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Features

SYSTEMS BIOLOGY: ADVANCING AT A
BREATHTAKING PACE

Editorial: Unraveling Life's Molecular Mysteries

Our researchers are thinking big while working at the molecular level.

New Tools for Analysis
Systems biology enables a leap forward in understanding life.

First, the Questions
Tough questions drive systems biology research.

Sequencing the First Tree Genome

“What makes a tree a tree?” might be easier to answer now.

Pathways Underlying Disorders

Mouse study may shed light on face and skull abnormalities.

Piloting the Pipeline

ORNL's toolkit is identifying and characterizing microbial proteins.

Neutron-Rich Mecca for Biologists

ORNL's state-of-the-art neutron sources should advance protein research.

A Clean Mouse Research Lab
ORNL's new Mouse House is a tribute to Bill and Lee Russell.

A Return on Investment
Biology research may bring improved health for ecosystems and people.

Providing Access to World-Class Tools
The Joint Institute for Biological Sciences should attract world-class talent.

A RICH PAST

Pioneer of Biological Research
Bill Russell's work led to human radiation protection standards.

ORNL's Unsung Discovery
Messenger RNA was first discovered in Oak Ridge.

PROFILE

Tuan Vo-Dinh: Inventor and Mentor
One of ORNL's most prolific scientists collaborates with younger researchers.

RESEARCH HORIZONS
Guiding Light

The Photo-Molecular Comb may be used for drug development.

Another World Record

ORNL has the world’s most powerful microscope, aiding ceramics research.

AWARDS
And the Winners Are. . .

COVER: Tuan Vo-Dinh, recipient of seven R&D 100 awards (see p. 24). Photo by Curtis Boles and bacterial protein visualization by Pratul Agarwal.



Since the ORNL Review last presented a snapshot of Oak Ridge National Laboratory’s
biological research program (“New Biology: Covering All the Bases,” Vol. 34, No. 1,
2001), scientific advances have been occurring at a breathtaking pace. Researchers have
completed sequences of the human, mouse, and multiple other animal, plant, and microbial
genomes. Protein interaction maps have been published for the fruit fly, worm, and yeast, and
molecular processes have been observed in cells using quantum dots. Computational tools and
resources are now an integral part of biological research. Advancements in our ability to observe
biological processes at the molecular level and to derive organizational and operational principles
from the data through integrated informatics, modeling, and simulation are revolutionizing our
understanding of biology and the environment in which we live.

Because of ORNL's core expertise and worldwide reputation as a center of excellence in envi-
ronmental and biological research, because of our unique facilities in the physical sciences and in
the computational sciences, and because of our long tradition of bringing productive interdisciplin-
ary research teams together, ORNL is helping to drive this revolution. Over the next decade, our
research efforts will lead to economical and efficient energy production, sustainable environmental
stewardship, and better human health.

When the Department of Energy initiated the Genomics: GTL program, ORNL offered important
capabilities to support the department’s mission. Several of ORNL's mass spectrometers are now the
workhorses for researchers tasked to establish a high-throughput pipeline for characterization of
molecular machines. Cutting-edge research in molecular and cellular imaging is under way using
ORNL's world-class electron and other microscopy capabilities. Our researchers are applying their
pattern recognition methods and gene-finding skills, along with our high-performance computing
resources, to annotations of hundreds of genomes in collaboration with other experts in the sci-
entific community, thus enabling comparative genome analyses and new biological insights.

Working at the molecular level, we are nonetheless “thinking big.” ORNL is pioneering the
integration of modern biology and ecosystems research, based on the foundation of understanding
molecular machines and molecular interactions. We are assembling a world-class team of envi-
ronmental scientists, biologists, physicists, chemists, mathematicians, computational scientists,
and engineers, who can apply the principles of systems science and engineering and knowledge
of their respective fields to grasp biological complexity and to apply ultimately the principles and
mechanisms of biology in engineered systems.

The DOE Office of Science has proposed to build four major high-through-

put biology user facilities as part of a 20-year plan for scientific facilities f\
that will position the United States for leadership in 21 century science ) V
and technology. Our scientists—their facilities, partnerships, and @ —
research directions in systems biology, as summarized in this /T\f
issue of the Review—are developing the technical foundations 7~ ‘ > b
for these new facilities to support DOE’s goals. = \ ‘ = . 0 ¥
At ORNL we are building on five decades of excellence : "1’ (O - e U g
in biology and environmental science. We are proud of our é_., — A

past, and we are excited about the chance to participate in
discoveries that surely lie just over the horizon.

Reinhold Mann
ORNL Associate Laboratory Director
Biological and Environmental Sciences

Visualization of a microbial protein
intertwined with a DNA strand. & ¢

Visualization by Pratul Agarwal. '? RSN



New Tools of Analysis

Systems biology enables a leap forward in
‘understanding life.

n the mid-1990s at Ohio State University, Dorothea

Thompson studied a single gene and a single promoter
regulating that gene as part of her doctoral thesis research.
Today Thompson, a molecular microbiologist in ORNL’s Envi-
ronmental Sciences Division (ESD), acknowledges that today’s
Ph.D. candidates in genomics no longer focus on, say, deter-
mining the DNA base sequence of a single gene or predicting
“the structure of one protein formed according to one gene’s
instructions. Instead, like Thompson, these graduate students
‘are taking a systems-level approach to describing biological
organisms. They are engaged in systems biology, invented
by physical scientists who apply systems analysis tools to
biological problems.

Consider Nathan VerBerkmoes, a third-year Ph.D. can-
didate in the University of Tennessee-ORNL Graduate School
.of Genome Science and Technology. (GST), who.is working |
with Bob Hettich, a mass-spectrometry expert in the Organic
and Biological Mass Spectrometry Group in ORNL’s Chemical
Sciences Division (CSD). By developing and demonstrating a
“mass-spectrometry-based technology platform for systems biol- |
ogy studies, VerBerkmoes has been able to contribute as a first
author or coauthor on at least 10 scientific journal papers that

have been published, are in press, or are under review.

“Many researchers have spent their entire careers investi-

‘gating a particular protein—its interactions, its regulation, and
its pathways,” Hettich says. “Systems biology is the opposite of
‘this conventional biological approach because it takes a global
view down rather than a reductionist view up. You don’t target

“any particular gene or protein but rather take a snapshot of the
whole organism and all of its parts working together.”

In the case of a bacterial cell, systems biology attempts
to integrate all the DNA information (the genome), the RNA
information (the transcriptome), the protein information (the
proteome), and the metabolite information (metabolome). “The

integration of this global information should provide a com-
posite description of the whole function of the organism,”
- Hettich says. :

In a couple of systems biology projects, VerBerk- °
moes and Hettich collaborate with Thompson, who has
obtained microarray data on specific activated genes of the

_Shewanella oneidensis bacterium in the presence of radio-
nuclides and toxic metals, such as strontium and chromium.
Using mass spectrometers to analyze S. oneidensis as it makes
a metal less soluble and more likely to stay put in sediments

~or soil, VerBerkmoes cranks out lists of proteins and their
relative concentrations.

Thompson’s microarray data show that the expression
level of some genes has risen, and VerBerkmoes’ mass spec data
indicate an increase in the abundance of corresponding proteins

~encoded by those genes. They send their data to computational |
biologists for additional interpretation and analysis. From this

‘kind of collaboration emerges a scientific paper.
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Genomics,
proteomics, and bio-
informatics have all come
into play in this research. The
work is an example of “microbial
functional genomics,” says Thompson, who coauthored the
first textbook on the subject with three other researchers,
including her colleague Jizhong Zhou, a pioneer in the environ-
mental applications of DNA microarray technology. But, broadly
speaking, understanding the roles of genes, proteins, protein
complexes, regulatory sequence elements, and complex regu-
latory networks within cells and how they operate together to
enable cells to function and survive is systems biology at work.
Changes in system components and their interactions can best
be studied when the cells are either grown in different ways or
stressed by exposing them to toxic or radioactive metals.

”

From Genomics to Proteomics

Hettich explains that genomics embraces not only the
order of the DNA bases but also the location of all the genes
in a particular genome. The genome is translated into the tran-
scriptome—the RNA level indicating which genes are turned on
and which ones have a high expression level. The next level is
the proteome—the proteins produced by the cell in response
to instructions from the expressed genes.

The proteins interact with each other and form protein
complexes, which carry out much of the work of the cell:
Identifying and analyzing protein complexes in two bacterial
species—Shewanella oneidensis and Rhodopseudomonas
palustris—is the goal of the Department of Energy’s Genom-
ics: GTL Center for Molecular and Cellular Systems, of which
Michelle Buchanan is scientific director.

Buchanan, CSD director, calls R. palustris “a good
bug for DOE’s missions because it might be useful for
hydrogen production, carbon sequestration, and waste
remediation. That’s partly why we chose it. Depending on
how R. palustris is grown, it will turn on different parts of its
apparatus to take different pathways to ensure survival. That'’s
also why we want to understand from a systems approach how
we can control those metabolic pathways to get the microbe to
do all the things we want it to do simultaneously.”

Frank Larimer, leader of the Genome Analysis and
Systems Modeling Group in ORNL’s Computer Science and
Mathematics Division, says that computational biologists col-
laborate with experimenters in an iterative process. “Experi-
menters help us fine-tune a computer model of a bacterium,
such as R. palustris,” he says, “to get a comprehensive view of
this biological system and to predict how best to re-engineer



it to maximize its ability to achieve a desired function, such
as producing hydrogen.”

Ecosystem Genomics

“Systems biology looks at a microbe as a cell—as a mi-
crobial system with all the genes, RNA, ribosomes, proteins,
and regulatory sequences that are active all the time as a
total system,” says Brian Davison, director of ORNL's Life
Sciences Division. “Then it examines groups of microorgan-
isms, communities, and ecosystems of microorganisms-all
working together.”

In the past, ecologists have tried to understand the func-
tioning of ecosystems—from forests to wetlands to deserts—in
terms of different species, including bacteria, plants, and ani-
mals. The approach has not worked. Some ecologists now argue
that it may be possible to understand ecosystems by starting
with DNA molecules. The concept often elicits laughter, but
according to ESD’s Steve DiFazio, there are reasons to believe
this approach could work.

“Multicellular organisms share the same genetic code
and are related evolutionarily. For example, most organisms
respire in about the same way. We can exploit this shared an-
cestry and conservation of function to desigri genomic tools
that can be used to elucidate the underlying rules that govern
the organization and functioning of ecosystems. {

“In traditional ecological research, we isolate an indi-
vidual plant in the laboratory and study how it responds when
grown under changing conditions,” he continues. “But when
we grow the same plant in a natural ecosystem in the field,
we find that typically it will respond differently in the field
than in the lab. The organism will interact with other =
plants, as well as fungi and bacteria in the soil. 1

“Often, the responses from individual 1ab
experiments don’t allow ecologists to predict
accurately the results in the field because of
interactions among unknown organisms in
natural ecosystems. Thus, ecologists must
ultimately study and manage organ-
isms in the context of ecosystems.
In much the same way, individual
genes cannot be studied
in isolation but must be
functionally character-
ized in the context of
living organisms. This
is the signature pur-
pose of systems bi-
ology. Just as parts
of cells exchange
protein subunits,
organisms in an
ecosystem can ex-
change metabolites
and signals that help

.'-_‘ -
u

each other survive,” DiFazio says, explaining that metabolites
are compounds containing carbon, nitrogen, and other ele-
ments that provide cells with energy and building blocks of
proteins.

“For example, certain fungi (mycorrhizae) can survive
only by growing on tree roots. Without the fungi, the tree will
not grow as well or survive severe drought. Genomics provides
tools and information that will allow us to understand the
mechanistic basis of these complex interrelationships.” -

“We are sequencing the fungi that affect the poplar tree’s
mineral uptake and drought tolerance,” says ESD’s Jerry Tus-
kan. “We are beginning to build bioinformatics resources that
will allow us to look at how enzymatic systems within organ-
isms interact, how organisms interact among themselves, and
how those interactions are shaped by other organisms and
physical components in the environment.”

To understand ecosystems, researchers may need to get
down to the molecular level, to the level of genes and proteins,
to understand why components that are similar yet differ-
ent—like ORNL staff members and UT gradu'ate students—are
so dependent on each other. ® '

Graduate student Nathan C. VerBerkmoes
and ORNL researcher Dorothea Thompson

at an ion trap mass spectrometer used

to identify proteins in Shewanella

L oneidensis bacteria (in sample
bottle) before and after exposure
to chromium.

i
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First, the Questions

Tough scientific questions drive
_systems biology research at ORNL.

cientists believe they are on the brink of solving some

mysteries underlying the miracle of life. The conflu-

- ence of increasingly sophisticated analytical techniques, more
powerful computing capabilities, and multidisciplinary partner-
-ships linking some of the world’s best researchers have set the
stage for a revolution in biology. This revolution, spawned by

. systems biology research on the heels of the Human Genome .

Project, could produce answers to some very profound ques-

_tions. In addition, it could suggest new questions to ask, based |

on the flood of data resulting from experimental analysis and
computer modeling.

What Makes Species Different

The quest begins with some fundamental questions, such

“as: Biologically, what makes humans different from mice or

flies? Researchers need to use systems biology to resolve these
classical questions in biology: How is an organism’s complexity
created from a single-celled embryo? Why is one human indi-
*vidual more likely than another to develop a certain disease?
The recent sequencing of human, mouse, and other
‘genomes has not yet provided full answers to these questions.
What we have learned, however, is that humans and other large

CY L L XY R

The poplar genome
was the first tree
to be sequenced.

% SEQUENCING
. the FIRST TREE GENOME
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mammals share many genes and proteins found in multicel-
lular animals such as worms and mice. So, what makes species
different?

“A half a billion years ago, around the Cambrian era, the
evidence suggests a huge explosion in the number of different
body plans for multicellular animals,” says Jay Snoddy, a bio-
informatics researcher at the University of Tennessee-ORNL
Graduate School of Genome Science and Technology. “The
protein-coding part of the genome for genes involved in lay-
ing down the body plan of different animals, like humans and
insects, did not seem to diverge that much.”

Subtle changes, however, do occur in the genome, mclud-
ing the part that helps determine when the RNA and protein
for a gene are made. These subtle changes may affect whether
a gene in a cell will be silent or active. These changes outside
of the protein-coding part of a gene can determine when and
where that gene makes a protein in a subset of cells during the
development of an organism from an egg. In some sense, the
evolution of body plans is often the evolution of changes in
development, and changes in development are often initiated
by subtle changes in the networks that regulate the expression
of genes in cells.

“According to some researchers, what makes humans
different from mice does not lie in the protein coding part of
the genome,” Snoddy says. “The difference often lies in the
genome parts targeted by regulatory transcription factors that
decide when and where a protein should be made.”

0...“'-_". R

In 2004 researchers from around the world finished sequencing
the complete genome of Populus, the first tree and the third plant
to have its molecular “parts list” revealed. Jerry Tuskan of ORNL's
Environmental Sciences Division, who led a group that played im-
portant roles in the international effort, says the sequenced genome
will bolster researchers’ chances of answering several important
questions. For example, “What makes a tree a tree?”

Researchers have sequenced the complete genomes of two other
plants, which are neither trees nor perennial species. One plant
is rice and the other, Arabidopsis, is an herbaceous weed. Com-
parison of the genomes of the three plants is expected to provide
some answers.

Studying the Populus genome under which hybrid poplars, cot-
tonwoods, and aspens fall, could enable scientists to address
some questions of interest to the Department of Energy's Office of
Biological and Environmental Research. The office funded ORNL's
research effort in support of the International Populus Genome
Consortium (IPGC).

These questions might be: How do individual genes influence the
growth of trees, their adaptation to the natural environment, the
functioning of the forest ecosystem, and its response to climate
change? Can poplar trees be designed to promote storage of carbon
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Snoddy compares
genes and proteins to con-
served computer hardware
and chips, designed millions
of years ago. “What has evolved
over the centuries has been subtle
changes in networked wiring and soft-
ware—subtle changes in the regulation of f{ .
genes and in the timing and location of the: W
regulation,” he says. “Small changes in gene &
regulatory networks, cell-to-cell communication,
and protein interaction networks are among the
forces that have contributed to the huge amount =
of complexity, diversity, and variability of species on
the earth. Understanding these relationships should be
a long-term goal for systems biology.” ]

Snoddy and his UT colleagues Bing Zhang, Stefan
Kirov, Rob Williams, and Michael Langston are using com-
puter analysis of gene expression data sets to study regulatory
networks in the brain. These networks “read out” the genome
information and integrate it with other information signals
that a cell receives from the extracellular environment during
physiology and development. These regulatory networks are
key to understanding many fundamental parts of biology. This
knowledge is also useful in practical matters, such as biomedi-
cal applications; parts of these regulatory networks seem to be
affected both by disease and drugs used to treat it.

R,
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in the soil for longer times by fixing it into a chemical form that
resists microbial degradation, thus enhancing carbon sequestra-
tion and slowing the buildup of atmospheric carbon dioxide? Can
poplar trees be designed to grow faster and produce higher-quality
wood for building products, as well as more biomass that can be
converted to liquid biofuels with higher energy content?

“Populus was selected as the first tree genome to sequence for
several reasons,” Tuskan says. “The genome is small, it is easy to
clone, a lot of genetic information is available on this species, and
a lot of scientists have studied it. The genome is a model perennial
woody plant, is fast growing, and has several uses of interest to
DOE and the forest industry.”

A group of researchers in ORNL's Environmental Sciences Division
worked on the Populus genome for almost two years. Tuskan
served as the point of contact for the IPGC and the three groups
annotating the sequence, including the group led by Frank Larimer
in ORNL's Life Sciences Division.

“We developed a genetic map of the Populus genome and iden-
tified 1300 simple sequence repeats, which are important DNA
markers, in the map,” Tuskan says. “Of 365 million DNA bases
in the genome, we linked 265 megabases to the genetic map.
Our second contribution was to help IPGC computational biolo-

The rhinoceros, zebra, elephant, and peacock all
illustrate the phenotypic diversity that can come
from similar genomes.
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gists ‘train’ gene-calling algorithms so they can identify genes
in the Populus genome. We sequenced about 500 full-length
cDNAs—expressed DNA sequences—and sent them to the three
annotation labs.”

These labs—Larimer’s group in Oak Ridge, DOE's Joint Genome
Institute in California, and the University of Ghent in Belgium—are
developing algorithms and training them based on poplar-unique
or poplar-specific genomic characteristics. About 95 to 98% of the
expressed part of the genome—the part that contains genes—has
been sequenced.

“If all three models from these labs predict that a particular sequence
is a gene, we will have pretty high confidence that it is, in fact, a
gene,” Tuskan says. “If only one group predicts that a sequence has
function, we may be more skeptical about whether it's a gene.

“We think the number of genes in the Populus genome will prob-
ably range from 30,000 to 35,000 genes. The process will take a de-
cade or more of research to understand what each gene does.”

What makes a tree a tree? Tuskan says researchers are already
finding hints as they compare plant genomes. One answer may
lie in the regulatory elements that control the expression of the
structural genes that code for certain enzymes.

Vol.37,No.3,2004 S5
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PATHWAYS UNDERLYING DISORDERS

Abnormalities of the face and skull rank among the most com-
mon birth defects in humans. Understanding such complex hu-
" man disorders requires a systems biology approach, according to
Cymbeline Culiat, a molecular geneticist in ORNL's Life Sciences
Division. She is taking this approach as she investigates a series
of eight mutant mouse strains that could serve as animal models

for deciphering the complex molecular interactions underlying -

skull development.

“We found that these eight mutations occurred in the same gene
and that this gene codes for a novel cell-signaling protein critical

-to the development of bones in both the skull and spine,” Culiat
says. “This collection of mutant mice carrying different changes in
the same protein gives us an excellent opportunity to understand
that particular protein’s various functions.”

“In the mutations being studied by her group, when one part of -

the protein is affected by a mutation, a mouse may be born with a
deformed skull and face but a normal spine. If another portion of
the protein is affected, severe defects in both the skull and spine

.occur. In this gene’s most severe mutation (designated 102DSJ), .

the amount of protein being made is greatly reduced. The mice
with this mutation exhibit extreme alterations in spine curvature
and skull anomalies.

- "Our mice are potential models for children suffering from cranio- -

synostosis (CS), a condition wherein skull bones grow very fast
-and fuse prematurely, preventing further brain growth,” she says.
“Children with CS undergo major skull reconstruction at an early

“age and can suffer from mental retardation, visual and hearing

impairment, and skeletal defects of the limbs and spine.

-“Some children with CS manifest the same type of spinal defect
observed in our mutant mice and some do not,” Culiat continues.

_“If we can figure out why and how the mutant protein in our mouse
models affects both the developing skull and spine, we will better
understand this complex human disorder.”

The availability of mouse and human genome sequences, rapid
advances in-technologies for detecting and measuring changes
in gene expression, and computational tools for analyzing vast
amounts of data are allowing Culiat and her associates to seek
answers to systems biology types of questions: Which groups of
genes interact and how do proteins interact to ultimately control
the development of specific biological structures or perform certain
functions? When a mutation occurs in a key gene in a pathway,
how does the resulting perturbation in the pathway’s other genes
ultimately lead to a disease or abnormality?

Culiat established a collaboration with Mark Shannon of Applied
Biosystems-Celera, which has developed sophisticated gene
expression technology. Shannon wanted to test his company’s
technology on a large scale, to determine how useful it is for

- studying biological pathways in a whole organism—such as a -

mutant mouse. :

Using bioinformatics data, the collaborators initially studied 300
genes in normal mice, as well as in mutant mice carrying the
- most severe mutation (102DSJ). The genes are involved in bone,
cartilage, and brain development 'and in cell proliferation and
differentiation. The researchers also assayed the expression of

6 Ock Ridge National Laboratory REVIEW

ORNL mice and rabbits (studied elsewhere and shown
above) are potential models for children suffering from

a condition wherein skull bones grow very fast and fuse
prematurely, causing facial abnormalities and preventing
further brain growth.. -

mutant protein, based on knowledge of the predicted functional
domains. - : : :

Shannon'’s lab performed thousands of very sensitive assays of
RNA samples extracted from mouse embryos. The results showed
that 33 out of 300 genes were significantly perturbed and that
the majority of the genes exhibited reduced expression in all mice
with the 102DSJ mutation.

|
genes coding for proteins that could potentially interact with the |
]
I

“Most of the affected genes are involved in biological pro-
cesses that are critical for the maturation of precursor bone
cells,” Culiat says. “Some of the genes were perturbed only in
the head but not in the body, while others showed alteration
in expression in the body but not in the head.”

Culiat hopes future research
on protein interactions
will shed light on the

inherent complexity of -
biological processes
underlying such genetic
disorders.

Computer

visualization

of an E. coli
- bacterial protein
l using Visual
Molecular Dynamics
‘software.




Microbes on a Mission

The Department of Energy seeks to understand the

diverse range of biochemical pathways that enable single-
| celled organisms to survive under extreme conditions—high
: temperature, high radiation, and high concentrations of toxic
chemicals. DOE is interested in harnessing the genes of these
microbes, whose capabilities could help DOE meet its missions
in environmental bioremediation, carbon sequestration to slow
climate change, and energy production. ORNL researchers and
their collaborators are studying these microbes as part of DOE’s

Microbial Genome Program and Genomics: GTL Program.

Multitalented bacteria of interest to DOE include Deino-
coccus radiodurans, which can withstand high doses of radia-
- tion because these cells efficiently repair radiation damage.
t Like Shewanella oneidensi, which is also studied at ORNL,
these bacteria reduce certain metals—that is, they donate
electrons to toxic metals, like chromium and uranium, so they
E can extract energy from carbon. When these metals accept
i the electrons, they often are converted from a soluble to an
:

T R L e T

insoluble state, possibly enabling bioremediation. ;
Questions that drive some ORNL research include the fol-
lowing: How will these bacteria respond to the stress of a
soil or groundwater environment loaded with toxic
and radioactive metals? Will some bacterial
¢ cells convert radioactive uranium in storage
ponds from a soluble to an insoluble form
so that this toxic metal sinks into the sedi-
ments or stays put in soil instead of dis-
: ~ solving in water that may
flow off-site? Can a
- microbe like

Deinococcus radiodurans be “designed” so that more of its

genes focus on remediating sites with mixed wastes—com-
binations of radioactive materials and toxic metals? Can a
uranium-contaminated site be populated with Shewanella
oneidensi or some other bacteria “trained” to remove uranium
from groundwater and moist soil, saving DOE billions of dollars
in toxic waste cleanup activities? ' ;

Certain bacteria in the ocean and on land take up carbon
dioxide from the atmosphere and perform photosynthesis. Can
genes from these bacteria be harnessed to help DOE halt the
buildup of atmospheric carbon dioxide from energy production?
Can the poplar tree be designed to grow faster and take up more
atmospheric carbon dioxide that will be stored in its branches
and roots? Can systems biology find ways to ensure that more
carbon from decaying roots stays locked up in soil rather than
being released back into the atmosphere?

DOE is also interested in microbes that produce clean fu-
els, such as methane, methanol, and hydrogen. ORNL research-
ers and their collaborators are focusing on Rhodopseudomonas
palustris as a potential energy source. Can it be grown in a
certain way or can its genes be harnessed to produce hydrogen
efficiently? Can enough hydrogen be produced biologically for
use in power-producing fuel cells for cars and buildings in the
envisioned hydrogen economy?

Researchers in ORNL's Environmental Sciences Division
are addressing these and other key scientific questions about
the microbial community: What is the genetic diversity of
microbial communities? How do environmental disturbances,
such as contaminants, affect the structure, functional stabil-
ity, and adaptive capacities of microbial communities? Can the
diversity and metabolic capabilities of a microbial community be
manipulated to achieve desired functions, such as remedia-
tion of mixed-waste contaminants?

To understand how a cell works, re-
searchers must understand how protein
complexes do the work of the cell. Ques-

_ tions that ORNL biologists are asking and
hope to address using systems biology
include the following: Why does a certain
protein complex behave the way it does?

How far can a protein complex be twisted

so that it does something a little different
better, cheaper, and faster than it did before? Will
the protein complex meet our needs yet still survive?
If a certain genetic part of a mutant E. coli bacterium is
knocked out, will the bacterium suddenly produce more suc-
cinic acid for making useful products? If bacteria capable of
anaerobic digestion are grown on a particular feedstock, will
large amounts of methane be produced all the time, even
when the feedstock is changed? To save time and money,
could a biology experiment be simulated on a computer
and confirmed in the laboratory? : '

These and other questions are driving biological research

at ORNL and fueling the revolution in post-genome biology. ®)

Vol.37, No.3,2004 7



PILOTING THE PIPELINE

ORNL is assembling a state-of-the-art
toolkit for systems biology research
such as characterizing and i lmaglng
microbial cells for DOE’s genomics
research programs.

pal The automated plpelme Mass spec and
proteomics. :

These phrases are used by ORNL researchers who probe

.microbes to determine what these “bugs” are made of and

what drives them. The Institute for Genomic Research and

the Department of Energy’s Joint Genomics Institute (JGI) .

sequenced these microbes. They are among the 100 microbes
_annotated by an ORNL group of computational biologists led
by Frank Larimer of ORNL's Life Sciences Division (LSD). This
group identified and characterized most of these microorgan-
isms’ genes.

DOE is seeking more detailed information about the

_proteins encoded by these genes. Using a systems biology

approach, ORNL researchers are trying to determine which
microbial proteins, or groups of proteins called protein com-
plexes, carry out a function of interest to DOE.

One microbe of great interest to DOE and ORNL is
“R pal,” short for Rhodopseudomonas palustris. This bac-
terium, which can be grown in many different ways, could
possibly be manipulated to produce hydrogen efficiently
-while fixing nitrogen or to take up carbon dioxide from the
air, slowing the buildup of a greenhouse gas. Identifying the
protein complexes in R pal is an initial goal of DOE’s Genom-
ics:GTL Center for Molecular and Cellular Systems, of which
-Michelle Buchanan is scientific director. Buchanan, director of
ORNL'’s Chemical Sciences Division (CSD), says ORNL has the
task of identifying and testing tools that will be used to rapidly
identify and characterize protein complexes in many different
microbes. The idea is to determine which proteins do the work
of a bacterial cell and keep it alive under different growth states
and environmental conditions. She talks about analyzing a
microbe a day by running it through an automated “pipeline”
that incorporates an “arsenal of methodologies.”
' The workhorse instrument in the pipeline is
the mass spectrometer. “Mass spec” is considered
the world’s leading tool for “proteomics,” which
entails rapidly identifying and characterizing
‘proteins and the changes they undergo—called
post-translational modifications (PTMs)—when
a microbe is grown differently or is exposed to
a toxic material that could reduce its ability to
-render a desired service.

“This year we are focusing on high-
throughput, automated analysis of protein
complexes in a large format process so we
.can do many things at one time in a massively
parallel way using mass spectrometers and mi-
croscopes,” says Buchanan. “The concept is not
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R. palustris bacteria might be coaxed
into producing hydrogen efficiently.

to follow a biological pathway
from beginning to end. Rather,
we are ‘jumping’ on a microbe
and trying to identify as many
of its protein complexes as we
can as fast as possible. Once we
obtain the parts list, biologists
can use it to figure out how the
parts interact.”

The ORNL pilot project led by
Buchanan involves growing microbes in
different ways with special tags; extractmg
their protein complexes; identifying and
¥ characterizing the protein complexes using
- mass spectrometers and imaging tools, such

as fluorescent microscopes; and sending mass
spectra and other data to bioinformaticians and computational
biologists for interpretation. These specialists write algorithms,
improve supercomputer codes, and annotate genome sequenc-
es. One goal might be to identify the R. palustris protein most
involved in hydrogen production.

ORNL researchers hope the project will strengthen the
Laboratory’s effort to compete for one of the DOE Office of Sci-
ence’s proposed new genomics user facilities—the Molecular
Machines Characterization and Imaging Facility. CSD’s Greg
Hurst and Bob Hettich anticipate that the facility will have
at least 60 mass spectrometers to meet DOE’s goals.

“We will need various methodologies to characterize
the interactions of protein complexes with each other and
with other components of bacterial cells,” Hettich says. “A
high-throughput pipeline will be anchored around mass spec-
trometry, but there will also be lower-throughput parallel lines,
such as imaging and neutron scattering. These technologies
will be very important for targeting specific pieces of informa-

tion for these biological systems.”

. Growing R Pal

LSD’s Biochemical Engineering
Research Group grows masses of
bacteria in various ways in biore-

actors for use in research. “If
R. palustris is grown so that

it receives energy from
light and carbon from
ganic molecules, it

,” says LSD direc-
r Brian Davison. “If,
owever, R. palustris
il :li grown so it gets en-

Kathy McKeown grows and
purifies cultures of R. palustris
bacteria as a part of the

“pipeline.”




NEUTRON-RICH MECCA FOR BIOLOGISTS

Biologists can image proteins using electron and atomic force microscopes. They can visualize the three-dimensional structure of pro-
teins—amino-acid sequences folded in complicated ways—by using X rays at ORNL and other DOE labs. They-also can identify proteins
using mass spectrometers and predict their structure using supercomputers.

What they cannot “see” with these tools are a protein’s most active and abundant components, their interactions, and their locations
in protein complexes. These components are hydrogen atoms, and they can be seen only with neutrons. In two years Oak Ridge will
offer biologists two powerful sources of neutrons.

The sources are the High Flux Isotope Reactor, which is already the best steady source of slow neutrons, and the accelerator-based
Spallation Neutron Source, which will be the world's best source of pulsed fast neutrons, starting in 2006.

“HFIR and SNS will both have small-angle neutron scattering instruments, which will enable biologists to understand the structures
and activities of proteins, lipids, and sugars,” says Dean Myles, director of DOE's Center for Structural Molecular Biology (CSMB) at
ORNL. “The SNS will also likely have a protein crystallography instrument and a reflectometer for better understanding cell-to-cell com-
munication.”

Because CSMB is offering all these tools to scientific users, Oak Ridge may someday be-
e a neutron-rich mecca for biologists.

l/,‘ “
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Sam McKenzie checks the
SNS accumulator ring.

ergy from light and carbon from carbon dioxide, R pal could

be used to slow the buildup of atmospheric CO,.” Igﬁr;’rgi"cad‘ltg‘iﬁgrggszcit:ria

5 & protein production.
Extracting Protein Complexes

LSD’s Dale Pelletier and his colleagues.perform mo-
lecular biology to induce bacteria to express proteins that
are tagged, so that protein complexes can be fished out or im-
aged inside live cells. One trick Pelletier’s group uses to fish
protein complexes out of bacterial cells is what Buchanan
calls “selective Velcro.” Multiple copies of special genetic
sequences are added to R pal cells reproduced at ORNL.
Within each cell, a protein called a 6-histidine tag grows as: ///
an attachment to a protein complex. The 6-histidine protein! |||/
has an affinity for nickel. [

Upon disruption of the cells’ membranes, affinity||
reagents made of beads coated with nickel are mixed with
the cell contents. “The 6-histidine binds to the nickel,” '
Pelletier says. “We fish out the beads and out come protein |
complexes.”

The goal is to create a library of antibodies that indi-
vidually pair with specific microbial proteins. The antibodies
can be used to extract target proteins and their partners.




A Leading Analytical Tool

Pelletier’s group purifies the protein
complexes extracted from the R pal cells
and hands them over to CSD’s GTL mass |
spectrometry effort, led by Hurst. This group
uses liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) to identify and characﬂénze

" microbial proteins and protein complexe_s\ \\

didate at the University of Tennessee-ORNL Graduate School -
of Genome Science and Technology, has been a driving force in
using CSD’s three ion trap mass spectrometers for “bottom-up”
identification of the components of proteins. ORNL researchers
are integrating the top-down and bottom-up approaches to get
the most comprehensive proteome information.

“Using LC-MS technology, we can identify a substantial por-
tion of the R. palustris proteome,” Hettich says. “In the more com-
mon bottom-up MS approach, the complex protein sample from
R. palustris is digested with the protease trypsin, which selectively
cuts all the proteins into smaller pieces called peptides. We iden-

A CLEAN MOUSE RESEARCH LAB

The new “Mouse House"” is a tribute to Bill and Lee Russell, the
husband-and-wife team who conducted genetic research at
ORNL for nearly 50 years.

Made with the mouse in mind. That is one way to describe the
William L. and Liane B. Russell Laboratory for Comparative and
Functional Genomics. The $14 million Russell Lab is a new 36,000
ft, building on ORNL's life and environmental sciences campus,
where researchers will determine the biological functions of a
subset of some 30,000 mouse genes, 85% of which are identical
to human genes.

“This Department of Energy user facility was designed from
the mouse’s point of view,” says Dabney Johnson, leader of
the Mammalian Genetics Group in ORNL's Life Sciences Divi-

tify the individual peptides by investigating their fragmenta-
tion using tandem MS, and then assemble the information to
identify the original proteins present in the sample.”
“First, we identify and catalog proteins in the R pal bacte-
rium,” Hettich continues. “Then we try to determine how much
_of each protein is present when R pal is grown under different
conditions. Mass spec is the best tool for not only identifying
proteins but also for characterizing their PTMs.”
Recently, Hettich, Hurst, VerBerkmoes, and postdoctoral
associate Michael Brad Strader identified and characterized the
- 54 proteins that make up the R pal ribosome, the cell’s protein
“factory.” VerBerkmoes and his collaborators also catalogued
all the proteins produced in R pal by its various gfowth states
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1 Bacterial proteins
are identified
using mass spec-
trometers and
visualized using
computers.

/’and measured changes in their
abundance. “Our study is the
first global look at R pal under all
P its growth states,” Hettich says. “We
§ provided a useful starting point for many
biological investigations of this microorganism. We iden-
tified proteins that were either unknown previously or were not
expected to be so important under different growth states.”
“ORNL has identified more than a dozen protein com-
plexes so far,” Buchanan says. “Our target for 2005 is to identify
and characterize 500 protein complexes through work with
our collaborators, especially DOE’s Pacific Northwest National
Laboratory.”

RNA and Microarrays

Another bacterium that could be useful to DOE is
Shewanella oneidensis because of its potential for converting
radioactive uranium compounds into a less soluble state so

sion. “With its air locks and high-tech air filtration, the facility
is pathogen-free, unlike our old Mouse House. The Russell Lab .=
is perceived as a source of clean mice because it poses no ri
of contamination, enabling our biologists to collaborate
with outside scientists.”

The vivarium, which can house up to 60,000
mice, operates more efficiently and has
lower utility and maintenance costs than
the old Mouse House. The savings allows
ORNL to stretch its research dollars far-
ther, compete more effectively for funds -
from the National Institutes of Health,
and attract new research talent.

Only designated researchers and ani- L
mal care contractors can enter the =

e v
Russell Lab. They must take aify 'y

that they sink into the sediments or stay put in soil. ADOE
objective is to prevent uranium contaminants from dissolving
in groundwater and flowing off site, where the uranium could
endanger public health: DOE is interested in knowing how well
Shewanella responds to stress from exposure to toxic metals.
The concern is that the presence of toxic metals might make
Shewanella less effective in immobilizing uranium.

To help answer questions about Shewanella, DOE has
sought help from the group led by Jizhong Zhou, a pioneer in
the environmental applications of microarrays and a group
leader in ORNL's Environmental Sciences Division. A microar-
ray is the only available tool for capturing genome-wide, or
global, information about the intricate timing and coordination



Certain bacterial proteins may be located usmg G
ORNL’s confocal laser scanning mtcroscope i

of gene regulation at the level of RNA in bacterial cells. With a
grid of red and green dots of different brightnesses, a microarray
indicates which genes encode a high level of protein production
and which ones instruct the host cell to produce little or no
protein. The process allows scientists to compare gene activity
in different microbes and their mutants when exposed to toxic
metals such as uranium, strontium, and chromium.

“We have created 40 different mutants of Shewanella
bacteria,” Zhou says. “Mutant bacteria are important to the
understanding of the functions of genes. We are using microar-
rays to determine which bacterial genes encode proteins under
different conditions. That way we will find out which genes
enable a bacterium to effectively reduce a target contaminant
despite the presence of other toxic materials.”

Imaging Live Cells in Action

A novel way to observe which proteins are together in a
complex is live-cell imaging. Mitch Doktycz and his colleagues
in LSD are developing ORNL's imaging capability. Recently,
Doktycz’s group used an atomic force microscope to take im-
ages of R pal grown both in air and in an oxygen-free liquid.
They observed different shapes and surface characteristics of
the bacteria, depending on how they were grown.

showers” to remove debris from their clothing, put on special
shoes, and “suit up” before they handle mice. Mouse food,
bedding, cages, glassware, surgical equipment, and anything
else brought into the facility must be spray-disinfected, fumi-

e gated, or sterilized in steam in an autoclave there.

“ collected, froze, and catalogued embryos, sperm, and ovaries

from more than 1400 mutant mouse strains, each of which

~ has a unique set of genetic mutations. Many of these frozen
- embryos will be brought back to life in the Russell Lab.

Purchased, certified clean female mice introduced to the fa-

_ . cility are being mated with vasectomized male mice. Trained
_staff members surgically implant thawed embryos in the

oviducts of these surrogate mothers. By October 2004, some

75 strains of healthy mice should be thriving in DOE’s major

amxn%! research center.

Doktycz’s group has an epifluorescent microscope and
a recently acquired confocal laser scanning microscope, now
the standard tool for live-cell imaging. The instrument enables
researchers to see which proteins are interacting with each
other and with other molecules inside a live cell in real time.

The Computer Connection

Researchers in LSD’s Genome Analysis and Systems
Modeling Group, led by Frank Larimer and Ed Uberbacher, are
a key part of the pipeline. These researchers are also part of
the Computational Biology Institute in DOE’s Center for Com-
putational Sciences at ORNL, which houses several supercom-

puters. They develop
and apply algorithms,
models, pattern recogni-
tion programs, and simu-
lation methods and work
on automating the pipeline’s
computational part.

The major emphasis of the group j
has been to identify genes in sequenced DNA\ —==
The researchers found genes in 100 microbes and in haigian
chromosomes 5, 16, and 19 after they were sequenced by JGI.
In addition, the group has developed the PROSPECT algorithm to
predic