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Overview and Credits

Introduction to Project
Goal and intended audience

Rediscovering Biology was designed for high school biology teachers
who have substantial knowledge of basic biology but who want to
learn about important new discoveries of the last two decades. It was
also designed so teachers could familiarize themselves with research
methods and tools that will lead to new discoveries in the coming
decade. In designing the project we asked: What do teachers already
know? What information would help them better understand recent
and future developments?

This is not a curriculum development project and does not attempt to
provide materials for use in the high school classroom. In most cases,
the level of presentation is too advanced for those who are beginning
the study of biology. But through exposure to the research methods
and techniques used by today’s scientists, and with an understanding
of some important new concepts, we hope that teachers will gain a
heightened appreciation of ideas they already teach, as well as an
increased ability to incorporate new topics into their curriculum.

Other users — such as college students, advanced high school students,
professional scientists, graduate students from other fields, or well-
educated laypersons — may also find this project useful. We welcome
their use of these materials.

The materials were designed to be used in various ways. Some
individuals may want to learn about a single topic and study parts of
one unit on their own. Some may join in small facilitator-led groups,
such as professional development in-service sessions, to go over one or
a group of related units. Others may choose to complete the entire
course. For the latter group, graduate credit may be earned through
Colorado State University. For information on earning credit or
obtaining materials go to:

http://www.learner.org/channel/workshops/graduate_credit.html.

How topics were chosen

The teachers and researchers on our advisory board each proposed ten
to twenty areas of biology that they thought had undergone
significant change in the preceding decade. The cumulative list was
then combined and narrowed down to thirteen major unit topics that
the group agreed would provide a good foundation for those wanting
to learn about new developments in biology.



This is not a comprehensive treatment of the field of biology. It
includes areas of study that may be entirely new to some, such as
genomics and proteomics. It also includes more traditional topics, such
as human evolution and neurobiology, which have changed
substantially because of the application of new techniques. Indeed, a
common theme throughout the project is the application of processes
and techniques at the molecular level to enlighten studies of
organisms, populations, or ecosystems.

Assumptions about user knowledge

We assume that users of this material have knowledge equivalent to
that of someone with a bachelor’s degree in a biological science. Most
terms and concepts that are used in a high school biology text are not
defined or explained. We also recognize that biology is a rapidly
advancing field, and someone who graduated from college a decade
ago could not have been exposed to some of what is taught today.
Biology is also a huge field of study, and many students who graduate
from college this year, even, will not have been exposed to all of the
material collected here. Many of the concepts we explore can be found
in a recent introductory college biology textbook such as Freeman's
Biological Science, or Campbell and Reece’s Biology. Users might find it
useful to have access to such a text as an additional reference.

Project Components

Rediscovering Biology is a multimedia project. Each of the thirteen
units comprises a half-hour video, an online text chapter, and a set of
learning activities. The Web site provides access to all of these, as well
as additional resources, including:
¢ a glossary that serves as a navigational tool
to other parts of the project

¢ interactive case studies

e transcripts from expert scientist interviews

e animations from the videos and case studies
e still images from the videos and text book

The videos and the text chapters can be used independently; if both
are used, it is possible to start with either one. We imagine that most
users will watch the video first, then read the chapter, and then
perhaps watch the video again.

Each video includes interviews with two or more expert scientists.
Through these interviews viewers will get a sense of how and why
these scientists do their research, and will have a look at some of the
equipment and techniques they use. In choosing experts to interview,
we looked for those who are nationally and internationally
recognized, regardless of their gender or ethnicity. Should you wish to
know more about the work of a particular researcher featured in the
videos, the full transcripts from the interviews with these experts are
available on the Web site.

The Web site is both to organize the different components of the
project and a place to go for additional information. On the Web, a
comprehensive glossary defines important terms used throughout the
series, and provides links to text and animations where these concepts
are explained or used. Animations from the videos are available on the
Web site so that users may study them in more detail, playing them
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repeatedly or pausing in the middle to study them. Transcripts of
interviews of scientists provide a rare opportunity to get to know
scientists who are associated with many of the leading discoveries in
biology today and understand their research.

Order of units

Users may decide to study all thirteen units or they may be interested
in a single one. Each unit is meant to stand alone, but we often refer
to ideas and techniques presented in other units. We have organized
the units so that techniques such as microarray analysis or BLAST
searches, which are used in several units, are explained early in the
series. An html form of the text is available on the Web; from it users
may navigate through the various units and the different components.

Online text

The online text chapters are not simply a repeat of what is in the
video. Rather, they show how information from the video fits into the
larger field. In other words, they provide context for the focused
examples presented in the video. One central theme present in nearly
all of the chapters of the online text is the role that genetics and
genomic studies have had in increasing our understanding of the
various fields of biology.

Each chapter was written by one of three authors, selected for his or
her knowledge of biology and ability to write clearly about that
knowledge. All of these authors have taught at the college level. The
chapters vary somewhat in style and level of difficulty; these
differences result both from the nature of the material itself, as well as
from differences among writers.

Authors

Amy Does, PhD, is a microbiology instructor at Portland Community
College in Portland, Oregon. In addition to teaching prenursing
students, she provides professional development for elementary school
teachers who conduct afterschool science clubs. She has developed
exhibits for a science museum, designed science software for middle
school students, and taught college-level biology online. Amy is the
author of the Microbial Diversity, Emerging Infectious Diseases, HIV
and AIDS, and Genetically Modified Organisms chapters.

Norman A. Johnson, PhD, is an adjunct research assistant professor
at the University of Massachusetts at Amherst. His research has focused
on speciation and several other areas of evolutionary genetics. In
addition to the University of Massachusetts, Norman has also taught at
the University of Chicago and the University of Texas at Arlington.
Norman served as the style editor for all thirteen chapters, and is the
author of the Evolution and Phylogenetics, Genetics of Development,
Human Evolution, Neurobiology, and Biodiversity chapters.

Teresa Thiel, PhD, is a professor of biology at the University of
Missouri-St. Louis. Her main interests are molecular biology,
microbiology, and bioinformatics. She directs a program for high school
teachers and students called “Science in the Real World: Microbes in
Action” that includes a Web site of the same name. She teaches
microbiology and microbial genetics to undergraduate and graduate
students, and offers summer workshops in microbiology for teachers.
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Teresa is the author of the Genomics, Proteins and Proteomics, Cell
Biology and Cancer, and Biology of Sex and Gender chapters.

Learning activities

Each unit contains several learning activities tailored to the
information in the unit. These activities include simple review and
discussion questions; exercises that demonstrate how data are
generated, interpreted, and applied; explorations of ethical issues; and
consideration of how the information relates to other fields. Most of
the activities assume the participants are familiar with the unit’s video
and online text.

Case studies

Four interactive Web-based case studies showcase a specific area of
applied or basic research in cancer, comparative evolution, HIV, or
genetically modified organisms. Each case study takes the participant
through a series of steps in a research project. After viewing
explanatory and background material on the project, the participant
chooses an experiment to perform or a hypothesis to test. The case
studies provide an interactive experience that complements the video
and text chapters; and provide a window into the choices, challenges,
compromises, and rewards associated with one area of biological
inquiry. Each case study is an independent activity but may incorporate
information from more than one unit.

Because the case studies go into greater depth than the videos and
texts, and rely on information from them, it is best to do them after
completing the other components. The first Web page of each case
study provides links to the videos and online texts that are relevant to
the study.

Writers

Chris Tachibana, PhD, has taught undergraduate biology since 1992
at Salt Lake Community College, Penn State University, and the
University of Washington. She is a research scientist at the University of
Washington Biochemistry Department and the Carlsberg Research Labs
in Denmark. Chris developed two case studies: The Genetics of
Resistance to HIV and Designing an Anti-Cancer Drug. She also
authored the learning activities for the Genomics, Proteins and
Proteomics, Emerging Infectious Diseases, HIV and AIDS, Cell Biology
and Cancer, Biology of Sex and Gender, and Genetically Modified
Organisms units. In addition, she produced the learning activity course
guides for all thirteen units, and gave the learning activites for all units
a common voice.

Andrea (Andi) White, PhD, is a postdoctoral research associate at the
University of California, Berkeley. As a graduate student at the
University of New Hampshire she was a teaching assistant for marine
ecology, honors biology, economic botany, and a lab coordinator for
plant biology. Her current research interests focus on algal stress
physiology and biochemistry, and the generation of environmentally
friendly, alternative fuel sources from green algae. Andi developed
two case studies: Evolution of Tungara Frog Mating Calls and Plant
Genetic Modification. She also authored learning activities for the
Evolution and Phylogenetics, Microbial Diversity, Genetics of
Development, Human Evolution, Neurobiology, and Biodiversity units.

REDISCOVERING BIOLOGY

Overview and Credits



Norman A. Johnson, PhD, (see biography under online author) also
contributed to the learning activities for the Evolution and
Phylogenetics, Microbial Diversity, Genetics of Development, Human
Evolution, Neurobiology, and Biodiversity units.

Project Team
Advisors

In addition to determining the content of the units, our advisors and
consultants have been actively involved in reviewing the material for
all thirteen units throughout its development. Videos, animations, case
studies, and text chapters have all been reviewed several times during
their production for accuracy and to ensure that these materials are as
useful as possible to the intended audience.

Our primary advisors and consultants consisted of a team of eight
scientists involved in teaching, curriculum development, and research.

Mark Bloom, PhD, is a science educator at Biological Sciences
Curriculum Study (BSCS). He has developed print and Web-based
curriculum materials for students in middle school, high school, and
college. Previously, he was the assistant director of the Dolan DNA
Learning Center, where he ran workshop programs for high school and
college teachers. He developed the first educational kits using the
polymerase chain reaction and coauthored the college lab manual
Laboratory DNA Science. Mark was lead advisor for the Genomics,
Proteins and Proteomics, Cell Biology and Cancer, and Biology of Sex
and Gender units.

Steve Boyarsky is the coordinator of curriculum improvement at Staff
Development at Southern Oregon Education Service District. Steve
coordinates professional development in a three-county region in
southern Oregon. He taught high school biology and human
anatomy/physiology for 18 years. Steve has been involved with state
and national level biology education through the National Science
Teachers Association, a congressional fellowship, grants, and
curriculum projects. Steve commented on appropriateness of content,
level, and style of all project components.

Alan Dickman, PhD, is the biology curriculum director and an
associate professor of biology at the University of Oregon. He has
organized summer outreach programs in science for middle school,
high school, and community college teachers, and has been involved in
nationally funded programs to improve college-level biology
education. Alan teaches introductory biology courses and an upper-
division forest biology course. As lead scholar, Alan was responsible for
final scholarly quality of all content of all project components.

Marion Field Fass, ScD, is an associate professor of biology at Beloit
College. She has been involved in curriculum reform efforts in biology
through the BioQUEST Curriculum Consortium and the SENCER (Science
Education for New Civic Engagements and Responsibilities) project of
AAC&U. In 2002 she traveled to Kenya and Tanzania to work with
professors who were developing undergraduate courses about the
epidemic of HIV/AIDS and about its impact in their communities. Marion
was lead advisor for the Microbial Diversity, Emerging Infectious
Diseases, HIV and AIDS, and Genetically Modified Organisms units.
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Paula Henderson has taught biology at Newark High School in
Newark, Delaware since 1980, and received the Outstanding Biology
Teacher award for Delaware in 1993. She has taught a course in human
heredity and development at the University of Delaware, and is a
coauthor of the NIH/BSCS module “The Brain: Understanding
Neurobiology Through the Study of Addiction.” Paula commented on
appropriateness of content, level, and style of all project components.

Patrick Phillips, PhD, is an associate professor of biology and a
member of the Center for Ecology and Evolutionary Biology at the
University of Oregon. His research focuses on theoretical and empirical
studies of evolutionary genetics. He teaches foundations of biology,
evolution, population genetics, and experimental design; and is the
creator of the evolutionary biology Web site, EvoNet.org. Patrick was
lead advisor for the Evolution and Phylogenetics, Genetics of
Development, Human Evolution, Neurobiology, and Biodiversity units.

John Postlethwait, PhD, is a professor of biology in the Institute of
Neuroscience at the University of Oregon. His research interest is in
developmental genetics; he and his group have discovered a genome
duplication event that occurred before the vast radiation of teleost
fish, which account for half of all species of vertebrates. His lab is
currently investigating the genetic mechanisms that may help account
for that explosion of biodiversity. The author of two non-majors
textbooks for college students, John is committed to undergraduate
education and has taught introductory biology to mostly non-biology
majors since 1964. John provided critical assistance for the Genetics of
Development unit and parts of several other units.

Carol Wheeler is a biology teacher and department chair at Pine
Creek High School in Colorado Springs, Colorado. She worked in
medical research and was a certified histocompatibility technologist
prior to teaching. She received a Christa McAuliffe grant to develop a
molecular biology course, and an Intel grant designed to help get
students eligible to compete in science fairs at the international level.
Carol commented on appropriateness of content, level, and style of all
project components.

Evaluation

In addition to the guidance from our team of advisors and consultants,
an independent formative evaluation of three of the thirteen units
was conducted by RMC Research Corporation. RMC Research staff
selected ten biology teachers and ten professional development
providers, who varied with respect to geographic location, race and
ethnicity, and background knowledge in biology. These reviewers
provided helpful input on these three units while they were being
developed; suggestions made on these units were generalized, where
appropriate, to the other ten units.

Funder

Rediscovering Biology is funded by Annenberg/CPB, a partnership
between the Annenberg Foundation and the Corporation for Public
Broadcasting (CPB), which uses media and telecommunications to
advance excellent teaching in American schools. Annenberg/CPB videos
help teachers increase their expertise in their fields and improve their
teaching methods. For information on obtaining Annenberg/CPB
materials, go to www.learner.org or call 1-800-LEARNER.
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Producer

Oregon Public Broadcasting (OPB) is a highly experienced producer of
educational content with expertise in both traditional and new media
approaches to formal education, community outreach, and television

production.

OPB has produced many series for Annenberg/CPB, including THE
UNSEEN UNIVERSE: An Introduction to Microbiology; A WORLD OF
ART: Works in Progress, a series on contemporary artists; AMERICAN
PASSAGES: A Literary Survey, a multimedia series for college students;
and ARTIFACTS & FICTION, a professional development workshop series
for teachers on interdisciplinary approaches to American literature.
OPB has also been the co-producer for video series and digital
materials to accompany several McGraw-Hill textbook publications.

OPB has a long history of producing Web sites, teachers’ guides, and
other curriculum materials to accompany educational and PBS
broadcast series. Working in close concert with national advisory
boards, OPB’s staff has produced curriculum materials in the
humanities and sciences for a variety of grade levels and teacher
professional development.

OPB is also a major producer of PBS Primetime documentary series, and
has created programming for NOVA, FRONTLINE, and other programs
as well as numerous specials and limited series.

Research Staff

Rediscovering Biology would not be possible without the hard work of
the research and production staff at Oregon Public Broadcasting. The
research staff provided critical support for video producers, authors,
and activity developers.

Cindy Lefton has a bachelor’s degree in zoology and a master’s
degree in mass communication with an emphasis on science writing
and editing. She has served as the editor of a medical news magazine,
and has edited several medical textbooks and journal articles. Her
interests in science and nature have lead to volunteer service as an
education coordinator for a wildlife rehabilitation facility, a zoo guide,
and a science fair coordinator.

Liza Nicoll earned a bachelor’s degree in biology and a bachelor’s
degree in health science at the University of Massachusetts at Amherst
in the spring of 2001. Since completing work on Rediscovering Biology
she has continued to work in television production, researching for a
world history documentary series.

Stephani Sutherland earned a doctorate in neuroscience from the
Vollum Institute at Oregon Health & Science University, where she
coordinated an outreach program in public junior high and high
schools called Kids Interested in Discovering Science (KIDS). Since
leaving the research laboratory in 2001, she has worked as a science
news reporter for the Los Angeles Times and traveled around the
world. She now works for the Journal of Neuroscience and writes
freelance science news for various journals. Stehpani was also a
coauthor for the Neurobiology chapter of the online text.
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Interviewees

We are grateful to so many of these people who were willing to find
time for this project. The following people provided valuable
information to the project through interviews.

Genetically Modified Organisms

Leon Corzine; David L. Dornbos, Jr., PhD; Rebecca J. Goldburg, PhD;
Marion Nestle, PhD, MPH; Thomas E. Newberry; and Gary H.
Toenniessen, PhD.

Emerging Infectious Diseases

Capt. Daniel Carucci, MD, PhD; Rita Colwell, PhD; Laurie Garrett;
Stuart B. Levy, MD; Judith M. Martin, MD; and Lukas K. Tamm, PhD.

Cell Biology Cancer

Elizabeth Blackburn, PhD; Brian Druker, MD; Leland Hartwell, PhD;
Mary-Claire King, PhD; and Robert Weinberg, PhD.

Biology of Sex and Gender
Holly Ingraham, PhD; David Page, MD; and Eric Vilain, MD, PhD.

Genomics

David Altshuler, MD, PhD; James Carrington, PhD; Jonathan Eisen, PhD;
and Eric Lander, PhD.

Proteins and Proteomics

Hamid Bolouri, PhD; Ned David, PhD; Stanley Fields, PhD; Hunter
Fraser; Aaron Hirsh; and Leroy Hood, PhD.

Microbial Diversity

Anne Camper, PhD; Bill Costerton, PhD; Dan Kotansky, PhD; Anna-
Louise Reysenbach, PhD; Frank F. Roberto, PhD; Phil Stewart, PhD;
and Paul Sturman.

HIV and AIDS

Edward Berger, PhD; Laurie Garrett; Jay Levy, MD;
Rob Roy MacGregor, MD; Erik Vonmuller; and David Weiner, PhD.

Evolution and Phylogenetics
Phillip Gingerich, PhD; Timothy Read, PhD; and Carl Woese, PhD.

Human Evolution

Kari Stefansson, MD; lan Tattersall, PhD; Ajit Varki, MD;
and Christopher Wills, PhD.

Neurobiology

Wolfhard Almers, PhD; Fred Gage, PhD; Richard Huganir, PhD;
and John Williams, PhD.

Biodiversity

James Miller, PhD; Richard Ostfeld, PhD; Peter H. Raven, PhD;
Eleanor Sterling, PhD; and G. David Tilman, PhD.

Genetics of Development

Judith Eisen, PhD; Markus Grompe, MD; John Incardona, PhD; Nipam
Patel, PhD; and John Postlethwait, PhD.

REDISCOVERING BIOLOGY

Overview and Credits



Additional Acknowledgements

We would like to thank the following people at Oregon Public
Broadcasting in addition to the researchers who made this
project possible.

Executive Producer Meighan Maloney; Production Manager Doug Brazil;
Production Media Manager Catherine Stimac; Production Assignment
Manager Joshua Wolfe; Web Developer John Kin; Web Assistant Ryan
Servatius; Assistant Production Manager Mary Hager; Database
Administrator Heather Chambers; and Copyeditor Jennifer Ingraham.

The Rediscovering Biology video series was produced by Oregon Public
Broadcasting’s Educational Media Production Department. The creative
team consisted of the following: Executives in Charge of Production
David Davis and Jack Galmiche; Executive Producer Meighan Maloney;
Producer/Writers Melissa Gerr, Nadine Jesling, Amanda Lowthian, and
Eric Slade; Writer Andrew Holtz; Series Host Lew Frederick; Academic
Director Alan Dickman; Production Assignment Manager Joshua Wolfe;
Production Manager Doug Brazil; Production Media Manager
Catherine Stimac; Researchers Cindy Lefton, Liza Nicoll, and Stephani
Sutherland; Director of Production Services Milt Ritter; Manager of
Production Scheduling Bill Dubey; Director of Engineering Information
Dave Fulton; Assistant Director Sean Hutchinson; Assistant Production
Manager Mary Hager; Pre-Production Coordinator Thea Bergeron;
Videographers Art Adams, Karel Bauer, S.0.C., David Dennison, Paul
Jacobson, Lisa Suinn Kallem, Jim Langley, Michael McNamara, Corky
Miller, Ben Nieves, John Patzer, Todd Sonflieth, Dave Spangler, and
Wally Szczubialk; Editors Tom Babich, Bruce Barrow, Sarah Marcus,
Chris Nolan, John Patzer, and Kate Schoninger; Field Audio Michael A.
Bidese, Chad Birmingham, Darren Brower, Kevin Brown, Chris Callus,
Francis X. Coakley, Tony D’Annunzio, Thom Dentler, Jay Farrington,
Dave Foreman, Thomas Forliti, Gerry Formicola, G. John Garrett, Joel
Groeblinghoff, Cindy Hogan, Chip Lake, Randy Layton, Gordon
Masters, Casey Quinlan, C.A.S, Todd Schmidt, Brandt Sennhenn, Mike
Tyrey, Ted Ver Valen, Bill Ward, and Matt Yeasley; Creative Director Tim
Bergmann; Production Artists Dora Papay, Corrina Reff, and Jefferson
P. Vowell; 3-D Animations Hot Pepper Studios, Animation Dynamics,
Inc., and Kevin Washington; Rights Assistant Morgan Currie; Theme
Music Cal Scott; Production Intern Larry Johnson; Production Art
Interns Soumalay Douangmala, Kim Harshberger, and Kevin Jaquette;
Production Assistants Michael Aaris, David Banyan, Emily Chapman,
Mike Forest, Kenyatta Gomez, Madeleine Pappas, Michelle Pridemore,
Anastasia Savko, Alex Selkowitz, and Jonathan Zintel.

The Rediscovering Biology Web Site was produced by the following
creative team: Oregon Public Broadcasting Web Developer/Producer
John Kin; Web Assistant Ryan Servatius; Database Administrator
Heather Chambers; Project Coordination, Flash Interactive
Development and Project Design AMAZING! Online Marketing,
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Genomics

“...the acquisition of the sequence is only the beginning.
The sequence information provides a starting point from
which the real research into the thousands of diseases
that have a genetic basis can begin.” J. CraiG VENTERT

The Human Genome Project

In 1986 Nobel laureate Renato Dulbecco laid down the gauntlet to the
scientific community to sequence the complete human genome. “Its
significance,” he said, “would be comparable to that of the effort that
led to the conquest of space, and it should be carried out with the
same spirit.”2 Dulbecco also argued that such a project should be “an
international undertaking, because the sequence of the human DNA is
the reality of the species, and everything that happens in the world
depends upon those sequences.”

Like the conquest of space, sequencing the human genome required
the development of wholly new technologies. The human genome,
containing more than three billion nucleotides, is vast. In 1986 DNA
sequencing had yet to be automated and, consequently, was slow and
tedious. Moreover, computer software for sequence analysis was just
being developed. Similar to the Apollo project that met President
Kennedy’s goal of a manned lunar landing by 1970, the genome
project also succeeded — beyond the dreams of the scientists who
proposed it.

During the 1990s rapid progress was made in developing automated
sequencing methods and improving computer hardware and software.
By 2003 biologists had sequenced genomes from about one hundred
different species. These species included dozens of bacteria and other
microbes, as well as the model systems: yeast, fruit fly, nematode, and
mouse. The capstone, of course, was the completion of the human
genome sequence. In 2001 two rival teams jointly announced the
completion of a draft sequence of the entire human genome,
consisting of more than three billion nucleotides.

Is human DNA “the reality of the species”? Do we now have all the
information we need to define human life? Perhaps surprisingly, the
answers are no. Genetics is more than just DNA. While DNA is the
blueprint for life, proteins carry out most cellular functions; DNA just
codes for RNA, which codes for protein.

One major surprise emerged from the sequencing of the human
genome. Although some scientists expected to find at least 100,000
genes coding for proteins, only about 30,000-35,000 of such genes
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appear to be in the human genome. These genes comprise only about
two percent of the entire DNA. What is the rest of the DNA doing?
Biologists once thought that this noncoding DNA was just junk, and
hence called it “junk DNA."” As we will see below, evidence now
suggests that some junk DNA may have functions.

The quest to understand the workings of human cells will not be over
until we understand how this genetic blueprint is used to produce a
particular set of proteins — the proteome — for each type of cell and
how these proteins control the physiology of the cell. (See the Proteins
and Proteomics unit.) We should think of the human genome as a
database of critical information that serves as a tool for exploring the
workings of the cell and, ultimately, understanding how a complex
living organism functions.

Sequencing a Genome

Sequencing a genome is an enormous task. It requires not only finding
the nucleotide sequence of small pieces of the genome, but also
ordering those small pieces together into the whole genome. A useful
analogy is a puzzle, where you must first put together the pieces of a
smaller puzzle and then assemble those pieces into a much larger
picture. Two general strategies have been used in the sequencing of
large genomes: clone-based sequencing and whole genome
sequencing (Fig. 1).

In clone-based sequencing (also known as hierarchical shotgun
sequencing) the first step is mapping. One first constructs a map of the
chromosomes, marking them at regular intervals of about 100
kilobases (kb). Then, known segments of the marked chromosomes
(which can contain very small fragments of DNA) are cloned in
plasmids. One special type of plasmid used for genome sequencing is
a BAC (bacterial artificial chromosome), which can contain DNA
fragments of about 150 kb. The plasmid’s fragments are then further
broken into small, random, overlapping fragments of about 0.5 to
1.0 kb. Finally, automated sequencing machines determine the order
of each nucleotide of the many small fragments.

Data management and analysis are critical parts of the process, as
these sequencing machines generate vast amounts of data. As the data
are generated, computer programs align and join the sequences of
thousands of small fragments. By repeating this process with the
thousands of clones that span each chromosome, researchers can
determine the sequences of all the larger clones. Once they know the
order of all the larger clones, the researchers can join the clones and
determine the sequence of each chromosome.

Finding the sequence of the smaller clone fragments is relatively easy.
The challenge is assembling all the pieces. The National Human
Genome Research Institute (the public consortium headed by Francis
Collins) used clone-based sequencing for the human genome. In doing
so, they relied heavily on the work of computer scientists to assemble
the final sequence.

Whole genome shotgun sequencing skips the mapping step of
clone-based sequencing. Instead, it (1) clones millions of the genome’s
small fragments in plasmids, (2) sequences all of these small
overlapping fragments, and then (3) uses computers to find matches
and join them together.
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Celera Genomics, a private company headed by J. Craig Venter, used
this approach to clone the human genome. Although they started
much later than the public consortium, Celera completed its draft
sequence at about the same time as the consortium; however, it had
the advantage of having access to all the consortium’s maps.

Genome sequencing projects now generally use some combination
of chromosome mapping, and clone-based and whole genome
shotgun sequencing of smaller fragments. The technology
developed for sequencing the human genome — both in terms of
sequencing DNA and in the software and hardware used to assemble
the sequences into a genome — has resulted in the rapid sequencing
of many other genomes.
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Figure 1.
Strategies for cloning whole genomes.
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Finding Genes

Imagine the genome as an encyclopedia with a volume for each
chromosome. If you were to open a volume, you would find page after
page containing only four letters — A, T, G, and C — without spaces or
punctuation. How could you read such a book, or even identify
possible words and sentences? The genome sequence itself does not
provide direct information on the location of a gene, but there are
clues embedded in the sequence that computer programs can find.

Most simple gene prediction programs use several pieces of sequence
information to identify a potential gene in a DNA sequence. The
programs look for sequences in the DNA that have the potential to
encode a protein. These sequences are called open reading frames
(ORFs). An ORF usually begins with a codon of UAG (Fig. 2), and then
contains a long sequence of codons that specify the protein’s amino
acids. The ORF then ends with a stop codon of UAA, UAG, or UGA. Using
overlapping frames of three nucleotides each, the computer program
searches the database until it identifies an ORF region. For example, the
sequence “abcdefghijk” could be read in three-letter “words” of “abc-
def-ghi,” “bcd-efg-hij,” or “cde-fgh-ijk.” Computer programs can scan
DNA sequences quickly, using these overlapping reading frames on both
the original strand and on the complementary strand, producing a total
of six different reading frames for any sequence.

1 557 1113 1669 2225 2781

Figure 2. To find an open reading
frame (ORF), a computer program
identifies start codons (red arrows) and
<l 7 < )| stop codons (green lines) in all three
reading frames (represented by the
three stacked rows). The black box is
the largest ORF found in this sequence.

. .. I I
Genomics -}



Using these programs to find ORFs in bacterial genomes is relatively
easy. Here, the DNA sequence matches the mRNA. The situation is
more complicated for eukaryotic genes, which often contain one or
more noncoding regions (introns). To find ORFs in these genes, the
introns are removed in a process called splicing (Fig. 3). The final
spliced mRNA, which encodes the protein product of the gene, is
smaller than the original RNA transcript that matches the genome. The
introns are removed, leading to the splicing of the coding regions of a
gene (exons) together into the final mMRNA. The problem is that a
simple ORF-finding program cannot be used with genomic DNA that
has introns because those genes do not match the mRNA. While
computer programs can identify eukaryotic genes with introns, they
are not always accurate.

Region of a gene transcribed (copied to RNA)

i ]
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Lexon intron exon intron exon J

Non-template strand
Template strand
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i

RNA Processing
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Intron regions are l
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exon | exon| exon
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AAAAAA

mRNA (RNA Processed) AAAAAA

An alternate approach to characterize genes in eukaryotes is to first
make a DNA copy of the mRNA encoded by the gene. To do this, one
uses an enzyme called reverse transcriptase. The copy, called cDNA or
complementary DNA, has the same sequence as the mRNA, except that
the U is replaced by a T. Because the cDNA lacks introns, the sequence
of the cloned cDNA can be used to find an ORF. In addition to simply
identifying ORFs, many advanced sequence analysis programs use
other information to help identify eukaryotic genes in the
chromosome. (See the BLAST section below.)

REDISCOVERING BIOLOGY

Figure 3. A gene consists of coding
regions, called exons, that are
interrupted with intervening noncoding
regions, called introns. During
transcription, the whole segment of
DNA that corresponds to a gene is
copied to make RNA. During RNA
processing, the introns are removed and
the exons are joined. A poly(A) tail is
added to the mRNA.
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Is the Eukaryotic Genome a
Vast Junkyard?

Bacteria have small, compact genomes, rich in genes. These genes have
fewer noncoding regions and no introns. Eukaryotic genomes, however,
often have much more DNA content than prokaryotic genomes. While
eukaryotes generally have more genes than bacteria, the difference in
gene content is not as great as the difference in DNA content: there is
much more noncoding DNA in eukaryotes. In fact, gene-coding regions
comprise only about two percent of the human genome.

Most eukaryotic genes are interrupted by large introns. Even with
these introns included, however, genes comprise only about twenty-
five percent of the human genome. In eukaryotes, repeated sequences
characterize great amounts of noncoding DNA. Some of this repetitive
DNA is dispersed more or less randomly throughout the genome. There
are also millions of copies of other, shorter repeats, but they are
typically found in larger blocks. Some trinucleotide (3 bp) repeats are
associated with diseases such as fragile X and Huntington'’s disease,
which result from extra copies of the repeat sequence.

Most of these repeat sequences are transposable elements, that can
replicate and insert a copy in a new location in the genome. The result
is the amplification of these repetitive elements over time. Transposable
elements can be harmful because they can cause mutation when they
move into a gene. They also use cellular resources for replication and
expression. Are these elements unwelcome guests gone wild or may
they actually be useful components of the genome? We don't really
know, but there are some tantalizing suggestions of functions for some
of these elements. About one million copies of the repetitive DNA
element called Alu repeats lurk in the genomes of each one of us. What
are they doing? One study found that these bind to proteins used to
reshape chromatin during cell division. Perhaps this apparent junk DNA
is actually helping provide structure to the chromosome and regulate
the production of proteins in different cell types.

Genomes differ in size, in part because they have different proportions
of repetitive DNA. For example, the total genome size of the puffer
fish is about one-tenth the size of the human genome. However, the
puffer fish genome has about the same number of genes as the human
genome, and the genes appear to have the same functions. The puffer
fish genome is also smaller than the human genome. This is partially
because it contains only about fifteen percent repetitive DNA, while
more than half the human genome is repetitive DNA. Because most
human genes are present in the puffer fish and the puffer fish genome
is less cluttered by repetitive DNA, this model organism may help
scientists identify the genes responsible for human diseases.

The Difference May Lie Not in the
Sequence but in the Expression

Most genes are shared across all animals. More than ninety-nine
percent of human genes have a related copy in the mouse. As one
examines animals that are more distantly related, the proportion of
the genes they share decreases; however, despite about 500 million
years of evolutionary separation, half the genes in the lowly sea squirt
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correspond to those found in humans. This remarkable conservation of
gene structure is striking considering how much these animals differ in
morphology, physiology, and behavior.

If they share so many of the same genes, why are different animals so
different? Differences among species result largely from differences in
the time and location of the genes’ expression. Let us consider our
closest relative, the chimpanzee. Not only do chimpanzees and humans
share nearly all of the same genes, but the DNA sequences of those
genes also are very similar between the two species. Svante Paabo
sequenced three million bases of the chimp genome and found that
chimps and humans differ overall by less than two percent at the
sequence level. (See the Human Evolution unit.) Based on the low
sequence divergence, Paabo hypothesized that the difference between
humans and chimpanzees was due mainly to how the genes were
expressed in the different species.

To test this hypothesis, Padbo compared the expression pattern of
20,000 human genes in humans and chimps. He found that while
expression levels were similar in liver cells and blood, there were larger
differences in brain cells. This suggests that the human brain has
increased the use of certain genes compared to those same genes in a
chimp. So, it not so much the sequence of the genes that is important,
but how they are expressed to make the cell’s proteins that determines
the unique characteristics of each organism.

Determining Gene Function
from Sequence Information

Researchers have produced an enormous number of genome
sequences from a variety of organisms. Publicly available databases,
such as GenBank at the NCBI (National Center for Biotechnology
Information), store many of these sequences. The databases have been
a tremendous boon for comparative biology. The NCBI database stores
not only the genome sequences, but also information about the
function (if it is known) of the genes.

The NCBI can also identify unknown genes by comparing them with
known genes in the database. One program commonly used for this
purpose is BLAST (Basic Local Alignment Search Tool). Sequence
similarity searching algorithms like BLAST are based on the premise that
if two sequences are similar then they are likely to be homologous
(that is, they share a common evolutionary ancestor). (See the Evolution
and Phylogenetics unit.) Using this database, one can infer the function
of an unknown gene by finding similar sequences of known genes and
proteins. For example, suppose you were to use BLAST to search for
sequences similar to a new gene. Upon viewing your results, you
noticed that all the sequences with a high degree of similarity to the
new gene belonged to a family of genes known to break down
hydrogen peroxide. You could logically conclude, then, that this new
gene encoded a protein with a similar function.

BLAST searches can be done at the nucleotide level; however,
comparisons at the amino acid level provide much greater sensitivity.
Therefore, unless one is particularly interested in the DNA sequence
itself, it is better to search for genes using protein. If you have only
raw nucleotide sequence data, computer programs can automatically

REDISCOVERING BIOLOGY
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translate the DNA into amino acids using all six reading frames (three
frames from one strand and three frames from the complementary
strand) before searching the protein database.

In addition to whole proteins, similarity searches can identify protein
motifs. A motif is a distinctive pattern of amino acids, conserved
across many proteins, which gives a particular function to the protein.
For example, the presence of one particular motif in a protein indicates
that this protein probably binds ATP and may therefore require ATP for
its action.

The result of a database search is a list of matches, ranked from
highest to lowest, based on the probability of a significant match
(Fig. 4). The reported alignment scores are given “expectation values”
(E), which represent the probability that a match with the reported
score would be expected to occur by random chance. The smaller the
E-value, the higher the assigned score and the less likely that the
match was coincidence. Some of the easiest results to interpret are very
high scores (small E-values, low-probability), which usually result from
two very similar proteins. Other easily identifiable results are very low
scores, which indicate that the outcome is probably the result of
chance similarity.

Figure 4. The results of a BLAST search
using the delta chain of hemoglobin as

the query.
Score E
Sequences producing significant alignments: (bits) Value
4114504351 |ref |NP_000510.1 delta globin [Homo sapiens] >gi... 128 2e-29
g1|70353|pix| |HDHU henmoglobin delta chain - human 128 2e-29
g11122714]sp|P02043|HBD _PANTR Hemoglobin delta chain >¢il34... 128 2e-29
gi|70354|pir| |HDCZ hemoglobin delta chain - chimpanzee (ten... 127 2e-29
gi]18462105|gb|AAL72117,1] delta-globin [Homo sapiens) 127  Se-29
4i]229172|prf) |6404884 hemoglobin delta 125 2e-28
1]122584|sp|P02028 |HBB_CERAE Hemoglobin beta chain >gi|703... 122 le-27
g1]|183855|gb|AAAS2635.1 hbbm fused globin protein ( beta c... 122 le-27
9i|122668]sp|P02032 |HBB _PREEN Hemoglobin beta chain >gil703... 122 2e-27
g1]12261€|sp|P02025|HBB_HYLLA Hemoglobin beta chain >gi|703... 121 2e-27
g1]223012|prf]|0404170B henoglobin beta 121 2e-27
911122712150 (P19886 |HBD COLPQ Hemoglobin delta chain >gil86... 121 3e-27
9114929993 |pdb|1CH4|A Chain A, Module-Substituted Chimera H... 121 3e-27
91122636 |sp|P08259 |HBB_MANSP Hemoglobin beta chain >gi|703... 120 3e-27
qi|13549112|gb|AAKZ9639.1|AF349114 1 beta globin chain vari... 120 3e-27
I >q11122668|2p|P02032 | HEE_PREEN Hemoglobin beta chain
i]70332|pir| |HBMQP hemoglobin beta chain - hanuman langur
Length = 146
Score = 122 bits (305), Expect = 2e-27
Identities = $7/60 (95%), Positives = 57/60 (95%)
Query: 1 VHLTPEEKTAVNALWGKVNVDAVGGEALGRLLVVYPWTQRFFESFGDLSSPDAVMGNPKY 60
VHLTPEEK AV ALWGKVNVD VGGEALGRLLVVYPWTQRFFESFGDLSSPDAVMGNPKY
Shject: 1 VHLTPEEKAAVTALUGKVNVDEVGGEALGRLLVVYPWTQRFFESFGDLSSPDAVMGNPKY 60
Search results also provide links (in blue) to a database page with
information on each sequence similar to the query sequence. This page
gives extensive information on the match sequence, including the
organism it came from, the function of the gene product (if it is
known), and references to journal articles concerning the sequence.
BLAST results also provide the actual alignment results for nucleotides
or amino acids between the query sequence and the match sequences.
N I
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The Virtues of Knockouts

Gene prediction programs have been valuable in the preliminary
identification of genes; however, they have limitations. Unless the
gene of interest is homologous to a gene of known function, the
function is generally still not known. A biological approach to
determining the function of a gene is to create a mutation and then
observe the effect of the mutation on the organism. This is called a
knockout study. While it is not ethical to create knockout mutants in
humans, many such mutants are already known, especially those that
cause disease. One advantage of having a genome sequence is that it
greatly facilitates the identification of genes in which mutations lead
to a particular disease.

The mouse, where one can make and characterize knockout mutants,
is an excellent model system for studying genetic diseases of humans;
its genome is remarkably similar to a human’s. Nearly all human genes
have homologs in mice, and large regions of the chromosomes are very
well conserved between the two species. In fact, human chromosomes
can be (figuratively) cut into about 150 pieces, mixed and matched,
and then reassembled into the 21 chromosomes of a mouse. Thus, it is
possible to create mutants in mice to determine the probable function
of the same genes in humans. Genetic stocks of mutant mice have
been developed and maintained since the 1940s.

One goal of the mouse genome project is to make and characterize
mutations in order to determine the function of every mouse gene.
After a particular gene mutation has been linked to a particular
disorder, the normal function of the gene may be determined. An
example of this approach is the mutated gene that resulted in cleft
palates in mice. The researchers found that the gene’s normal function
is to close the embryo’s palate. An understanding of the genetics
behind cleft palate in mice may one day be used to help prevent this
common birth defect in humans.

Genetic Variation Within Species
and SNPs

A polymorphism, the existence of two or more forms of sequence
between different individuals of the same species, can arise from a
change in a single nucleotide. These single nucleotide
polymorphisms (SNPs) account for ninety percent of all
polymorphisms in humans. The number of SNPs between two genomes
provides a measure of sequence variation; however, the variation is not
uniform over the genome. About two-thirds of SNPs are in noncoding
DNA and tend to be concentrated in certain locations in the
chromosome. In addition, sex chromsomes have a lower concentration
of SNPs than autosomes.

There are about three million SNPs in the human genome, or about
1 per 1000 nucleotides. SNPs are ideal genetic markers for many
applications because they are stable, widespread, and can often be
linked to particular characteristics (phenotypes) of interest. They are
proving to be among the most useful human markers for studies of
evolutionary genetics and medicine.

REDISCOVERING BIOLOGY
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Not all SNPs, even when they are present in coding genes, lead to
visible or phenotypic differences among individuals. Changes in the
DNA sequence don't always change the amino acid sequence of the
protein. For example, a change from GGG to GGC results in no change
in the protein because both codons result in a glycine in the protein.
This is called a synonymous mutation or silent mutation; non-
synonymous substitutions do cause a change in the amino acid. About
half of all SNPs in genes are non-synonymous and therefore can
account for diversity between individuals or populations. Depending
on the particular change in an amino acid caused by a nonsynonymous
mutation, the resulting protein may be an active, inactive, or partially
active. It may also be active in a different way.

One well-characterized SNP exists in a gene in chromosome 6.
Individuals with cysteine at amino acid position 282 are healthy;
however, about 1 in 200-400 Caucasians of Northern European descent
possess two copies of that gene where the amino acid is tyrosine
instead of cysteine. Due to this one change, these individuals have a
disease called hereditary hemochromatosis. People afflicted with this
disease accumulate high levels of iron, which causes permanent
damage to the organs, especially the liver. About ten percent of these
individuals carry only one copy of this mutation; they are heterozygous
and are carriers of the disease. A genetic test for hereditary
hemochromatosis is available, which can detect the SNP. If the disease
is found, medical professionals can then determine whether the person
is homozygous or heterozygous for this allele. Another example of a
single SNP that has a dramatic effect is the one that leads to sickle cell
anemia. (See the Human Evolution unit.)

Identifying and Using SNPs

In order to identify SNPs, nucleotide sequences of two or more
genomic regions must be aligned so that the polymorphisms are
apparent. Sequence alignments are easy when the sequences are
similar, but can be very difficult when there are many polymorphisms.
The alignment of two sequences is determined by a program that
compares the two sequences, nucleotide by nucleotide. For multiple
sequences, the program continues the same type of pairwise alignment
for all possible pairs. The result is a pairwise distance matrix based on
all possible alignments of any two sequences. This matrix is then used
to construct a phylogenetic tree that predicts how closely related two
sequences are, based on their similarity. The program then uses this
information to align the sequences, again in order of their relatedness.
This is the method used in a program called CLUSTAL. A typical output
from CLUSTAL is shown in Figure 5.

R P P G K S G K Y Y Y G L
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Figure 5. A CLUSTAL alignment of a
segment of a gene from four species.
The red letters show the amino acid
sequence (R=arginine, P=proline,
G=glycine, etc.). The nucleotides that
are conserved in all four species are
shown in the columns with an asterisk
at the bottom.

N S K K H H 159

Human CGGCCGCCGGGCAAGAGCGGCAAGTACTACTACCAGCTCAACAGCAAGAAGCACCAC 642
Mouse CCCCCGCCAGG-AAGAGCGGCAAGTATTATTATCAGCTAAATAGCAAAAAGCACCAC 614
Chicken CAGTCCCACAGCAAG---GGCAAGTACTACTACCAGCTCAACAGCAAGAAGCACCAC 583
Frog CATTCCAGTAACAAG---AAAAAATACTATTATCAGCTCAATAGCAAAAAACATCAT 500

* * * ¥ K * 3k * %k * * % kK k ko k ok

* 3k % %k k ¥ 3k * k * k * *
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Most SNPs have no effect on an individual, so what use are having
maps of them? SNPs appear to cluster in blocks called haplotypes.
Grouping individuals that share a particular haplotype is called
haplotyping. Because these particular sequences of SNPs on a
chromosome are inherited together as blocks, they can be used to
distinguish individuals and populations. What good is haplotyping?
One can determine what specific diseases or other traits are associated
with different haplotypes. In most cases, there are much fewer
haplotypes than SNPs. Although it is the SNPs that actually cause
disease, looking for changes in one SNP out of millions in the genome
is not practical; looking for a particular haplotype is much easier.

An example of the value of haplotype comes from research on Crohn'’s
disease. Crohn’s disease is a chronic inflammatory disease of the
digestive tract that tends to cluster in families. Researchers identified a
haplotype on chromosome 5 that correlates with the disease. This
region of the chromosome contains genes involved in immunity; these
genes then may be important in other inflammatory diseases, such as
lupus or asthma.

Practical Applications of Genomics

Genome sequence data now provide tools for the development of
practical uses for genetic information. DNA is an invaluable tool in
forensics because — aside from identical twins — every individual has a
uniquely different DNA sequence. Repeated DNA sequences in the
human genome are sufficiently variable among individuals that they
can be used in human identity testing. The FBI uses a set of thirteen
short tandem repeat (STR) DNA sequences for the Combined DNA
Index System (CODIS) database, which contains the DNA fingerprint
or profile of convicted criminals. Investigators of a crime scene can use
this information in an attempt to match the DNA profile of an
unknown sample to a convicted crimina. DNA fingerprinting can also
identify victims of crime or catastrophes, as well as many family
relationships, such as paternity. While we think of forensics in terms of
identifying people, it can also be used to match donors and recipients
for organ transplants, identify species, establish pedigree, or even
detect organisms in water or food. (See the Evolution and
Phylogenetics unit.)

An unusual application of DNA fingerprinting technology is a project
of Mary-Claire King's at the University of Washington. (See the Cell
Biology and Cancer unit.) Although her research is primarily concerned
with the identification of genetic markers for breast cancer, she also
has a project to help the “Abuelas,” or grandmothers, in Argentina. In
Buenos Aires in the 1970s and 1980s, children of activists
"disappeared” during the military dictatorship. The children were
placed in orphanages or illegally adopted when their parents were
killed. Now King is using mitochondrial DNA, which is inherited only
maternally, to reunite the children with their grandmothers.

The basis of many diseases is the alteration of one or more genes.
Testing for such diseases requires the examination of DNA from an
individual for some change that is known to be associated with the
disease. Sometimes the change is easy to detect, such as a large
addition or deletion of DNA, or even a whole chromosome. Many
changes are very small, such as those caused by SNPs. Other changes can
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affect the regulation of a gene and result in too much or too little of
the gene product. In most cases if a person inherits only one mutant
copy of a gene from a parent, then the normal copy is dominant and
the person does not have the disease; however, that person is a carrier
and can pass the disease on to offspring. If two carriers produce a child
and each passes the mutant allele to the child (a one-in-four probability),
that individual will have the disease.

Several different mutations in a gene often lead to a particular
disease. Many diseases result from complex interactions of multiple
gene mutations, with the added effect of environmental factors.
Heart disease, type-2 diabetes and asthma are examples of such
diseases. (See the Human Evolution unit.) Many diseases do not show
simple patterns of inheritance. For example, the BRCA1 mutation is a
dominant mutant allele that leads to an increased risk for breast and
ovarian cancer. (See the Cell Biology and Cancer unit.) Although not
everyone with the mutation develops the disease, the risk is much
higher than for individuals without the mutation.

Newborns commonly receive genetic testing. The tests detect genetic
defects that can be treated to prevent death or disease in the future.
Apparently normal adults may also be tested to determine whether
they are carriers of alleles for cystic fibrosis, Tay-Sachs disease (a fatal
disease resulting from the improper metabolism of fat), or sickle cell
anemia. This can help them determine their risk of transmitting the
disease to children. These tests as well as others (such as for Down’s
syndrome) are also available for prenatal diagnosis of diseases. As new
genes are discovered that are associated with disease, they can be used
for the early detection or diagnosis of diseases such as familial
adenomatous polyposis (associated with colon cancer) or p53 tumor-
suppressor gene (associated with aggressive cancers). The ultimate value
of gene testing will come with the ability to predict more diseases,
especially if such knowledge can lead to the disease’s prevention.

Gene therapy is a more ambitious endeavor: its goal is to treat or cure
a disease by providing a normal copy of the individual's mutated gene.
(See the Genetically Modified Organisms unit.) The first step in gene
therapy is the introduction of the new gene into the cells of the
individual. This must be done using a vector (a gene carrier molecule),
which can be engineered in a test tube to contain the gene of interest.
Viruses are the most common vectors because they are naturally able
to invade the human host cells. These viral vectors are modified so that
they can no longer cause a viral disease.

Gene therapy using viral vectors does have a few drawbacks. Patients
often experience negative side effects, and expression of the desired
gene introduced by viral vectors is not always sufficiently effective. To
counter these limitations, researchers are developing new methods for
the introduction of genes. One novel idea is the development of a new
artificial human chromosome that could carry large amounts of new
genetic information. This artificial chromosome would eliminate the
need for recombination of the introduced genes into an existing
chromosome. Gene therapy is the long-term goal for the treatment of
genetic diseases for which there is currently no treatment or cure.

REDISCOVERING BIOLOGY
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Examining Gene Expression

Understanding the functions of genes depends on knowing when and
in what cells they are each expressed. How can one measure the
amount of mRNA transcribed from a gene in a particular cell type? The
standard method uses a probe — a DNA sequence unique for that
gene — which binds to the mRNA that has the complementary
sequence. The more mRNA particular cell produces, the more mRNA
that is bound to the probe, giving the probe an increased signal.
Because cDNA is complementary in sequence to mRNA, it can also be
used to measure the expression of a particular gene.

Organisms have so many genes in their genomes that studying the
expression of all of these genes had been exceedingly difficult. Going
from studying gene expression one gene at a time to examining
expression patterns of a multitude of genes required new technology.

In the late 1990s the development of microarray chips allowed
researchers to examine the expression of thousands of genes
simultaneously. This allowed for a much broader perspective of gene
expression than was possible when genes were analyzed singularly.
Microarray chips are glass slides spotted with many rows containing
tiny amounts of probe DNA, one for each of thousands of genes
(Fig. 6). The target sample of interest, usually made from mRNA of a
specific type of cell, is labeled with a fluorescent dye and added to the
chip. If there is a match between the sample of interest and the DNA
probe on the chip, the two molecules will bind to each other. Then,
when exposed to a laser, the spot will produce a signal that will
fluoresce. (Figure 6 describes this process in more detail.)

Scientists can use microarrays, a rapid and sensitive test, in a variety of
experimental studies. Using microarrays, one can measure expression
patterns of large numbers of genes in different cell types (such as
cancer cells versus normal cells, or liver cells versus kidney cells). It can
also be used to examine the changes in gene expression over time (for
example, as an embryo develops), or changes in a given cell type under
different environmental conditions (various temperatures, for instance).

Genomics
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Figure 6.

A) RNA is isolated from cells
from two samples (in this
illustration, infected and
uninfected plant cells).

B) The mRNA from both
samples is copied to a more
stable form, called cDNA,
using reverse transcriptase.

C) At the same time, the
cDNA is labeled with
fluorescent tags (a different
color tag for each sample).

D) The tagged cDNA is placed
on the microarray chip, where
it binds to the corresponding
DNA that makes up the genes
that have been previously
spotted on the chip.

E) The chip is placed in a
laser scanner, which
identifies the genes that
hybridize to each sample
(uninfected=green;
infected=red; and both
samples=yellow).

F) The data are displayed on
a computer screen where
expression of the individual
genes can be identified.

Photo-illustration — Bergmann Graphics
3D Graphics — KStar Productions
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Ethics

Possessing detailed knowledge about the genetic makeup of
individuals raises several complex ethical quandaries. How confidential
should genetic information be? How should privacy concerns be
weighed against other interests? If genetic information related to
disease genes should be as confidential as any other health-related
information, should there be databases of detailed genomic
information on individuals? Even without detailed genomic databases,
thirteen genetic markers are sufficient for the FBI to identify every
person except identical twins. Should this type of genetic information
be stored on all convicted criminals; everyone arrested for a crime; or
on every individual, regardless of his or her past? Who should have
access to detailed genetic information if it becomes available? Should
it be accessible to law enforcement officers, physicians, research
scientists, employers and potential employers, or insurance providers?

Sir Alec Jeffreys, the scientist who first developed the technique of
genetic fingerprinting in Great Britain, is a proponent of a DNA
database that contains the genetic profile of every individual in that
country. To provide anonymity, however, he suggests that the actual
identity of each individual be kept in a separate database with high
security. Only certain circumstances, such as a link to a crime, would
justify identification of the individual.

The NIH-DOE Working Group on the Ethical, Legal, and Social
Implications (ELSI) has recommended that employers can request and
use genetic information, but only to protect the health and safety of
workers; such information must remain confidential. They also
recommend that insurers cannot use genetic information to deny or
limit health insurance coverage or to charge different fees based on
this information. Overall, the focus of legislation should be to prevent
discrimination of individuals based on genetic information.

In 1993, long before the human genome was completed, a committee
of the Institute of Medicine of the National Academy of Sciences
developed recommendations to prevent involuntary genetic testing
and protect confidentiality. They concluded that the responsible use of
genetic testing requires that individuals understand the tests, their
significance, and their implications. Testing for diseases should be done
only when individuals are capable of providing informed consent. This
means not only that individuals must be informed, but that they also
should understand the implications of that consent. Such informed
consent requires an understanding of genetics by the public. Education
in genetics must be increased to ensure that future generations have
this knowledge.

Patenting of human genes is another ethical concern emerging from
the human genome project. In order to be patentable under the U.S.
Federal Patent Act, an invention must be “novel, nonobvious, and
have utility.” In applying for a patent on a human gene, applicants
generally claim that the patent’s holders will add to the utility of the
natural gene by developing tests and therapies to fight diseases
associated with that gene. Opponents of gene patenting think that
patents will limit the ability of other scientists to do additional
research on these genes.

REDISCOVERING BIOLOGY
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Most patents are filed by private companies that plan to develop and
market diagnostic tests and treatments that come from their research
on a particular gene. These companies feel that, without a patent, they
cannot afford to do the research that will lead to useful products. They
argue they need the protection of a patent before they can invest
millions of dollars in the development of new tests, drugs, and
therapies. Some scientists counter that companies tend to patent genes
even before they know what the gene does, so it is hard to understand
how they can claim that they will increase the utility of such a gene.
Making scientific data freely available, while still protecting the
interests of private organizations that will provide the practical uses
for the data, would be in the best interest of everyone.

Epilogue

The explosion of information coming from the sequencing of
genomes has changed the landscape of biology. We now have tools
to better understand the basis of disease and its prevention and
control. These tools also allow us to design, more effective drugs,
and even understand the genetic relationships among all living
things that make the universal tree of life. Acquiring the sequence
was only the beginning.
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BAC. Bacterial artificial
chromosome. A plasmid vector
used to clone large fragments
of DNA (average size of 150 kb)
in E. coli.

BLAST. Basic local alignment
search tool. A computer program
that identifies homologous
(similar) genes in different
organisms.

Clone-based sequencing. A
genomic sequencing strategy that
is based on a hierarchical
approach. It uses mapping,
cloning of large DNA fragments,
and small DNA fragments in
plasmids to organize the
sequenced fragments of DNA into
a single complete sequence.

cDNA. Also known as
complementary DNA. DNA
produced by reverse transcribing
MRNA. It has the same sequence
as the mRNA (except that a U is
replaced by a T).

CLUSTAL. A computer program
that aligns conserved regions in
multiple DNA or protein
sequences. Used to determine the
evolutionary relationships among
genes or proteins.

DNA fingerprint (DNA profile).
Nucleotide sequence variants that
are characteristic of an individual
and can be used as a unique
identifier of that individual.

Exon. The sequence of a gene
that encodes a protein. Exons may
be separated by introns.

Haplotype. Particular patterns of
SNPs on a chromosome that are
inherited together as a block.

Homologous (homology).
Similarity of genes or other
features of organisms due to
shared ancestry.

Genomics

Intron. The DNA sequence within
a gene that interrupts the protein-
coding sequence of a gene. It is
transcribed into RNA but it is
removed before the RNA is
translated into protein.

Knockout study. Inactivation of
a specific gene; typically used in
laboratory organisms to help to
determine gene function.

Microarray chip. Set of
miniaturized biochemical
reactions that occur in small spots
on a microscope slide that may be
used to test DNA fragments,
antibodies, or proteins.

Open reading frame (ORF). The
DNA or RNA sequence between
the start codon sequence and the
stop codon sequence.

Plasmid. A small, circular, self-
replicating, extrachromosomal
piece of DNA. Many artificially
constructed plasmids are used as
cloning vectors.

Polymorphism. The presence of
two or more variants of a genetic
trait in a population.

Protein motif. A pattern of
amino acids that is conserved
across many proteins and ¢
onfers a particular function
on the protein.

Short tandem repeat (STR).
Multiple adjacent copies of an
identical DNA sequence in a
particular region of a
chromosome.

Single nucleotide
polymorphism (SNP). Variations
in the DNA sequence that occur
when a single nucleotide (A, T, C,
or G) in the genome sequence is
changed.

Synonymous mutation (silent
mutation). A change in a
nucleotide in the DNA sequence
that does not result in a change in
the amino acid in the protein.

Transposable element. A type
of DNA that can move from one
chromosomal location to another.

Whole genome shotgun
sequencing. A genomic
sequencing strategy that is

based on cloning and sequencing
millions of very small fragments
of DNA, and then using
computer programs to align the
sequences together.
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Proteomics Perspectives

“If DNA is the genetic blueprint then what is the proteome?
What are the proteins of the cell? The proteins of the
cell are the walls, the floor, the plumbing, the beds, the
furniture, the sinks, the glasses — everything that goes
on in the house. All of those processes are being carried
out by proteins and so DNA may be providing the
instructions but all the work is really being done by
the proteins.” Stantey FiELps, PHD

What Is Proteomics?

A bacterial cell may seem simple but it's actually a complex structure —
a gel-like matrix of the cytoplasm, surrounded by both a lipid bilayer
cell membrane and a cell wall. The cell must perform many functions
including the intake of nutrients, the metabolism of those nutrients,
growth, cell division, and the excretion of wastes. What molecules are
involved? Although the cytoplasm contains water, proteins,
carbohydrates, various ions and assorted other molecules, proteins do
most of the work. A typical bacterium requires more than 4,000
proteins for growth and reproduction. Not all of the proteins are made
at the same time and some are made only under special conditions,
such as when the cell is stressed or finds itself in a novel environment.
The complement of proteins found in this single cell in a particular
environment is the proteome. Proteomics is the study of the
composition, structure, function, and interactions of the proteins
directing the activities of each living cell.

If a bacterial cell needs more than 4,000 proteins, how many can we
expect to find in animals? Mammals, including humans, have probably
more than 100,000 proteins. Although the genome contains the
genetic blueprint for an organism, the proteins of eukaryotes provide
the unique structure and function that defines a particular cell or a
tissue type, and ultimately defines an organism. Different types of
cells make different proteins, so the proteome of one cell will be
different from the proteome of another. In addition, cells that result
from a disease, such as cancer, have a different proteome than normal
cells. Therefore, understanding the normal proteome of a cell is
critical in understanding the changes that occur as a result of disease.
This knowledge can lead to an understanding of the molecular basis
for the disease, which can then be used to develop treatment
strategies. Knowing how the proteome changes as the organism
grows may also provide insight into the mechanisms of development
in healthy organisms.



Under the classical concept of “one gene makes one enzyme,” the
proteome would simply comprise the products of all the genes present
in the genome of an organism. But it is not that simple. The number of
genes identified in the human genome is only about 30,000-35,000.
How can only 35,000 genes encode more than 100,000 proteins? There
are several possible answers to this question, which will be discussed in
more detail below. One answer is that each gene may encode several
proteins in a process called alternative splicing. Alternative splicing
means that one gene may make different mRNA products and, hence,
different proteins. Another answer is that one protein may be
modified chemically after it is synthesized so that it acquires a different
function. A third answer is that proteins interact with each other in
complex pathways and networks of pathways, which may change their
function. So, one gene may produce several, functionally different
proteins in a variety of ways.

Introduction to Protein Structure

Although proteins are unique, they share certain common
characteristics (Fig. 1). The primary structure of each protein is
determined by the sequence of specific amino acids, encoded by the
MRNA, which directs the proper folding of the polypeptide chain into
the secondary structure. One type of secondary structure is the alpha
helix, a region of the polypeptide that folds into a corkscrew shape.
Beta strands are linear structures of polypeptides, bonding together to
form a flat beta sheet. Other regions of secondary structure may
include turns and random coils. These helices, strands, turns, and coils
interact chemically with each other to form the unique three-
dimensional shape of the protein, called the tertiary structure. For
some proteins, a single polypeptide chain folded in its proper three-
dimensional structure creates the final protein. Many proteins,
however, have several different polypeptide subunits that make the
final active protein. For these proteins, the interactions between the
different subunits form the quaternary structure.

Discrete portions of proteins can fold independently from the rest of
the protein and have their own function. These are called domains,
and serve as one of the building blocks of that protein. Domains are
evolutionarily mobile, capable of rearranging as new proteins evolve.
There are thousands of structural domains, and many of them have
been conserved widely across proteins. New proteins appear to have
arisen over evolutionary time by bringing different domains together
in a process known as domain shuffling. Domains often contain
smaller motifs, consisting of a conserved pattern of amino acids, or of
combinations of structural elements formed by the folding of nearby
amino acid sequences. An example of a motif is a helix-loop-helix,
which binds to DNA. Very similar motifs are found in many proteins
that are not related. Scientists have classified conserved domains and
motifs in a number of databases so that new proteins can be easily
analyzed for the presence of these elements.

Determining Protein Structure

While determining the polypeptide sequence resulting from gene
translation is straightforward, determining the actual three-dimensional
(3D) structure requires some sophisticated experimental techniques.
One such long-standing technique is X-ray crystallography, which is
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Figure 1. Primary Structure: The
specific sequence of amino acids in
a polypeptide chain. Secondary
Structure: The folding of the
polypeptide chain into specific
shapes, such as the alpha helix and
beta pleated sheet. Other regions
of secondary structure may include
turns and random coils. Tertiary
Structure: The unique three-
dimensional shape that is the result
of chemical interactions between
amino acids that fold the regions of
secondary structure. Quaternary
Structure: The specific interaction of
two or more polypeptide subunits.
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based on the scattering of X-rays by the electrons in the crystalis
atoms. Think of the regular structure of table salt crystals. The atoms
forming that structure are spaced very precisely in the crystal. Due to
this regular spacing, a particular diffraction pattern forms when X-rays
strike it. One can reconstruct the position of each atom in the crystal
by observing the diffraction pattern and, thus, can make a three-
dimensional map of the molecule. Although proteins are much more
complex than table salt, researchers have crystallized many of them in
their native configuration and have used X-ray crystallography to find
their 3D structures. The 3D structures of proteins are available to all
scientists in a public database called the “Protein Data Bank.”

Not all proteins can be crystallized, however. For example,
membrane proteins have many hydrophobic amino acids and are
particularly difficult to crystallize. A different technique to analyze
proteins in solution is nuclear magnetic resonance (NMR). NMR is
based on the principle that the nuclei of some elements’ atoms, such
as hydrogen, resonate when a molecule, such as protein, is placed in
a powerful magnetic field. NMR measures chemical shifts of the
atoms’ nuclei in the protein, which is dependent on nearby atoms
and on their distances from each other. The signals that NMR
produces are a set of distances between specific pairs of atoms. NMR
data generate models of possible structures, rather than a single
structure. For smaller proteins in particular, NMR can quite
accurately predict the 3D structure.

Despite advances in techniques for determining protein structure, the
structures of many proteins are still unknown. With the help of protein
prediction programs, computer analysis of genome sequences is
producing thousands of new hypothetical proteins of unknown
structure and function. These proteins are called “hypothetical
proteins” because they represent the products predicted from the
gene sequence; however, there is, as yet, no evidence that they are
actually made and there is no known function for them.

Computer programs may help determine the structure of proteins
whose function is not yet known. By comparing the sequence of the
unknown protein to proteins with known 3D structures, these
programs can make a predictive model of the unknown protein’s
structure using the known proteins as templates. The success of this
method depends on the quality of the match between the known
template proteins and the unknown target protein. In addition, when
the function of the template protein is known, it may help identify the
function of the unknown protein. These prediction programs do not
produce structures with the detail or reliability of experimental
techniques such as X-ray crystallography. They do, however, provide a
means to analyze — in a reasonable time period — the large number
of new proteins identified by the analysis of whole genomes.

Structure and Function Relationships
of Proteins

The three-dimensional structure of a protein defines not only its size
and shape, but also its function. One characteristic that affects
function is the hydrophobicity of a protein, which is determined by the
primary and secondary structure. For example, let's look at membrane
proteins. Membranes contain large amounts of lipids, which are
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notoriously hydrophobic (water and oil donit mix). The membrane-
spanning regions of membrane proteins are typically alpha helices,
made of hydrophobic amino acids. These hydrophobic regions interact
favorably with the hydrophobic lipids in the membrane, forming stable
membrane structures.

Hemoglobin is a soluble protein — found in the cytoplasm of red
blood cells as single molecules — which bind oxygen and carry it to the
tissues. In sickle cell anemia, a mutation in the beta-globin protein of
the red blood cell increases its hydrophobicity and causes the mutant
protein molecules to stick to each other, avoiding the aqueous
environment. Chains of hemoglobin change the shape of the red blood
cell from round to a sickle shape, which causes the cells to collect in
narrow blood vessels.

The folding of a protein allows for interactions between amino acids
that may be distant from each other in the primary sequence of the
protein. In enzymes, some of these amino acids form a site in the
structure that catalyzes the enzymatic reaction. This site, called the
active site of the enzyme, has amino acids that bind specifically to the
substrate molecule, also called a ligand (Fig. 2). In a similar manner,
certain sites in cell receptor proteins bind to specific ligand molecules
that the receptor recognizes.

Figure 2. The active site of the
penicillin-binding protein. The gray
stick-like structures represent the
secondary and tertiary structure of the
penicillin-binding protein. Binding of
the antibiotic, the substrate, to the
active site blocks the normal action of
the protein in the bacterial cell,
resulting in death of the cell.

Photo-illustration adaption — Bergmann Graphics

Alterations in amino acids that may be distant from each other in the
primary sequence can lead to changes in folding. It may also cause
changes in chemical interactions among amino acids at the active site,
which alter the enzyme activity or binding of the ligands to receptor
proteins. Binding of ligands to an active site requires specific amino
acids. Therefore, an active site in a new enzyme that belongs to the
same family as a known enzyme can usually be identified by its
similarity to the active site of the known protein. Computer programs
can use the information from a database of known enzymes to predict
the active site of a new protein using a template-based method, similar
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to that described above for determining the three-dimensional
structure of a protein. Once the program has identified the potential
ligand-binding sites, other programs can test the fit and the binding
ability of thousands of possible ligand molecules — even theoretical
ligands that may not yet exist. This has tremendous possibilities for the
design of new drugs, particularly for cancer therapy.

Protein Moadification

The complexities of the 3D structure of proteins are not the only
difficulty in characterizing proteins. Many proteins contain additional
chemicals that modify their structure. The final structure of a protein
may include any number of modifications that occur during and after
the synthesis of the protein on the ribosome. These post-translational
modifications change the size and the structure of the final protein.
Some modifications occur after a protein is made; others occur during
translation of the protein, and are required for proper folding of the
protein. One possible modification is enzymatic cleavage of the
original polypeptide by proteases to produce a smaller product. Other
modifications include the addition of sugar molecules to certain amino
acids in the protein (glycosylation), or the addition of a phosphate
group (phosphorylation) or a sulfate group (sulfation).

Many proteins are modified by proteases that remove short peptides
from either end of the protein. The shortened polypeptides then fold
into an active protein. One of the most common of these cleavages is
the removal of specific signal peptides. These peptides target proteins
for transport to a particular cellular organelle in a process known as
protein sorting. An example of this is the hormone insulin, which is
made as preproinsulin. After removal of the 24-amino-acid signal
peptide from preproinsulin to form proinsulin, the latter polypeptide is
further processed in the endoplasmic reticulum. This produces the final
hormone, insulin, which is released from the cell.

Glycosylation — the addition of specific short-chain sugars to
asparagine, serine, or threonine — is very common in membrane
proteins that form structural components of the cell surface. These
proteins, called glycoproteins, are important in many cell processes,
including binding by receptors and eliciting an immune response.
Glycoproteins are often specific cell markers. For example, ABO blood
types result from the presence or absence of specific glycoproteins
(A-type, B-type, both, or neither) on the surface of red blood cells.
Human immunoglobulin G (IgG) is also a glycoprotein in which the
sugar appears to very important for the normal function of the
protein in the immune response. Scientists have discovered that
abnormal sugars in IgG strongly correlate with the autoimmune
disease called rheumatoid arthritis, characterized by chronic joint
inflammation, and the presence of antibodies directed against IgG
and other host proteins.

Reversible phosphorylation of threonine, serine, or tyrosine residues
by enzymes called kinases (which add a phosphate) and
phosphatases (which remove the phosphate) play an important
role in the regulation of many cell processes, such as growth and
cell cycle control. (See the Cancer unit.) Phosphorylation may occur
sequentially from one protein to another, resulting in a series of
activations called a “phosphorylation cascade.”

REDISCOVERING BIOLOGY
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Genomics-Based Predictions of
Cellular Proteins

We now have large databases of gene sequences, predicted protein
sequences, and known 3D protein structures; yet we still don’t know
the total protein composition of a cell. Determining the proteome of a
cell is a complicated task. There are two approaches to obtaining this
information: computer-based and experimental.

The computer-based method uses the genome sequence of an
organism to predict genes, based on known characteristics of protein-
coding regions of the genome. (See the Genomics unit for a discussion
of computer-based methods for gene identification and microarrays to
identify expressed genes.) However, even if we know that a particular
seqguence is a gene, we don't necessarily know all the possible proteins
it makes.

One reason is that one gene may produce more than one mRNA. RNA
splicing is the normal process in which intron sequences are removed
from the pre-mRNA, producing the mRNA, which corresponds to the
exons. However, some transcripts can be spliced in alternative ways
(alternative splicing), joining different exons (Fig. 3). The result is two
or more different mRNA molecules from one gene. Variants of a
protein produced by alternative splicing may have a similar
physiological activity, a different and unrelated activity, or no activity
at all. According to one estimate, about forty percent of human genes
are alternatively spliced. This is one mechanism that accounts for the
relatively large number of proteins produced by only about 35,000
human genes.

Figure 3. More than one protein can
| I I | I ] I | be made from a gene. In this case,
three different mRNA molecules are
Exons _- made from one gene. The exons (the
1 o 3 5 numbered boxes) can combine in

different configurations to eventually

mRNA Isoform | form different proteins.

mRNA Isoform Il

mRNA Isoform Il

A more direct approach to identify proteins in a cell is to measure
enzyme activities and other functions for which there are biochemical
assays. In some cases, we can identify the function of new proteins by
combining our knowledge of metabolic pathways in many organisms
with the predicted function from genome analysis. With this type of
information, researchers can readily identify new enzymes. To do this,
they examine the similarity of the genome sequences to known
enzymes, as well as the presence (in the same genome) of the proteins
that are required for the other steps in the metabolic pathway.

. . I
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2D Gel Electrophoresis to Identify
Cellular Proteins

While computer-based methods are powerful, they can only predict
the function of proteins for which some information is already
available. How do we understand the proteins that we don’t already
know about? This requires experimental approaches.

One way to identify proteins is to extract all the proteins from a
sample of cells and separate them in a gel matrix, using a technique
called polyacrylamide gel electrophoresis (PAGE). The proteins are
separated by size, with the smaller proteins moving faster through the
gel than the larger proteins. After staining, a pattern of bands appears
that corresponds to the proteins in the cell. However, this technique
can only resolve a few hundred proteins, and cannot separate proteins
of very similar size.

A modification of this procedure — called 2D gel electrophoresis —
separates proteins into two dimensions, using two different
characteristics. Proteins are separated in the first dimension by their
isoelectric point (pl), the specific point at which the net charge of
the protein is zero. These separated proteins, in a flat gel strip, are
then placed on a standard polyacrylamide gel. Every protein band that
was separated in the first dimension according to its isoelectric point is
now separated in the second dimension by its size. The result is small
spots, each representing a protein; even proteins of the same size will
be resolved if they have a different isoelectric point. A good 2D gel can
resolve one thousand to two thousand proteins, which appear, after
staining, as dots in the gel (Fig. 4). This technique is useful when
comparing two similar samples to find specific protein differences; for
example, comparing the proteins in a tumor cell versus a normal cell.
However, it can miss very small proteins or non-abundant proteins.

kDa Figure 4. Haemophilus influenzae
cell proteins separated by 2D gel
) _ electrophoresis. The basic proteins are to
’ '-.Q _ va _ : 68.5 the right of the gel and the acidic
v i B P - - ® proteins to the left. High molecular
’ s ¥ v o~ weight proteins are to the top of the gel.
' ' § ".’ = " .. - "
: 5. v a4.4
-
. . ' - v P
v > . 28.8
- . - .
- - -
o o — 16
I I I Phil Cash, PhD, 2D GEL.
5.56 6.26 6-94 Courtesy of Phil Cash, PhD, University of Aberdeen.
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Mass Spectrometry to ldentify
Cellular Proteins

While the 2D gel method easily separates proteins, it doesn’t identify
them. If there are differences in spots between the proteins in a cancer
cell and a normal cell, this method cannot determine the actual
identity of the different proteins in the two cell types. To identify these
proteins, individual spots are excised from 2D gels and then subjected
to mass spectrometry, which separates charged particles, or ions,
according to mass. First the molecules in the sample are ionized to
produce a population of charged molecules. A mass analyzer then
separates the sample’s molecules based on their mass to charge ratio. A
detector then produces a peak for each ion; this peak gives the mass
and represents the amount of the ion. A computer program reads the
complex spectral information from the mass spectrometry process. The
program matches the information on the each peptide’s mass against
the mass of theoretical, predicted peptides, based on known proteins
in databases. This is called peptide mass mapping. With many
different peptides for each protein, the computer can match the
sequence to one or more known proteins. Peptide mass mapping can
only be used in situations where the genome has been sequenced and
all predicted proteins for the genome are known.

Another application of mass spectrometry is protein fingerprinting.
This technique has been used to identify unique sets of proteins in
blood, which serve as markers for different forms of cancer.
Interestingly, for this method to be useful, we do not need to know
the actual identities of the particular proteins used as markers for a
disease. Instead, this technique relies on pattern recognition software.
Using training data from samples from individuals with and without
cancer, the program searches for a particular pattern of peaks that
correlates with cancer. This technique requires only a drop of blood
and does not require any detailed genetic information; however, its
accuracy in predicting some forms of cancer is limited because the
number of marker peptides is not sufficiently large. As more samples
are evaluated, the accuracy will likely increase because the software
will be able to find more accurate peptide patterns correlating to
cancer. Proteomic fingerprinting holds great promise as a diagnostic
tool for a variety of diseases that produce distinctive patterns of
proteins in blood.

Identifying Protein Interactions

While it is convenient to think of proteins as discrete and independent
molecules, this is actually an oversimplified view. Many proteins
require other proteins or cofactors for activity; and proteins involved in
signal transduction, protein trafficking, cell cycle, and gene regulation
must interact with other proteins in those processes. Many of these
interactions require particular domains called interaction domains.
Proteins involved in the interactions contain combinations of
interaction domains (for interaction with other proteins) and catalytic
domains (for function of the protein). The interaction domain can
bind the partner protein, even in the absence of the rest of the
protein. Interaction domains are often quite versatile, capable of
binding a variety of related ligands. In addition, one protein may
contain several different interaction domains. The modular nature of
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these domains allows the protein to interact with multiple target
proteins in the cell; thus it provides a mechanism for integration and
control of information from protein to protein in a cell. Such protein-
protein interactions form the basis for our current understanding of
cell signaling pathways and protein networks that regulate all the
activities in a cell.

Because protein-protein interactions regulate the activities of cells,
identifying them is critical to understanding cellular processes.

Mass spectrometry techniques have been developed for large-scale
screening to identify interacting proteins. For example, hundreds of
known proteins in yeast were engineered to contain a biochemical
tag that would allow the tagged protein to be separated from other
proteins in a cell extract. This was done gently so that other proteins
bound to the tagged protein would still be attached. The tagged
protein, along with any associated proteins, was then analyzed by
mass spectrometry. The results revealed that about eighty-five
percent of these proteins were associated with other proteins.
Although most interacted with many other proteins, in some cases
two different protein complexes had at least one protein in common.
Among the most intriguing questions to come out of this research
were what controls which proteins interact and — for those that
interact in multiple complexes — how do these proteins know which
complex to join?

The Yeast Two-Hybrid System

The yeast two-hybrid system is a powerful technique for identifying
multiprotein complexes. Using genetically engineered yeast, scientists
can identify complexes when specific pairs of interacting proteins
activate expression of a reporter gene. One often-used reporter gene is
the lacZ gene. When two proteins interact in the yeast cell they
activate expression of this gene, allowing yeast cells to metabolize an
indicator that turns these cells a different color. The interacting
proteins are then identified from the colonies formed by these colored
cells. The two-hybrid system has been expanded to use microarrays of
cloned yeast genes (see below). These large-scale yeast two-hybrid
assays can provide information on thousands of protein-protein
interactions. Using this technology, researchers are identifying all the
proteins in yeast that interact, and they will then map the complex
network of cellular functions to these interacting proteins.

Protein Microarrays

Another strategy for the large-scale study of proteins is similar to the
DNA microarrays, which measure gene expression in different cells
types. (See the Genomics unit.) Based on the rapid, large-scale
technology (often called high-throughput technology) that was
developed for DNA microarrays, scientists have developed similar
microarrays for proteins. In a protein microarray, very small amounts of
different purified proteins are placed on a glass slide in a pattern of
columns and rows. These proteins must be pure, fairly concentrated,
and folded in their active state. Various types of probe molecules may
be added to the array and assayed for ability to bind or react with the
protein. Typically the probe molecules are labeled with a fluorescent
dye, so that when the probe binds to the protein it results in a
fluorescent signal that can be read by a laser scanner.

REDISCOVERING BIOLOGY
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This technology can complement other techniques, such as mass
spectrometry and yeast two-hybrid assays, to identify thousands of
protein-protein interactions. Protein arrays can be screened for their
ability to bind other proteins in a complex, receptors, antibodies, lipids,
enzymes, peptides, hormones, specific DNA sequences, or small
molecules, such as potential new drugs. One of the most promising
applications for protein microarrays is the rapid detection or diagnosis
of disease by identifying a set of proteins associated with the disease.

One example of the use of this technique is the development of a
microarray that may help in the treatment of cancer. This microarray
contains many different mutant forms of a protein called p53. P53 is an
anti-cancer protein, called a “tumor-suppressor protein,” and about
half of all cancers have mutations in p53. (See the Cancer unit.)
Researchers can screen the immobilized mutant p53 proteins in the
microarray for biological activity, as well as for new drugs that can
restore its normal tumor-suppressing function.

Protein Networks

The cell is a complex and dynamic system of networks of interacting
molecules. An understanding of the cell requires analyzing these
complex interactions as a system. Systems biology takes the approach
that the powerful high-throughput techniques, developed as part of
whole genome and proteome analysis, will allow the simultaneous
study of complex interactions of networks of molecules, including
DNA, RNA, and proteins. Fully understanding complex networks of
molecular interactions in the cell requires a combination of several
different experimental techniques, including DNA and protein
microarrays, mass spectral analysis, and two-hybrid analysis. This,
combined with the power of computers to analyze the massive amount
of data, produces models of interacting networks, which better
describe the workings of a cell (Fig. 5).
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Figure 5. A network of
protein—protein interactions
in a yeast cell

Schwikowski et al, A NETWORK OF PROTEIN-PROTEIN
INTERACTIONS IN YEAST (2000).
Courtesy of Nature Publishing Group.
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Proteomes in Different Organisms

Although scientists have sequenced dozens of genomes from
organisms as diverse as viruses, bacteria, nematode, fruit fly, puffer
fish, mouse, and human, we still don't know what uniquely
characterizes each of these organisms. For example, both mouse and
human genomes contain around 30,000 genes. How many of these
genes do they share? Based on comparisons of the two genomes,
ninety-nine percent of the genes are conserved in both species and are,
thus, derived from a common evolutionary ancestor. The remaining
one percent represents genes that evolved independently in mouse or
human. If these two organisms share so many similar genes, how can
they be so different? A simple example may help us to understand that
the presence of a gene does not mean that the protein is expressed.
Pigs produce cell surface proteins, which are modified by glycosylation
to contain a sugar called galactose (GAL). Those GAL-proteins, present
in pig blood vessels, are seen as foreign by the human immune system.
This leads to the very rapid destruction of pig organs that have been
transplanted into humans when a human organ was not available.
Interestingly, humans lack GAL-proteins but still have the gene for
making them; the gene is not expressed in humans. Therefore, the
presence of a gene does not mean that it is expressed. In fact, every
somatic cell in an organism shares the same genes; so, the differences
between tissue types — say liver and heart — result from differences in
gene expression. (See the Genes and Development unit.)

Identification of proteins may provide the most useful information in
determining the significant differences between species. How different
are the proteins in even closely related organisms? With the
development of proteomic techniques, scientists are beginning to
tackle this difficult question. One answer is that very similar genes in
two organisms may be expressed very differently. Dr. Svante Paabo of
the Max Planck Institute for Evolutionary Anthropology analyzed the
proteins from brains of human and chimps. (See the Genomics and
Human Evolution units.) He found that many very similar genes
produced much more protein in human brain cells than in chimp brain
cells. In contrast, the same type of experiment done with blood or liver
cells showed much less difference between human and chimp in the
amount of protein produced.

At a different level, there are some clear differences in protein
composition between the cells of eukaryotes and those of the other
kingdoms. One is that eukaryotes have many more long proteins, more
proteins with regular secondary structure and less random globular
structure, and more loop regions in their proteins. Certain conserved
structural domains show up in proteins, but are used in a number of
different pathways. While there are many protein homologues
conserved across many different organisms, some proteins are unique
to one organism. As more genomes and proteomes are characterized,
comparative genomics and proteomics will allow scientists to further
understand how organisms differ.

Proteomics and Drug Discovery

One of the most promising developments to come from the study of
human genes and proteins has been the identification of potential
new drugs for the treatment of disease. This relies on genome and
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proteome information to identify proteins associated with a disease,
which computer software can then use as targets for new drugs. For
example, if a certain protein is implicated in a disease, the 3D structure
of that protein provides the information a computer programs needs
to design drugs to interfere with the action of the protein. A molecule
that fits the active site of an enzyme, but cannot be released by the
enzyme, will inactivate the enzyme. This is the basis of new drug-
discovery tools, which aim to find new drugs to inactivate proteins
involved in disease. As genetic differences among individuals are
found, researchers will use these same techniques to develop
personalized drugs that are more effective for the individual.

Virtual ligand screening is a computer technique that attempts to fit
millions of small molecules to the three-dimensional structure of a
protein. The computer rates the quality of the fit to various sites in the
protein, with the goal of either enhancing or disabling the function of
the protein, depending on its function in the cell. A good example of
this is the identification of new drugs to target and inactivate the HIV-1
protease. The HIV-1 protease is an enzyme that cleaves a very large HIV
protein into smaller, functional proteins. The virus cannot survive
without this enzyme; therefore, it is one of the most effective protein
targets for killing HIV (Fig. 6).

Figure 6. In virtual ligand screening,
the three-dimensional image of the
protein is fed into a computer, which
attempts to fit millions of small
molecules to a targeted active site.
Small molecules that bind well to the
protein become good leads for
potential new drugs.

Photo-illustration — Bergmann Graphics

Because many proteins have multiple functions, it may be necessary to
develop drugs for each function of a multitask protein. In addition,
most proteins act as part of complexes and networks, which may also
affect the way a protein acts in a cell. This may also affect the ability of
drugs to disable the protein. Understanding the proteome, the
structure and function of each protein, and the complexities of
protein-protein interactions will be critical for developing the most
effective diagnostic techniques and disease treatments in the future.

. ... = s I I
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Ethics and the Economics of
Drug Discovery

Drug discovery is simple compared to drug development, which
requires testing the efficacy and the safety of new drugs through
clinical trials. The time (twelve to fifteen years) and cost
(approximately 800 million dollars) of drug development are
significant economic factors that limit the number of new drugs that
come to market; many approved drugs never recover the cost of their
development. How do companies decide which promising new drugs
to develop? Clearly, there must be very good evidence that the new
drug will be effective. But that is not enough; companies also carefully
consider the economics of each potential new drug. What is the size of
the market for that new drug? How strong is the demand? How
effective are current drugs and what are their costs?

The harsh reality of these economics is that new drugs that may
benefit only a few are unlikely to make it to clinical trials. Drugs that
may benefit millions of people in developing countries too poor to pay
for the new drug will also have a low priority for development. While
AIDS, malaria, and tuberculosis affect countries that together contain
ninety percent of the world’s population, only about ten percent of
the world’s medical research funding is targeted at these diseases.
Partnerships among government agencies, charitable organizations,
and the pharmaceutical industry may allow companies to allocate
some of their resources to developing drugs that will never recover
their cost. In 2001 GlaxoSmithKline Biologicals, in partnership with the
World Health Organization and the non-profit organization Program
for Appropriate Technology in Health, began a program to develop a
vaccine for childhood malaria.

Many currently patented drugs could be manufactured in third world
countries as generic versions. However, pharmaceutical companies have
strongly opposed this practice, fearing that these generic drugs will be
inferior to the name brands and would enter the U.S. and European
markets at low prices. Brazil has registered generic versions of several
AIDS drugs, and manufactures them for itself and other developing
countries. In response to worldwide pressure, drug companies have
agreed to sell some AIDS drugs at deep discounts to developing
countries. However, even with the discounts, the price is much higher
than the generic version, limiting the number of AIDS victims who can
be treated in poorer nations.

Proteins and Proteomics
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Glossary

2D gel electrophoresis.

A technique for separating
proteins to further identify and
characterize them. Proteins are
separated in the first dimension
based on their isoelectric point,
and then in the second dimension
by molecular weight.

Active site. The specific part of
an enzyme that binds the
substrate.

Alternative splicing. A
biological process in which introns
are removed from RNA in
different combinations to
produce different mRNA
molecules from one gene;
sometimes called “RNA
alternative splicing.”

Catalytic domain. The regions
of a protein that interact to form
the active or functional site of
the protein.

Domain. A discrete part of
a protein that folds
independently of the rest
and has its own function.

Domain shuffling. The creation
of new proteins by bringing
different domains together.

Exon. The sequence of a gene
that encodes a protein. Exons may
be separated by introns.

Glycosylation. The modification
of a protein by adding sugar
molecules to particular amino
acids in the protein.

High-throughput technology.
Large-scale methods to purify,
identify, and characterize DNA,
RNA, proteins, and other
molecules. These methods are
usually automated, allowing
rapid analysis of very large
numbers of samples.

Proteins and Proteomics

Interaction domain. A discrete
module of a protein that is
involved in interactions with
other proteins.

Intron. The DNA sequence within
a gene that interrupts the protein-
coding sequence of a gene. It is
transcribed into RNA but it is
removed before the RNA is
translated into protein.

Isoelectric point. The pH at which
the net charge of the protein is
zero. Proteins are positively
charged at pH values below their
pl and negatively charged at pH
values above their pl.

Kinase. An enzyme that catalyzes
the transfer of a phosphate group
from ATP to another molecule,
often a protein.

Ligand. A molecule that binds to
a protein, usually at a specific
binding site.

Mass spectrometry. A technique
that separates proteins on their
mass to charge ratio, allowing
identification and quantitation of
complex mixtures of proteins.

Motif. A short region in a protein
sequence that is conserved in
many proteins.

Nuclear magnetic resonance
(NMR). A technique for
determining the structure of
molecules, which is based on the
resonance of the nuclei of certain
atoms when the molecule is
placed in a strong magnetic field.

Peptide mass mapping.

A technique for identifying
proteins by mass spectrometry;
combined with a computer
program that matches the
information on each peptide’s mass
against the mass of theoretical,
predicted peptides, based on
known proteins in databases.

Polyacrylamide gel
electrophoresis (PAGE).

A technique used to separate
proteins in a gel matrix by
their relative movement in
an electric field.

Phosphatase. An enzyme that
removes a phosphate group from
a molecule, such as a protein.

Phosphorylation. The addition
of a phosphate group to a
molecule, such as a protein.

Primary structure. The sequence
of amino acids that makes up the
polypeptide chain.

Protein fingerprinting. The
identification of the proteinsin a
sample by analytical techniques,
such as gel electrophoresis and
mass spectrometry.

Protein sorting. The processes in
which proteins synthesized in the
cytosol are further modified and
directed to the appropriate
cellular location for their
particular function.

Proteome. The complete
collection of proteins encoded by
the genome of an organism.

Quaternary structure.

The association of two or more
polypeptides into a larger protein
structure.

Secondary structure.

The arrangement of the amino
acids of a protein into a regular
structure, such as an alpha-helix
or a beta sheet.

Tertiary structure. The folding
of a polypeptide chain into a
three-dimensional structure.

[continues...]

16



Glossary [continued]

Virtual ligand screening.

A computer-based technology
that simulates the interaction
between proteins and small
molecules to identify those that
might be pharmaceutically active
and useful as drugs.

X-ray crystallography.

A method for determining the
structure of a molecule, such as a
protein, based on the diffraction
pattern resulting from focused X-
ray radiation onto pure crystals of
the molecule.

Yeast two-hybrid system.
A method used to identify
protein-protein interactions.
A protein of interest serves as
the "bait"” to fish for and bind
to unknown proteins, called
the “prey.”

Proteins and Proteomics
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Evolution and
Phylogenetics

“Systems of classification are not hat racks, objectively
presented to us by nature. They are dynamic theories
developed by us to express particular views about the
history of organisms. Evolution has provided a set of
unique species ordered by differing degrees of genealogical
relationship. Taxonomy, the search for this natural order,

is the fundamental science of history.” StepHen J Goutp!

Perhaps the most striking feature of life is its enormous diversity. There
are more than one million described species of animals and plants,
with many millions still left undescribed. (See the Biodiversity unit.)
Aside from its sheer numerical diversity, organisms differ widely and
along numerous dimensions — including morphological appearance,
feeding habits, mating behaviors, and physiologies. In recent decades,
scientists have also added molecular genetic differences to this list.
Some groups of organisms are clearly more similar to some groups
than to others. For instance, mallard ducks are more similar to black
ducks than either is to herons. At the same time, some groups are very
similar along one dimension, yet strikingly different in other respects.
Based solely on flying ability, one would group bats and birds
together; however, in most other respects, bats and birds are very
dissimilar. How do biologists organize and classify biodiversity?

In recent decades, methodological and technological advances have
radically altered how biologists classify organisms and how they view
the diversity of life. In addition, biologists are better able now to use
classification schemes for diverse purposes, from examining how traits
evolve to solving crimes. These advances have strengthened
evolutionary biology as a theory: a theory in the scientific sense,
meaning a “mature coherent body of interconnected statements,
based on reasoning and evidence, that explains a variety of
observations.”2 Molecular biology, genetics, development, behavior,
epidemiology, ecology, conservation biology, and forensics are just a
few of the many fields conceptually united by evolutionary theory.

A Brief History of Classification

Taxonomy, the practice of classifying biodiversity, has a venerable
history. Although early natural historians did not recognize that the
similarities and differences among organisms were consequences of
evolutionary mechanisms, they still sought a means to organize
biological diversity. In 1758 Carl Linné proposed a system that has
dominated classification for centuries. Linné gave each species two
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names, denoting genus and species (such as Homo sapiens). He then
grouped genera into families, families into orders, orders into classes,
classes into phyla, and phyla into kingdoms. Linné identified two
kingdoms: Animalia (animals) and Plantae (plants). Biologists generally
accepted the idea of evolution shortly after the publication of Darwin's
The Origin of Species and, since Linné’s classification system, they have
described an immense number of species. Despite these facts,
taxonomy changed little until the 1960s.

The first major break from the Linnean model came from Thomas
Whittaker. In 1969 Whittaker proposed a “five kingdom” system in which
three kingdoms were added to the animals and plants: Monera (bacteria),
Protista, and Fungi. Whittaker defined the kingdoms by a number of
special characteristics. First, he specified whether the organisms possessed
a true nucleus (eukaryotic) or not (prokaryotic). Because Monera are
prokaryotic and virtually all are unicellar, they are distinct from the other
four eukaryotic kingdoms. With few exceptions, the eukaryotic unicellular
organisms were placed into the kingdom Protista.

The three multicellular eukaryotic kingdoms distinguish themselves by
the general manner in which they acquire food. Plants are autotrophs
and use photosynthetic systems to capture energy from sunlight.
Animals are heterotrophs and acquire nutrients by ingesting plants or
other animals, and then digesting those materials. Fungi are also
heterotrophs but, unlike animals, they generally break down large
organic molecules in their environment by secreting enzymes.
Unicellular organisms use a variety of modes of nutrition. (See the
Microbal Diversity unit.)

The five kingdoms system was certainly an advance over the previous
system because it better captured the diversity of life. Three groups —
bacteria, fungi, and protists — did not fit well into either the animal or
plant category. Moreover, each of these three groups appeared to
possess diversity comparable to that of animals or plants. Thus, the
designation of each as a kingdom seemed fitting.

In the years since Whittaker’s system was developed, however,

new evidence and new methods have shown that the five-kingdom
system also fails to adequately capture what we now know about
the diversity of life. Microbial biologists became aware of these
limitations as they discovered unicellular organisms that appeared
to be prokaryotic, but were extremely distinct in ultrastructure and
other characteristics from the traditional bacteria. Some of these
unusual prokaryotes lived in hot springs and other places where the
temperatures were near, or even above, the boiling point of water
(the thermophiles). Others, the extreme halophiles, were able to
tolerate salt concentrations as high as five Molar, roughly ten times
the concentration of seawater. (See the Microbal Diversity unit.) DNA
sequence data also increasingly suggested that these prokaryotes
were most unlike the traditional bacteria.

The microbal evolutionist Carl Woese proposed a radical
reorganization of the five kingdoms into three domains. (See the
Microbial Diversity unit.) Starting in the 1980s Woese's scheme has
been increasingly accepted by evolutionary biologists and is now the
standard paradigm. In his classification system, Woese placed all four
eukaryotic kingdoms into a single domain called Eukarya, also known
as the eukaryotes. He then split the former kingdom of Monera into

T T T I
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the Eubacteria (bacteria) and the Archaea (archaebacteria) domains.
Woese then placed most of the “unusual” prokarytes in the Archaea,
leaving traditional bacteria in the Eubacteria. The Woese classification
represents a demotion of the animals and plants as individual
kingdoms. This is consistent with recent discoveries of more diversity
among microbes than between animals and plants.
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Unlike Whittaker's five kingdoms system, Woese's three domains
system organizes biodiversity by evolutionary relationships. After a
discussion of the methodology of contemporary evolutionary
classification, we will examine the methods Woese used and the
justification for his system.

Cladistics and Classification

Except for his last sentence where he used the word “evolved,” Charles
Darwin never mentioned “evolution” in The Origin of Species. Instead,
he used the phrase “descent with modification.” Evolutionary
classification today is based on those two central features of evolution:
groups of organisms descend from a common ancestor and, with the
passage of time, acquire modifications.

Cladistic analysis, also known as cladistics and phylogenetic systematics,
is the main approach of classification used in contemporary
evolutionary biology. The German taxonomist Willi Hennig developed
cladistics in 1950, but his work was not widely known until it was
translated into English in 1966. After scientists began using molecular
data in classification, Hennig’s cladistics became increasingly adopted.

Cladistic analysis starts with the assumption that evolution is a
branching process: ancestral species split into descendant species, and
these relationships can be represented much like family trees represent
genealogies. The “trees” obtained by such analyses are called
phylogenies. These phylogenies should be viewed as testable
hypotheses, subject to either confirmation or rejection depending on
new evidence. Of course, hypotheses differ as to how much support
they have. Some are so well supported (such as that humans share a
closer common ancestor to chimpanzees than either share with lemurs)
that they are exceedingly unlikely to be overturned.

Figure 1. The older five-kingdom
tree of life, which has been replaced
by Woese's three-domain tree.

Photo-illustration — Bergmann Graphics
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In cladistic analysis, groups of organisms, known as taxa, are arranged
into clades that are then nested into larger clades. The term “taxa”
(singular "taxon”) can be applied to groups of any size. Taxa that are
each others’ closest relatives are called sister taxa. Each clade should
be monophyletic; that is, all members share a single common
ancestor, and all descendants of that ancestor are included in the
clade. In contrast, a polyphyletic group is one in which the members
are derived from more than one common ancestor. What if all of a
particular clade’s members share a common ancestor but not all taxa
that share that common ancestor are included in that group? Such a
group is called paraphyletic.

Monophyletic

Taxonomists following cladistic analysis place taxa into clades based on
the derived character states that the taxa share. For example, a wing is
a character. The presence or absence of a wing would be alternative
character states. Other features of a wing (such as its shape and size,
and how it develops) could also be character states. Aside from the
presumption that characters are independent of one another, any trait
can be a character. In principle, there is no difference between the
analysis of morphological and molecular characters. The characters Polyphyletic
used most often in molecular phylogenies are the nucleotide positions
of the examined DNA molecule(s); thus, the character states are the
actual nucleotides at that position. Shared, derived characteristics are
known as synapomorphies.

That taxonomists would classify taxa based on similarity makes sense.
After all, like goes with like. But why would they consider only the
derived shared character states? Why not consider all character states,
including those that are primitive? The rationale is that the primitive
characters do not reveal information about which groups share more
recent common ancestors; the primitive character states would only

contribute noise to the system. In classifying different groups of birds Paraphyletic
that all fly, whether they fly does not contribute information. In fact,

in classifying flightless birds, considering the ancestral state (flighted) Figure 2. Examples of monophyletic
can actually distort the obtained phylogeny away from the true (top), polyphyletic (middle), and
phylogeny. For these reasons, only synapomorphies (shared, derived paraphyletic (bottom) trees.

character states) are considered in the analysis. In practice, taxonomists
often have difficulty in distinguishing between which character states
are primitive and which are derived.

For what reasons can taxa share synapomorphies? One possibility is
that they share a common ancestor. This is called homology. While
cladistic analysis assumes that most synapomorphies will arise by
homology, they can arise by other ways. One possibility is
convergence: different lineages that do not share a recent common
ancestor evolve to the same character state. An obvious example is
that both bats and birds have wings; however, these were
independently derived, most likely owing to similar selective forces.
This example is obvious because so many other characters place bats
closer to non-winged clades (other mammals) than to birds. Yet, less
obvious cases can be resolved only after cladistic analysis. Another
possible reason why non-homologous character states can be similar is
a reversal in which mutation or selection causes the derived
character state to revert to the ancestral state.

How does cladistic analysis work, especially given the possibility of
conflicting data generated by reversals and convergence? Taxonomists,
like scientists in general, start with the principle of parsimony — that

. O ————
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the shortest, most simple, and direct path is most likely to be the TAXA
correct one. In one commonly used method, parsimony analysis, the Characteristics 1 2 3 4
taxonomist searches for the most parsimonious tree; that is, the one A + o+ + -
that requires the fewest number of evolutionary transitions. Consider

the example in Figure 3: three possible phylogenies exist. Based on the B R
data given, for the top phylogeny to occur, we must postulate a total C + - + -
of nine evolutionary changes. The middle phylogeny requires D T T
postulating ten changes, and the lower phylogeny requires postulating

eleven changes. Because the first phylogeny requires the fewest E i T I
changes, it is the most parsimonious tree. F + - + +
The most parsimonious tree may not necessarily represent the true G S I I
phylogenetic relationships. Perhaps certain types of transitions are H + + + -
more likely or evolved more easily than are others. It is often difficult

to know before doing the analysis, which changes are most likely. A o (3
Thus, taxonomists generally resort to the fallback position that all ¢ e

changes are equally likely. There are some cases, particularly with °

molecular data, where there is good prior knowledge of variation in ) . \‘ 4

the likelihoods of different changes. For instance, certain types of (2 <« 14
mutations are more likely than others are. Transitions (changes from a

purine — A or G — to the other purine, or a pyrimidine— Cor T —to
the other pyrimidine) are more likely than transversions (changes from
a purine to a pyrimidine or vice-versa). Using increasingly statistical
techniques, such as maximum likelihood analysis, taxonomists can
adjust for these situations.

Figure 4 shows an example of an unrooted tree. Unrooted trees do
not display the directionality of evolution, only patterns of relatedness.
A unrooted tree can be rooted, but for any given unrooted tree there
are many possible rooted trees that can be derived. Rooting a tree
usually requires identification and use of an outgroup — a taxon that
is more distantly related than the taxa contained within the tree. For
instance, given an unrooted tree containing the great apes (humans,
chimpanzees, gorillas, orangutans, and gibbons), one could use a
species of monkeys, such as baboons, as an outgroup. (See the Human
Evolution unit.) In practice, taxonomists often use multiple outgroups
to refine the analyses.

Figure 3. Three possible unrooted
trees are shown. The top tree
assumes nine changes in character
state occurred (each change is
represented by a mark), the middle
tree assumes ten changes, and the
bottom tree assumes eleven.
Because the top tree assumes the
fewest changes, it is the most

A parsimonious tree.

/ A Figure 4. Panel A shows an unrooted tree.
c Panels B, C, D, and E should be the
4 resulting rooted trees, when root is placed
E in each of the corresponding positions.

B C D E
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Applications of Molecular Phylogenetics

Although the methods used in cladistic analysis are the same for both
molecular and morphological characters, molecular data provides
several advantages. First, molecular data offers a large and essentially
limitless set of characters. Each nucleotide position, in theory, can be
considered a character and assumed independent. The DNA of any
given organism has millions to billions of nucleotide positions. In
addition, the large size of the genome makes it unlikely that natural
selection will be strongly driving changes at any particular nucleotide.
Instead, most nucleotide changes are “unseen” by natural selection,
subject only to mutation and random genetic drift. If we were to
assume that the driving force of natural selection is less prevalant for
molecular characters, then we should assume that the probability of
convergence for molecular characters is also.

By selecting a particular class of morphological characters, researchers
may also bias the analysis in such a way that groups with certain
characteristics cluster with others for reasons other than homology. For
instance, if the set of characters were weighted toward those involved
in carnivory, carnivorous animals may cluster together — not because
of homology but because of shared function. This problem would be
less likely if using molecular characters.

Another advantage of molecular data is that all known life is based on
nucleic acids; thus, studies involving any type of taxa can use DNA
sequence data. Some genes or regions of genes evolve quickly. These
are most useful in studies of closely related taxa. Conversely, other
genes (or regions) are slower to evolve. These are the most useful for
studies of more distantly related organisms. At the extreme, some
evolutionarily related genes have been found in disparate organisms
such as yeast and humans. Rates by which sections of DNA evolve are
primarily determined by the extent of functional constraint. Genes and
positions within genes that are the most useful generally evolve the
slowest. This is because they are the least able to tolerate mutational
change without substantially reducing the fitness of the individuals
that harbor them. Many of these very conserved genes play a role in
development. (See the Genes and Development unit.)

Starting in the late 1970s Carl Woese took on an ambitious project —
determining the relationships of all life, which resulted in the
reorganization of the tree of life. To do this, Woese and his associates
took advantage of a molecule that evolves extremely slowly — (rDNA)
the DNA that encodes a small subunit of ribosomal RNA. They found
that the sequences cluster in three groups corresponding to the
eukaryotes (Eukarya), the archaea, and the eubacteria. We discussed
these three domains earlier.

The three-domains model was controversial for several reasons. First,
the conclusions Woese drew were initially based on evidence from a
single gene. Perhaps there was something unusual about the way that
small subunit of rDNA evolved, his critics said. That controversy was
easily solved by generating more data. Sequences from other genes
that evolve slowly seemed to confirm the rationale for the three
domains. A more fundamental problem was that Woese's tree was
unrooted. If each domain represents a monophyletic group, three
possiblilties existed: (1) that the eubacteria and archaea are sister
groups, with the eukaryotes branching off first; (2) that eubacteria and
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eukaryotes are sister groups; or (3), that archaea and eukaryotes are
sister groups. Woese himself suspected this third possibility. A fourth
possibility was that the root of the tree lied within one of the domains
and, therefore, the domain was not monophyletic. To root a tree, one
generally requires an outgroup. But what is the outgroup to all known
life? Rocks?

Margaret Dayhoff proposed an ingenious solution to this rooting
dilemma: using ancestral genes that are present in multiple copies in
the same organism because of gene duplication. If there were such
genes that had duplicated before the split among the three domains,
these could be used as outgroups to root the tree of life. In 1989, many
years after Dayhoff's suggestion, Naoyuki Iwabe and colleagues used
this approach.3 Organisms in all three domains have two distinct genes
that code for the two subunits (alpha and beta) of the enzyme that
hydrolyzes ATP to yield energy, ATPase. DNA sequence similarity
strongly suggests that these two genes are derived from a gene
duplication predating the divergence of the domains. The ATPase-
alpha tree, using an ATPase-beta gene as an outgroup, showed that
each of the domains was monophyletic, and that eukaryotes and
archaea are sister groups. The same result was obtained when ATPase-
beta was used as an outgroup to root the ATPase-alpha tree. Similar
trees were obtained with other pairs of duplicated genes. In
conclusion, Woese was right.

HIV and Forensic Uses of Phylogenetics

Phylogenetic methods have been used to solve practical problems,
including determining the sources of infection from HIV. This retrovirus
evolves at an extremely rapid rate, owing to its exceptionally high
mutation rate. In fact, sequences of HIV genes taken from the same
infected individual can be as different as sequences from some
homologous genes in humans and birds. Its rapidity of evolution works
to HIV's advantage as it wreaks havoc on the immune system. On the
other hand, scientists can take advantage of that rapid evolution to
study the relationships between HIV and other similar viruses.

Researchers at the Centers for Disease Control and Prevention (CDC)
used phylogenetic systematics of HIV for forensic purposes. During
the early 1990s a Florida dentist was suspected of transmitting HIV
to several of his patients. After the first case of probable
transmission surfaced, the dentist wrote an open letter to his
patients suggesting that they be tested for HIV. At least ten of the
patients tested positive for HIV. However, a few of the infected
individuals had other risk factors; therefore, there was the distinct
possibility that they had not been infected by the dentist. The CDC
researchers sequenced the HIV gp120 gene from several viral isolates
taken from the dentist, his infected patients, and non-patients who
were also infected. From the phylogeny constructed based on the
HIV sequence data, they first denoted what they called the “dentist
clade.” This monophyletic group contained sequences from the HIV
sequences collected from the dentist but not from the non-patients.
Five of the patients had viral sequences that were contained in the
dentist clade. These patients also lacked other risk factors. Thus, by
strong inference, the CDC researchers determined that the dentist
had infected these five patients.

T T T I
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There was some controversy over whether or not the dentist clade
identified in the CDC study was reliable. Nucleotides in the HIV gp120
gene do not evolve in same way as in other genes. Instead of
transitions being universally more prevalent than transversions, as is
the case in most genes, A to C transversions are more frequent than
transitions of C to T. There was also concern about the types of
algorithms used. To address these concerns, David Hillis, John
Huelsenbeck, and Cliff Cunningham re-analyzed the data of the CDC
study. They found that, under nearly all circumstances, the same dental
clade was obtained.4 Thus, the results were statistically reliable.
Investigators are using similar studies to determine the source of the
anthrax used in the attacks of October 2001.

The Origin of Bats and Flight

Molecular phylogenetics are often most useful when there is conflict
among the phylogenies constructed with different morphological
character data sets. For instance, molecular data have helped settle the
question of whether bats are a monophyletic group — that is, whether
they share a common ancestor not shared by non-bats. In the 1980s
several morphological analyses challenged the traditional view that
bats (order Chiroptera) were monophyletic. The studies proposed that
the large fruit-eating Megachiroptera (megabats) were actually more
closely related to primates than they were to the smaller insect-eating
Microchiroptera (microbats). The studies based the megabat-primate
grouping on synapomorphies that included features of the penis,
brain, and limbs. The implication of this reclassification was that flight
evolved more than once within mammals.

Spurred by this controversy, several research groups performed
cladistic analyses of bats using molecular data during the early
1990s. For example, Loren Ammerman and David Hillis sequenced
mitochondrial DNA sequences from many mammals, including two
species of microbats, two species of megabats, a tree shrew,

a primate, and several outgroups. From their data, the most Figure 5. Alternative possibilities of
parsimonious tree that assumed bat monophyly was ten steps bat phylogeny. Left: Bats form a
shorter than the most parsimonious tree that assumed bats were not monophyletic clade, in which flight
monophyletic. Statistical analysis showed that bat monophyly was evolved once in mammals. Alternately,
significantly more parsimonious than the absence of bat monophyly. right, bats are diphyletic, and flight

evolved twice in mammals.
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Other molecular phylogenetic studies, using a variety of different
classes of genes, showed the same pattern of bat monophyly. These
researchers also indicated that convergence is the most likely reason
why some derived morphological character states seem to be shared
by primates and bats.>

Other researchers raised the objection that these early molecular
phylogenetic studies did not take into account biases in the way that
sequences evolve. Specifically, the critics noted that both microbats and
macrobats have DNA with a higher proportion of G's and C's than A's
and T's. It is well known that organisms that have higher metabolic
rates will have higher G-C content. Thus, the critics argued, perhaps
the apparent monophyly of bats that was observed in the molecular
studies is due to convergent evolution toward high G-C content and
not homology. Using various methods, subsequent molecular
phylogenetic studies took the bias in nucleotide changes into account.
One simple method was to split the DNA sequences into A-T rich and
G-Crich regions and do a separate analysis on each. Even after
nucleotide sequence bias was discounted, the most parsimonious
phylogenies still showed that all bats had a single common ancestor.
This support for bats as a monophyletic group is also strong evidence
for flight evolving only once in mammals.

The monophyly of bats is an example where molecular data shored up
the traditional phylogeny against challenges posed by some
morphological characters. In contrast, there are also occasions where
analysis of the molecular data provided an unexpected answer. One
such example is the example of the evolutionary history of whales,
which is discussed in detail in the video.

Challenges

There have been tremendous advances in comparative evolution
brought on by the new methods of phylogenetic analysis and
burgeoning amounts of DNA sequence data; however, the field is not
without challenges and limitations. Some of these challenges are due
to features of the organism and some are due to limitations of the
tools we currently possess.

One feature of the organism that presents a challenge is the horizontal
transfer of genes across different species. In the standard mode of
vertical transmission, genes are transmitted from parent to offspring
(whether by sexual or asexual means). Genetic material can also be
exchanged among different organisms, especially bacteria. This
general type of transmission is called lateral (horizontal) gene
transfer. One mode by which lateral gene transfer can occur is
conjugation, whereby some bacteria exchange genes (plasmids or
small parts of the bacterial chromosome) by physical contact.
Bacteriophages can also mediate lateral gene transfer by cross-
infection. Amazingly, these processes that result in lateral gene
transfer can occur among bacteria that differ by as much as fifteen
percent at the DNA sequence level. The implication of widespread and
random lateral transfer of genes is that the genetic structure of
bacteria can be mosaic — different genes or gene regions may have
different histories. If lateral transfer is sufficiently pervasive, it could
lead to the inability of constructing the true phylogeny for all bacteria.
(See the Microbial Diversity unit.)

REDISCOVERING BIOLOGY

Figure 5a. Photographs of an example
of a megabat, the African fruit bat, and
a microbat, the Mexican freetail bat.

Courtesy of the Transvaal Museum,South Africa.

Courtesy of Robert Bloomberg.
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The most dramatic case of lateral gene transfer involving eukaryotes is
the endosymbiotic origin of mitochondria. This view, championed by
Lynn Margulis, speculates that these ATP-producing organelles were
once free-living prokaryotes that were engulfed by a proto-eukaryote
— an idea now strongly supported. The evidence includes similarities
of ribosomal structure, sensitivity to antibiotics, and DNA sequences
between mitochondria and prokaryotes. The major controversy is how
and when this process occurred. Other eukaryotic organelles have been
shown to probably have endosymbiotic origins. The conventional
wisdom, however, is that lateral gene transfer involving eukaryotes
was limited from these exceeding rare endosymbioic events.

Recent evidence strongly suggests that lateral gene transfer involving
eukaryotes may be more prevalent than once thought. In some DNA
sequences, bacterial or archaeal sequences cluster in clades that are
otherwise strictly eukaryotic. The extent to which lateral gene transfer
among the kingdoms and within the eukaryotes has occurred is still a
matter of controversy and inquiry. The implications for our ability to
construct accurate phylogenies for these “deep” relationships are also
controversial. There appears to be a continuum of the degree to which
different genes transfer across distantly related taxa. Some researchers
have argued that we may be able to get around the problem of lateral
gene transfer by choosing genes that display very little — if any —
horizontal gene transfer.

Figure 6. This view of early evolution
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Another major challenge to comparative evolution is that the
methodology of phylogenetic systematics is computationally
extensive. The number of potential trees increases extremely quickly
— faster than exponentially — as the number of taxa increases. For
three taxa, there are only three possible rooted trees. For a given data
set, one can readily determine by inspection which tree is the most
parsimonious. Given seven taxa, it would be exceedingly painstaking
for a person to search for the most parsimonious tree through the

. B ]
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10,395 rooted possibilities; however, a desktop computer with the
correct software could search among all of these possibilities in a tiny
fraction of a second.

Increasing computing power alone will not solve this problem. At
twenty taxa, the number of possible rooted trees exceeds 8 times 10%'
— a number of similar magnitude to the total number of cells in all
living human beings. Soon after this point, it becomes impractical for
computers to search through all the possibilities to find the most
parsimonious one. Given fifty taxa, it would take literally longer than
the age of the universe to search through every single possible
unrooted tree — even if computers were a million times faster than they
are now. Therefore, phylogenetic systematics must employ methods
other than searching every single possible tree when evaluating data
sets that involve a large number of taxa. One method is to collapse taxa
that are known (by other information) to be close relatives into a single
taxon to make the analysis more feasible. Researchers have also used
various searching approaches, sometimes called heuristics. This
approach uses algorithms to identify regions of “tree space” that are
likely to contain very parsimonious trees. These heuristic methods may
not always identify the best tree, but they will identify trees that are
nearly as parsimonious as the best tree most of the time.

Coda: The Renaissance of
Comparative Biology

We are witnessing a renewal of interest in comparative approaches to
studying function. Biology in the 1800s was almost entirely
comparative. In the twentieth century we moved into a strongly
reductionistic period of genetics, developmental biology, and
physiology. This trend only intensified with the rise of molecular
biology, particularly after the elucidation of the structure of DNA in
1953. At that time, comparative biology was marginalized as just
“natural history.” At the turn of the twenty-first century comparative
approaches have staged a strong comeback. In large part, this
renaissance is due to the revolution in data gathering (particularly of
DNA sequences) and the effort already devoted to establishing
particular model systems. In contrast to the comparative biology of
ninteenth century, today’s comparative evolutionary biology rests on a
strong foundation of functional genetics.
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Further Reading

Books

Freeman, S., and J. C. Heron. 2001. Evolutionary analysis. 2d ed. Upper
Sable River, NJ: Prentice Hall.

An excellent inquiry-based college-level textbook on evolution.

It is somewhat more accessible than Futuyma’s textbook.

Futuyma, D. J. 1998. Evolutionary biology. 3d ed. Sunderland, MA:
Sinauer Press.
This is perhaps the most comprehensive textbook on evolutionary
biology. It also provides an excellent entry into the primary
literature of evolutionary biology.

Article

Hillis, D. M, J. P. Huelsenbeck, and C. W. Cunningham. 1994.
Application and accuracy of molecular phylogenies. Science
264:671-77.
A technical review of the state of phylogenetic systematics as of
the middle 1990s.
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Glossary

Clade. An organizational term
used in cladistics to describe a
group of related organisms being
compared.

Conjugation. Cell-to-cell contact
in which DNA copied from a
plasmid or chromosome is
transferred to a recipient cell. It
can contribute to lateral gene
transfer when it occurs between
distantly related bacteria.

Convergence. The phenomenon
where more distantly related
lineages have similar features due
to the operation of similar
evolutionary forces.

Eukarya. The domain of all
eukaryotic organisms. Eukaryotes
are single or multicellular
organisms with cells that have a
membrane-enclosed nucleus and
usually other organelles.

Homology (homologous).
Similarity of genes or other
features of organisms due to
shared ancestry.

Lateral gene transfer (Also
referred to as horizontal gene
transfer.) The transmission of
genes directly between organisms,
particularly bacteria, and not from
parent to offspring.

Monophyletic. A clade, or group,
of organisms that includes every
member of the group and its
shared common ancestor.

Outgroup. An unrelated group or
organism used for the purpose of
comparison.

Evolution and Phylogenetics

Paraphyletic. An incomplete
clade of related organisms from a
common ancestor.

Parsimony analysis. A method
used to create phylogenies of
organisms based on the
assumption that the evolution of
characters occurs by the simplest
(most parsimonious) path.

Phylogeny. A tree-like diagram
used to represent evolutionary
relationships between species or
groups.

Polyphyletic. A clade containing
related groups of organisms
derived from several unrelated
ancestors.

Reversal. A phenomenon
wherein mutation or selection
causes a derived character state to
revert back to the ancestral state.

Rooted tree. A phylogeny in
which the evolutionary ancestor
is known.

Sister taxa. The most closely
related groups of organisms in a

phylogeny.

Synapomorphies. Derived
character states that are shared by
two or more taxa.

Taxa. Groups or representatives of
related organisms that are being
compared; they can vary in
hierarchical level (such as genus,
family, order, and so on).

Unrooted tree. A phylogeny in
which the evolutionary ancestor is
not known.
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