sequential batch cultures with different carbon sources
LB400 was able to adapt to the noxious conditions imposed by
PCBs (Aroclor 1242, 500 ppm). The presence of  Aroclor1242 had
no effect on the log growth rate with succinate or benzoate as sole
carbon source nor was there evidence of  sizeable PCB degradation.
This tolerance coincides with a detectable reduction in the
biosurface area of LB400 cells in the presence of PCBs that
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apparently results from membrane stress. Differential gene expres-
sion experiments using whole-genome XeotronTM microchip reveal
that, when grown on biphenyl in the presence of  PCBs, 0.59% of
genes among the annotated orf ’s in the genome were up- or down-
regulated compared to biphenyl-only global pattern. With succinate
or benzoate as a carbon source, however, the global gene expression
patterns are identical with or without PCBs.  While there was no
evidence of  co-metabolism of  PCBs during growth on succinate,
during stationary phase a sizeable depletion in PCBs has been
observed. Scanning electron micrographs display membrane vesicle-
like structures that appear in early stationary phase cultures with
PCBs that are not present in growth phase with or without PCBs.
Outlining genome-wide differential gene expression patterns
characteristic for the carbon starvation and starvation-induced PCB
degradation is currently underway.  There are clearly other bio-
chemical pathways involved in the co-metabolism of  PCB, and we
have shown that there is more to PCB degradation outside the bph-
pathway catabolic genes. Although the association of  these pathways
with PCB degradation, whether direct or indirect, and their specific
function remains unclear, identifying their intricacy on a genome
scale is important to gain insights in global mechanisms of  carbon
sequestration in microbial populations and designing clean environ-
mental cleanup technologies.

89
PROTEOMIC STUDY OF THE PHTHALATE
AND BENZOATE CATABOLIC PATHWAYS
OF RHODOCOCCUS SP. RHA1
M. Patrauchan, C. Florizone, R. Patel, M. Myhre, W. Mohn, J. Davies,
L. Eltis; UBC, Vancouver, BC, CANADA.

Rhodococcus sp. RHA1 degrades a wide range of  aromatic compounds
and transforms xenobiotics, such as polychlorinated biphenyls
(PCBs). Accordingly, this actinomycete has great potential for
bioremediation and biotransformations. We used genomic and
proteomic approaches to study phthalate and benzoate catabolism in
RHA1. Sequence analyses of  the 9.7 Mb RHA1 genome confirmed
the existence of  genes encoding benzoate (ben) and phthalate (pad)
degradation and predicted the existence of  genes encoding branches
of  the â-ketoadipate pathway catabolizing catechol (cat) and
protocatechuate (pca), respectively. The putative ben operon included
two previously unidentified genes, encoding a cytochrome P450 and
a reductase, respectively. A divergently transcribed AraC-type
regulatory gene lies immediately upstream of  the putative ben
operon. The putative cat operon only included genes encoding the
first three enzymes and a regulatory protein (catABCR). In contrast,
the pca cluster includes genes predicted to encode all of  the â-
ketoadipate catabolic enzymes (pcaJIHGBLFR). High-resolution 2D
electrophoresis of  the cytosolic proteomes of  RHA1 cells grown on
either phthalate, benzoate, or pyruvate (control) resolved approxi-
mately 1,000 spots per gel. With respect to pyruvate, 113 proteins
were up-regulated at least 2 fold during growth on benzoate and 77
were up-regulated during growth on phthalate. Approximately 10%
of  these proteins were up-regulated in both benzoate- and phtha-
late-grown cells. Peptide fingerprinting (MALDI-TOF and LC-MS/
MS analyses) resulted in the identification of 36 and 41 of the

proteins that were up-regulated in phthalate and benzoate-grown
cells, respectively. These included 5 of  the 6 predicted pad gene
products, which were up-regulated in phthalate-grown cells. In
benzoate-grown cells, the identified up-regulated proteins included
3 of  the 4 ben gene products and 2 of  the 3 cat gene products
(CatAB). Seven of  the 8 predicted pca-encoded enzymes were
identified, and were up-regulated in both phthalate- and benzoate-
grown cells. The results indicate that the final steps of  catechol and
protocatechuate catabolism are catalyzed by the same enzymes in
RHA1. This sharing of  the lower â-ketoadipate pathway enzymes
has also been proposed for Rhodococcus opacus 1CP

90
GENOMIC STUDIES OF RHODOCOCCUS
SP. RHA1: UNLEASHING THE CATABOLIC
POWER WITHIN
L. D. Eltis1, W. W. Mohn1, M. Fukuda2, J. E. Davies1; 1University of
British Columbia, Vancouver, BC, CANADA, 2Nagaoka University of
Technology, Nagaoka, JAPAN.

Rhodococci are widespread in soil environments, diverse in their
catabolic capabilities and well adapted to endure many environmen-
tal stresses. As such, these actinomycetes have great potential for
applications in bioremediation and green chemistry. Rhodococcus
sp. RHA1 is particularly notable for its ability to degrade a wide
range of  aromatic compounds, including polychlorinated biphenyls
(PCBs). We have initiated a genomic investigation of  RHA1 to
better understand the organism’s catabolism and response to
environmental stresses. The 9.7 Mb genome of  RHA1 comprises a
7.8 Mb chromosome plus linear plasmids (invertrons) of  1.1, 0.46
and 0.36 Mb. The genome has been sequenced with 7-fold coverage
and is currently being finished. A total of  9,051 ORFs were
identified by automated annotation. These include genes putatively
encoding polyketide synthases, non-ribosomal peptide synthetases,
and over 100 oxygenases. The latter include 12 cytochromes P450
and 6 ring-hydroxylating dioxygenases. A prototype microarray with
probes for 2484 ORFs was used for transcriptional analyses. Parallel
proteomic analyses used high-resolution 2D electrophoresis and
mass spectrometry. These functional genomic studies have eluci-
dated several catabolic pathways for aromatic compounds and the
roles of  particular oxygenases. These analyses indicate that a similar
suite of  enzymes is employed for biodegradation of  both biphenyl
and ethylbenzene. This suit includes at least 3 ring-hydroxylating
dioxygenases, 2 dihydrodiol dehydrogenases and 3 ring-cleavage
dioxygenases. The use of  multiple isozymes may contribute to the
superior PCB-degrading capabilities of  this organism. Biphenyl
degradation also involves benzoate degradation genes (lower
pathway) not involved in ethylbenzene degradation. Interestingly,
some of  the enzymes involved in benzoate catabolism are also
responsible for phthalate. To further these studies, we are develop-
ing a system for targeted gene disruption in RHA1. In particular,
putative regulatory genes will be tested by knockout analysis. This
investigation has substantially furthered our understanding of  an
important group of  soil bacteria and will facilitate the commercial
exploitation of  rhodococci and related organisms.
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91
FUNCTIONAL GENOMICS OF RALSTONIA
METALLIDURANS CH34: TAKING STOCKOF
MICROBIAL RESILIENCE
S. Moncy1, N. Leys1, R. Wattiez2, P. Janssen1, R. Benotmane1, S. Baatout1,
P. de Boever1, A. Dams1, W. Schoonjans1, P. Cornelis3, M. Mergeay1;
1Belgian Nuclear Research Centre (SCK•CEN), Boeretang 200, 2400, Mol,
BELGIUM, 2Université Mons-Hainaut (UMH), 20 Place du Parc, 7000,
Mons, BELGIUM, 3Vrije Universiteit Brussel (VUB), Pleinlaan 2, 1050,
Bruxelles, BELGIUM.

Ralstonia metallidurans CH34 (ATCC43123) is a â-proteobacterium
isolated from industrially polluted soil. This bacterium evolved
genetic response mechanisms against a variety of  stress conditions.
A first draft of  the complete genome sequence is now available
(http://genome.jgi-psf.org/draft_microbes/ralme/
ralme.home.html). The draft genome sequence is being exploited by
us to further investigate the genetic responses of  strain CH34 to a
variety of  environmental stimuli including heavy metal toxicity,
microgravity, UV radiation, etc. Structural genome analysis shows
high numbers and multiple copies of  heavy metal resistance genes
located on the chromosome (6.8Mb) and on two large plasmids
pMOL28 (180kb) and pMOL30 (240kb), often flanked by Mobile
Genetic Elements (MGE). We identified several heavy metal
resistance genes coding for 12 RND-HME efflux system proteins, 8
P-type ATPAses and several reductases. In addition to the two larges
plasmids we characterized 11 differents type of  IS elements, two
mercury transposons, two Tn4371-like, and a genetic island RMGI-
2(C). This high number of  MGEs and resistance genes suggests a
successful adaptation of  R. metallidurans CH34 to survive in hostile
metal-rich biotopes. Investigation of  the function of  these genes
and heavy metals resistance mechanisms were studied by mutagen-
esis, quantitative PCR and microarrays, and protein 2-D gel
electrophoresis. To study characteristic ‘spaceflight responses’ (i.e.
radiation, microgravity), experiments were performed during two
separate 10-day visits to the International Space Station (ISS).
Space- and ground-grown cells of  CH34 were compared on
molecular level (proteins, RNA, and DNA) and on physiological
level (e.g. by flow cytometric analysis). Distinct changes in physiol-
ogy and gene expression were observed in cells subjected to
spaceflight. Of  twelve proteins found to be over-expressed in space
conditions, acetone carboxylase subunits and the DNA-protecting
stress protein (DpsA) were most significantly induced. We also have
started transcriptomic analysis of  space-grown versus ground-grown
cells and of  wild type versus acxC and dpsA insertion mutants. In
addition, using publicly available genomic and experimental data for
R. metallidurans (and related bacteria), highly specific DNA probes
for 663 stress-related genes of  CH34 were designed. In time, a
complete genome DNA chip for all 7,000 R. metallidurans CH34
genes will be constructed, allowing global analysis of  gene expres-
sion.

92
DEGRADATION OF MONO- AND
DICHLOROBENZOIC ACIDS BY
PSEUDOMONAS SP
R. S. Kahlon, G. Banta, N. Sandhu; Punjab Agricultural University,
Ludhiana , Punbjab, INDIA.

Organochlorinated compounds have been prominently used as
pesticides in agriculture and public health as well as in industry as
solvents. Since only a fraction of  the pesticide reaches the target
organism, major part of  it finds way to the soil and water that act as
natural sinks. Being xenobiotic in nature they resist microbial
degradation and are recalcitrant . Their persistence in the environ-
ment is a matter of  concern as they pose a potential health hazard
due to their toxic and mutagenetic properties. The number and site
of  halogen atom is important in determining the persistence of  the
compound. Over the time some microorganisms have evolved a
variety of  biochemical pathways for the degradation/ detoxification
of  environmental pollutants.  Cleavage of  carbon- halogen bond
achieved by the action of  specific dehalogenase is the key step in the
degradation of  halogenated compounds.. A number of  strains have
been isolated and characterized that utilize mono and di-
chlorobenzoic acids as sole sources of  carbon and energy. Growth
in synthetic medium defined by Dorn etal (1974), with
chlorobenzoic acid as a sole source of  carbon and energy, is
accompanied by the release of  chloride ion in the culture medium.
Release of  free chloride ion in the medium corresponds to the
degradation of  chlorobenzoic acid and is measured as the reaction
with mercuric isothiocyanate ( Bergman and Sanik, 1957). The
present study describes the characterization of  Pseudomonas sp.GV –
18 that utilizes 2-chloro-, 3-chlorro-, 4-chloro-, 2,4-Dichloro-,and
2,5-Dichlorobenzoic acid as sole source of  carbon and energy. The
culture produces an inducible dechlorinase and further metabolises
chlorobenzoic acid by meta fission of  the ring structure as indicated
by the presence of  2,3-dioxygenase and absence of  1,2-dioxygenase.
The genes coding for the degradation of  chlorobenzoic acids are
plasmid borne as the ability to grow on chlrorobenzoic acid is lost
by plasmid curing. The plasmid, anlysed by agarose gel electrophore-
sis, measures 55kd.
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93
STATIONARY PHASE GENE EXPRESSION
OF MYCOBACTERIUM TUBERCULOSIS
FOLLOWING A PROGRESSIVE NUTRIENT
DEPLETION: A MODEL FOR PERSISTENT
ORGANISMS?
T. Hampshire1,2, S. Soneji 3, J. Bacon 2, B.W. James 2, S.J. Waddell 1,
R.A. Stabler 1, J. Hinds 1, K. Laing 1, J. Mangan 1, P.D. Marsh 2 , P.D.
Butcher1; 1 St. George’s Hospital Medical School, London, UNITED
KINGDOM, 2 Health Protection Agency, , Salisbury, UNITED KING-
DOM,3 Birkbeck College, London, UNITED KINGDOM.

The majority of  individuals infected with TB develop a latent
infection, in which organisms survive within the body while evading
the host immune system. Such persistent bacilli are capable of
surviving several months of  combinatorial antibiotic treatment.
Evidence suggests that stationary phase bacteria adapt to increase
their tolerance to environmental stresses. We have developed a
unique in vitro model of  dormancy based on the characterisation of
a single, large volume fermenter culture of  M. tuberculosis, as it
adapts to stationary phase. Cells are maintained in controlled and
defined aerobic conditions (50% dissolved oxygen tension), using
probes that measure dissolved oxygen tension, temperature, and pH.
Microarray analysis has been used in conjunction with viability and
nutrient depletion assays to dissect differential gene expression.
Following exponential phase growth the gradual depletion of
glucose/glycerol resulted in a small population of  survivors that
were characterised for periods in excess of  100 days. Bacilli adapting
to nutrient depletion displayed characteristics associated with
persistence in vivo, including entry into a non-replicative state and
the up-regulation of  genes involved in â–oxidation of  fatty acids
and virulence. A reduced population of  non-replicating bacilli went
on to adapt sufficiently to re-initiate cellular division. The expres-
sion of  a selected sub-group of  genes has also been characterised
further using Taqman technology. Initially utilised to verify the
results gained from array data, profiles from nutrient depleted
bacteria are now being compared to those gained from acute, and
chronic stages of  a murine infection model.
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