
  


      [image: ]



    
      

    
  


  
  Start Reading->



    Reasons to Believe


    Creating


    Life


    in the


    Lab


    How New Discoveries


    in Synthetic Biology Make


    a Case for the Creator


    Fazale Rana


    [image: bakerCenter.jpg]

  


  

    © 2011 by Reasons To Believe


    Published by Baker Books


    a division of Baker Publishing Group


    P.O. Box 6287, Grand Rapids, MI 49516-6287


    www.bakerbooks.com


    E-book edition created 2010


    All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by any means—for example, electronic, photocopy, recording—without the prior written permission of the publisher. The only exception is brief quotations in printed reviews.


    ISBN 978-1-4412-1458-4


    Library of Congress Cataloging-in-Publication Data is on file at the Library of Congress, Washington, DC.

  


  

    For Amy

    Thank you for the life we have created together.

  


  

    Illustrations


    
      
        
          	
            4.1

          

          	
            Structure of tRNA

          
        


        
          	
            7.1

          

          	
            “Textbook” Description of Life’s Origin

          
        


        
          	
            7.2

          

          	
            Current Explanations for Life’s Origin

          
        


        
          	
            10.1

          

          	
            Chiral Molecules

          
        


        
          	
            13.1

          

          	
            Nonbilayer Structures Formed by Phospholipid Aggregates

          
        


        
          	
            13.2

          

          	
            Various Bilayer Structures Formed by Phospholipids

          
        


        
          	
            A.1

          

          	
            Protein Structure

          
        


        
          	
            A.2

          

          	
            DNA Structure

          
        


        
          	
            A.3

          

          	
            Central Dogma of Molecular Biology

          
        


        
          	
            A.4

          

          	
            Phospholipid Structure

          
        


        
          	
            A.5

          

          	
            Phospholipid Bilayer

          
        


        
          	
            A.6

          

          	
            Membrane Proteins

          
        


        
          	
            A.7

          

          	
            Fluid Mosaic Model

          
        

      
    

  


  

    Acknowledgments


    This book represents the sacrifice and hard work of many people, not just the author. I want to thank my wife, Amy Rana, and my children—Amanda, Whitney, and Mackenzie—for their love, encouragement, and understanding when this book project took “priority” over family matters.


    Each member of the Reasons To Believe team has supported me with their friendship and encouragement in this endeavor, and I am grateful. Kathy and Hugh Ross deserve a special mention for their inspiration and the opportunities they have given me.


    I especially want to acknowledge the editorial department who dedicated themselves to this book as if it were their own. Thank you Kathy Ross, Sandra Dimas, Marj Harman, Linda Kloth, Kyler Reeser, and Patti Townley-Covert for your expert editorial guidance and help with all the little chores that must be done during a book project. Thank you Jonathan Price and Phillip Chien for designing the many figures found in this book.


    I’m indebted to Joe Aguirre, Dr. David Rogstad, Dr. Hugh Ross, Kenneth Samples, and Dr. Jeffrey Zweerink for our many stimulating conversations in the hallway and during lunch. These discussions helped to directly and indirectly shape the contents of this book.


    I also want to thank my friends at Baker Books, especially Robert Hosack and Wendy Wetzel, for their efforts on this project and for their belief in our work at Reasons To Believe.

  


  

    1


    Waking Up in Frankenstein’s Dream


    I entered with the greatest diligence into the search of the philosopher’s stone and the elixir of life; but the latter soon obtained my undivided attention.


    Victor Frankenstein in Frankenstein by Mary Shelley


    Science is one of my great loves. But that wasn’t always the case. During high school, I really didn’t care for science at all. The only reason I took classes in biology and chemistry was because they were recommended for college.


    When I enrolled at West Virginia State College (now University), I discovered the school didn’t offer the pre-med major I wanted. So to prepare for medical school, I had to choose between chemistry and biology as my major course of study.


    Chemistry seemed the best option. My thinking was that if I didn’t make it into medical school, I’d have an easier time finding a decent job with a bachelor’s degree in chemistry, especially where I lived in the Kanawha River valley, with chemical plants lining the banks of the Kanawha River.


    Before college, science was merely a means to an end. But that changed when I took my first college class, an introduction to biology, during the summer before my freshman year. I still remember trudging up several flights of stairs to the top floor of the old science building day after day for six weeks. My reward for reaching the top was sitting for long hours in the hot, humid lecture hall and laboratory—without air-conditioning. The miserable stickiness, however, soon seemed nothing compared with the elation I felt as I unexpectedly stumbled upon a new direction for my future.


    It all began with a simple but profound question: what is life? This question tops the usual list of topics addressed in introductory biology. It makes sense. If someone wants to learn about life, then it’s helpful to know what exactly biologists mean when they use the word.


    I was astonished to find that scientists do not know how to define life. They can list the characteristics common to all life, but they cannot really define it. My surprise soon turned to curiosity. And that curiosity became an obsession. I wanted to know:


    • What is life?


    • How does life operate at its most fundamental level?


    • How did life begin?


    Biochemistry held the greatest potential to answer my questions. Becoming a physician no longer interested me. I wanted to be a biochemist. I wanted to understand as much as possible about the fundamental features of life, especially at its most basic level—the molecular level.


    Science became more than a means to an end. For me, it became the end, in and of itself.


    The Diligence of Discovery


    In my introductory biology course, I learned about two landmark discoveries—each reported in 1953 and each related to the questions that gripped me on that first day of class. These discoveries have set the course for biochemists since then.


    What Is Biochemistry?


    Atoms and molecules form the basic chemical components of matter. Chemists study the structure of matter and the transformations it undergoes. They expend considerable effort to characterize the structure of molecules and learn how their configurations change when they react with one another. Ultimately, chemists want to relate structural and transformational qualities of molecules to the macroscopic (large-scale) structure and behavior of matter.


    Biochemistry is the application of chemistry to biological systems. It’s the study of the molecules (proteins, DNA, RNA, carbohydrates, and fats) essential to life. Biochemists want to understand the structure of these molecules and how they undergo change when reacting with each other. They seek to relate the structure of biomolecules and their chemical reactivity to higher-order biological structures and processes.


    Collecting the Cellular Parts


    First, James Watson and Francis Crick unveiled the structure of DNA (deoxyribonucleic acid),[1] the biomolecule that carries genetic information within its architecture. Insight into DNA’s structural makeup reveals how genetic information is transferred from parent to offspring. Watson and Crick’s discovery launched the molecular biology revolution.


    As part of this revolution, biochemists have made enormous strides toward understanding the operation of life at its most basic level. We now have fairly complete knowledge about the chemical composition of the cell’s structure and contents, and we know how living systems extract and convert energy from the environment for use in their various operations. We are beginning to grasp the relationship between the structural and functional features of biomolecules. And we’ve learned how the cell stores and manages the information needed to carry out life activities. The molecular basis for inheritance and the chemical processes responsible for cell division have been fully disclosed. Researchers can describe how life—with all its constituent parts—operates at its most fundamental level.


    As the second decade of the twenty-first century begins, the second question in my “big three” list has been answered, for the most part. But my other two questions remain: what is life, and how did it begin?


    Lightning Strikes


    The same year Watson and Crick reported their findings on DNA’s structure, Stanley Miller, Nobel Laureate Harold Urey’s student at the University of Chicago, published the results of his now famous spark discharge experiments.[2] In an effort to discover how life could arise from nonliving chemical systems, Miller sent an electrical discharge through a mixture of hydrogen, ammonia, and methane gases, plus water vapor. When all traces of oxygen were carefully removed from the experimental setup, the spark produced amino acids and other organics.


    The Miller-Urey experiment represented the first step toward experimental verification of a hypothesis (the Oparin-Haldane hypothesis) that suggested how life could have arisen from nonlife (see “The Oparin-Haldane Hypothesis,” p.16). A series of similar experiments by other scientists soon followed.[3] These studies seemed to provide repeated validation of Oparin and Haldane’s ideas. Thus began the origin-of-life research program as a formal scientific discipline. Giddy with Miller’s amazing success, many scientists predicted the origin-of-life question would soon be fully answered.[4]


    The Oparin-Haldane Hypothesis


    Russian biochemist AlexanderI. Oparin and British geneticist J.B.S. Haldane independently provided their detailed hypotheses for abiogenesis (life from nonlife) in the 1920s. Though neither initially accepted nor widely disseminated, the Oparin-Haldane hypothesis became the chief organizing principle in origin-of-life research throughout the 1970s and, in some ways, persists today.[5] For the first time, this hypothesis cast the mechanism for life’s beginning in the form of a detailed scientific model.


    Both Oparin’s and Haldane’s models proposed stepwise pathways from inorganic systems likely present on primordial Earth to the first living entities. Oparin and Haldane each postulated an early Earth atmosphere devoid of oxygen and dominated by reducing gases—hydrogen, ammonia, methane, and water vapor. Energy discharges within this gas mixture presumably generated prebiotic molecules. These compounds would then have accumulated in Earth’s oceans to form the primordial soup where, over time, stepwise chemical reactions purportedly led to the first life-forms.


    Even though their models were eventually connected, Oparin and Haldane differed regarding the intermediate step(s) to life. Oparin viewed them as protein aggregates. Haldane regarded the transitional molecular system as a large self-replicating molecule.


    Optimism characterized the next few decades of research into how life began. Excitement grew as Sidney Fox achieved another important milestone.[6] Fox and his group coaxed amino acids to condense to form “proteinoids.” Some of these compounds, closely related to proteins in structure, were able to catalyze, or assist, chemical reactions. Fox and his co-workers observed that under certain conditions, “proteinoids” aggregated to form microspheres. These microspheres superficially resembled cells.


    As origin-of-life research matured, though, the optimism of earlier decades gave way to growing pessimism. Intractable problems surfaced, fueling frustration (see Origins of Life, which I wrote with Hugh Ross, for details). Initially, origin-of-life studies focused on finding possible chemical routes to the formation of life’s molecular building blocks. By the mid-1980s and 1990s, the quest had become all the more challenging as scientists began to assess the operation of these chemical pathways in light of conditions on early Earth. Research also began probing the geochemical and fossil records of the oldest rocks—data that established tight time constraints for origin-of-life scenarios. Further, researchers began applying information theory to the origin-of-life question and, as a consequence, struggled to account for what has been recently learned about life’s minimal complexity.


    Still No Answers


    With much respect for their laudable achievements, I think it is safe to say that origin-of-life researchers are little, if any, closer today to answering my question about life’s beginning than they were fifty years ago when Stanley Miller first conducted his experiments. Significant resources have been brought to bear on the origin-of-life question, and yet no genuine progress has been made toward understanding how life originated.


    Despite disappointment and frustration, the quest to explain life’s start through some form of chemical evolution continues. Scientists rightfully assert that the problem is much more challenging than originally conceived. Meanwhile, they remain convinced that enough money, effort, and time will eventually lead to the breakthroughs needed to explain the emergence of the first life-forms by natural processes alone.


    Traditionally, origin-of-life researchers have taken one of two complementary approaches in their investigations: the bottom-up or the top-down approach.


    The bottom-up strategy uses lab techniques to identify pathways that could lead to the formation of biologically important compounds from materials present on early Earth. This tack involves discovery of physicochemical processes that can produce (1)self-replicating molecules and (2)mechanisms capable of generating molecular complexes and aggregates that could have led to the first protocells.


    The top-down approach starts with life as we know it today—contemporary life—and works backward to determine what first life must have been like long ago. Since the end of the 1990s, with the emergence of a new biochemical research program called genomics, this approach has gained some momentum. Genomics involves sequencing and characterizing the entire genetic content, or genome, for certain organisms. Origin-of-life researchers mine the growing database of microbial genomes to gain insight into the properties of life’s last universal common ancestor (LUCA), as well as into first life’s complexity, life’s minimal complexity, and the origin of the various biochemical processes observed in the cell.


    Cultivating Life in the Lab


    Amid mounting problems associated with both bottom-up and top-down research, some scientists have opted for a completely different approach to explaining life’s origin. They hope to construct life in the lab.


    These scientists see the attempt to produce synthetic and artificial life in the lab as a means to shed light onto the pathways that supposedly led to life’s origin. In doing so, their expressed hope is to provide the ultimate validation for the notion that life can emerge from nonlife—even if they can’t be sure that what they accomplish has any real bearing on the actual events that took place.


    To his credit, origin-of-life researcher and Nobel Laureate Jack Szostak acknowledged in an interview with the Harvard University Gazette,


    If we make something everyone agrees is alive, that would provide a plausible scenario for the great event [the origin of life]. But, because the trail is billions of years cold, we’ll never really know for sure if we’re right.[7]


    Many of the initial efforts toward creating life in the lab have focused on developing self-replication—molecules that can “reproduce” by making copies of themselves. (DNA can be considered a self-replicating molecule because it directs its own reproduction.) Most biochemists consider self-replication a central feature of life. Accordingly, any molecule that can self-replicate would represent an important milestone in the transition from inanimate to animate. In Life’s Origin, veteran origin-of-life researchers Alan Schwartz and Sherwood Chang highlight this point:


    Today, many researchers would probably agree that a particularly critical event in the origin of life was the appearance of self-replication in some set of information-containing molecules (such as, for example, primitive nucleic acids or proteins).[8]


    Thus far, researchers have had only limited success, at best, in identifying a self-replicating molecule that might have been the first self-replicator on Earth.[9] This is not to say that researchers haven’t produced self-replicating molecules. They have—just not molecules with any realistic relevance to the origin of life.[10]


    One of the first successes at creating self-replicating molecules came from the laboratory of Reza Ghadiri, a chemist at the Scripps Research Institute in La Jolla, California. Ghadiri, winner of the Feynman Prize in Nanotechnology (1998), and his colleagues managed to construct peptides (small protein-like molecules) that can self-replicate.


    Beyond Reach


    The clever, innovative designs of Ghadiri’s molecules exemplify science at its best. So I was excited for the opportunity to hear Ghadiri speak at the 1999 conference of the International Society for the Study of the Origin of Life (ISSOL).[11] The boldness of his opening comments riveted my attention.


    Ghadiri unabashedly announced that the goal of his lab was to create something more than self-replicating peptides—he planned to create life. Despite Ghadiri’s esteemed reputation, his announcement was met with noticeable skepticism by the origin-of-life researchers in the audience that day. His self-replicating peptides, though truly remarkable, fell a long way short of even the simplest imaginable life-form. The lofty goal of creating life in the lab seemed a far-off, perhaps unattainable dream to most researchers back in 1999.


    Suddenly within Reach


    Less than a decade later, however, the prognosis for producing life at the lab bench has dramatically changed. During the summer of 2007, science journalist Seth Borenstein sent a shock wave through the scientific community and beyond with the headline, “Artificial Life Likely in 3 to 10 Years.”


    In his article, Borenstein reported on the work of several scientists working to create artificial life in the lab, a venture that appears more and more promising. According to Mark Bedau, the chief operating officer of the biotechnology company Protolife (Venice, Italy), all that’s needed to construct artificial life is:


    
      
        
          	
            1.

          

          	
            A membrane or boundary;

          
        


        
          	
            2.

          

          	
            A genetic system that controls the function of the “life-form” and allows it to reproduce;

          
        


        
          	
            3.

          

          	
            A means to extract energy from the environment.

          
        

      
    


    At the time the article was written, Szostak, at Harvard University, expressed optimism that the first two steps were well within grasp. In fact, he optimistically predicted that within six months, creation of an artificial cell membrane from relatively simple fatty acids would be achieved.[12]


    Borenstein’s report was just one of many. Public interest in the pursuit of artificial life has been stirred by recurring articles documenting the stepwise progress of Craig Venter (who headed Celera Genomics, the private company that sequenced the human genome in competition with the public program[13]) and HamiltonO. Smith (a winner of the 1978 Nobel Prize in Physiology or Medicine for the discovery of restriction enzymes, an indispensable breakthrough in molecular biology). Together they’re attempting to engineer a synthetic bacterium. Venter, Smith, and their collaborators report that they have (1)identified the minimum genetic requirements for life; (2)synthesized the genomes of two simple microbes from basic chemical constituents; and (3)figured out how to insert a synthetic genome into a bacterial cell.[14] They have been able to combine all these steps to create a synthetic version of a bacterium.[15] All that’s left is to use their methodology to make a novel, artificial genome and implant it into a bacterial cell, and the research team will have created the first artificial organism.


    A New Life-Form


    The efforts of Szostak, Ghadiri, Venter, Smith, and many others to make artificial life fall into a new discipline of science known as synthetic biology. One of the most exciting and rapidly growing areas of research, synthetic biology represents a fusion of chemical and genetic engineering with more traditional work in biology. The goal is to make novel forms of life.


    As with traditional origin-of-life research, scientists working in synthetic biology approach the problem in two fundamentally distinct yet complementary ways: top down and bottom up. The top-down approach, exemplified by Venter and Smith’s efforts, involves reengineering existing life-forms to carry out novel processes. The bottom-up approach, highlighted by Szostak’s work, focuses on building artificial life-forms by assembling them from biomolecular building blocks one step at a time.


    From my vantage point, it looks as if scientists are genuinely on the verge of creating artificial and synthetic life-forms from both the bottom up and the top down. And the timetable suggested by Borenstein seems realistic.


    A Marvel or a Menace?


    The very real prospect of scientists’ creating life in the lab conjures up images of the fictional Victor Frankenstein and the monster he created. It also raises all sorts of theological and ethical questions.


    Scientists pursuing the creation of artificial and synthetic life claim these novel life-forms will not only shed light on the origin-of-life question but also benefit humanity. Venter and Smith want to engineer a synthetic bacterium that can generate hydrogen gas, providing a renewable form of clean energy. Accomplishing this breakthrough could go a long way toward resolving the energy and climate crises.


    At the same time, one can’t help but ask, “Is it right for human beings to play God?” “Is it safe to create artificial and synthetic life?” “What if the creators of these novel life-forms lose control of their creation, as Frankenstein did, and unleash a disaster of biblical proportions?” “How should we balance the potential benefits of this emerging biotechnology with the real possibility of danger?”


    For many Christian theists, the genesis of novel life-forms by human hands raises other troubling questions: “Will the creation of artificial and synthetic life-forms mean there’s no need for God, as the Creator?” “Will this development validate the theory of evolution for the origin of life?”


    These questions, concerns, and implications have not been lost on atheists and agnostics. In his interview with Borenstein, Mark Bedau declared, “Creating protocells has the potential to shed new light on our place in the universe. This will remove one of the few fundamental mysteries about creation in the universe and our role.” He also stated, “We are doing things which were thought to be the province, in some quarters, of God—like making life.”[16]


    Living the Dream


    These mysteries have motivated my research as a biochemist. They’ve also motivated me to write this book. Though the race for artificial and synthetic life may seem misguided and unwise and is commonly perceived as a threat to Christianity, I’m convinced it may well prove otherwise. Rather than validating an evolutionary explanation for the origin of life, the successful attempts to modify and even make new life in the lab will compellingly demonstrate that life’s origin and transformation could not have happened apart from the work of an intelligent agent. This book explains why.


    In the process, we cannot avoid the question, “What is life?” For scientists striving to create life in the lab, this question becomes even more important than it was for an inquisitive college student. To know if they have succeeded in making life in the lab, researchers must have a clear understanding of what life is and what it isn’t. Chapter 2 considers how the inability to define life impacts attempts to explain life’s beginnings and to develop artificial life. Chapter 3 marks the beginning of a section updating each of the leading endeavors to make artificial and synthetic life in the lab. This chapter explores the top-down approach to synthetic biology, detailing the work of Venter and Smith. Chapter 4 describes some of the most intriguing efforts to date to modify existing life and thus create biochemically foreign life-forms. Chapter 5 examines the bottom-up approach to synthetic biology based on the chemistry of living systems as we know them. Chapter 6 continues this theme, narrating research efforts to create, from scratch, life as we don’t know it—synthetic life-forms based on biochemistries other than those found throughout the living realm.


    Each of these chapters concludes with comments on how the discussed work could impact the origin-of-life question, especially as related to such issues as intelligent design and the Christian view of creation.


    Because there are many similarities between the bottom-up quest for artificial life and the bottom-up scenarios for the origin of life, a third section segues from discussion of synthetic biology to its implications for life’s origin. Chapter 7 provides an outline of some of the hypotheses researchers propose to account for the bottom-up appearance of life. Chapter 8 sets the stage for understanding life’s beginning as a creation event rather than as the work of undirected physicochemical processes. The role of researchers as intelligent designers in successfully modeling the supposed steps in the pathway to life’s beginning is the focal point of this chapter.


    Chapters 9 through 13 examine some of the key stages thought to have brought about life’s initial appearance. These chapters critically evaluate whether these steps could have occurred on early Earth apart from the intervention of the biblical Creator.


    The epilogue concludes by reflecting on the implications, from a Christian point of view, of creating artificial life.


    By necessity, this book involves cell biology and biochemistry. I’ve done my best to keep the technical details to a minimum and to avoid jargon. Still, to fully appreciate the significance of synthetic biology and the origin-of-life question, some of the technical complexity surrounding the topic remains unavoidable. Throughout the book, the background information necessary to understand each topic appears prior to discussion of that topic. An appendix functions as a primer on biochemistry.


    Now let’s delve into this chilling question: are scientists about to awaken Frankenstein’s monster?
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    Life Is like Music


    The untaught peasant beheld the elements around him, and was acquainted with their practical uses. The most learned philosopher knew little more. He had partially unveiled the face of Nature, but her immortal lineaments were still a wonder and a mystery. He might dissect, anatomise, and give names; but, not to speak of a final cause, causes in their secondary and tertiary grades were utterly unknown to him.


    Victor Frankenstein


    I grew up in the seventies, and rock music was a big part of my life. Later, I was surprised to discover the music that defined my generation didn’t just arise out of nowhere. Instead, the sounds I listened to day and night traced their roots back to the African American musicians of the early 1900s. Rock music was born from the blues. And some of my favorite artists (The Allman Brothers, Jeff Beck, The Jimi Hendrix Experience, Eric Clapton, Foghat, Led Zeppelin, Lynyrd Skynyrd, The Marshall Tucker Band, Steve Miller Band, and ZZ Top) had one foot firmly planted in that genre.


    This new insight prompted me to find out more. And my love affair with a truly American art form began. I was like Frankenstein’s monster hearing music for the first time—“sounds sweeter than the voice of the thrush or the nightingale”—as he secretly peered from his hovel into the cottage of a peasant family. To this day, I can’t get enough of the blues.


    My wife, on the other hand, can’t stand those soulful sounds, or at least a steady stream of them. There’s no accounting for musical taste. What’s a symphony to one can be a noisy cacophony to another. Because music is perceived subjectively, tastes vary from person to person—and culture to culture. In fact, what is even recognized as music differs from person to person and culture to culture.


    Though philosophers, musicologists, and scientists have tried, no one can adequately define music. Some say it’s organized sound. Others claim music is a language of sorts, a means to communicate moods, emotions, impressions, and concepts. Others argue that music is sound with aesthetic qualities. Cognitive scientists maintain that music is a distinct mode of sensory perception. And adherents to postmodernism assert that the definition depends exclusively on the social context. Others give up trying to define music and resort merely to listing common characteristics of all styles.


    Music isn’t the only thing hard to define. Biologists face a similar problem in their attempts to define life. According to origin-of-life researcher Antonio Lazcano, “Life is like music; you can describe it but not define it.”[17]


    What Is Life?


    This difficulty doesn’t mean philosophers, origin-of-life researchers, biochemists, biologists, chemists, and even physicists haven’t tried to answer the question. Since the 1850s, science has yielded a rich history of attempts to find an agreed-upon definition. In his book Between Necessity and Probability, astrobiologist Radu Popa collected about a hundred definitions that range from practically incomprehensible to tongue-in-cheek. Sampling a few helps shed light on some of the difficulties associated with defining life.[18]


    Life is characterized by maximally-complex determinate patterns, patterns requiring maximal determinate templets for their assembly.... Biological patterns are determinant patterns, and the uniquely biological templets have stability, coherence, and permanence.... Stable templets—reproducibility—was the great leap, for life is matter that learned to recreate faithfully what are in all other respects random patterns.[19]


    Patterned after Theodosius Dobzhansky ... life is what the scientific establishment (probably after some healthy disagreement) will accept as life.[20]


    (a) A terrestrial living entity is an ensemble of molecular-informational feedback-loop systems consisting of a plurality of organic molecules of various kinds, coupled spatially and functionally by means of template-and-sequence directed networks of catalysed reactions and utilizing, interactively, energy and inorganic and organic molecules from the environment. (b) A living entity is an uninterrupted succession of ensembles of feedback-loop systems evolved since emergence time to the moment of observation.[21]


    Just as wave-particle duality signifies microscopic systems, irreversibility and trend toward equilibrium are characteristic of thermodynamic systems, space-symmetry groups are typical for crystals, so do organization and teleonomy signify animate matter. Animate, and only animate matter, can be said to be organized, meaning that it is a system made of elements, each one having a function to fulfill as a necessary contribution to the functioning of the system as a whole.[22]


    It’s alive if it can die.[23]


    Without consensus about how to distinguish between living and nonliving entities, many biologists give up the effort and become like music enthusiasts who resort merely to listing common characteristics, features shared by all life on Earth. Instead of providing a definition for life, they merely describe it.


    The Descriptive List


    Certain overarching properties are common to all life (at least life as known on Earth). Before describing life, I’d like to present a few key tenets that apply to all living entities.


    1. Life is made up of atoms combined to form molecules.


    Like all matter, life consists of atoms. The most common elements found in living systems are carbon, hydrogen, oxygen, nitrogen, sulfur, phosphorus, and metals such as sodium, potassium, and iron. These chemical elements combine to form a wide range of macromolecules that then interact to form life’s basic structures. Through their chemical reactivity, some of these molecules are responsible for the processes essential to life.


    The major classes of macromolecules are proteins, made by linking together smaller molecules (amino acids) and the nucleic acids (DNA and RNA) which are formed by joining together smaller molecules called nucleotides. The appendix provides a more detailed description of the structure and function of proteins and nucleic acids. It also includes a description of the molecules that form cell membranes.


    2. Life is made up of cells.


    According to the cell theory, cells are the fundamental units of life. They are the smallest entities that can be considered “life.” As a corollary, all organisms consist of one or more cells.


    Most life-forms on Earth are single-celled. Multicellular organisms (plants, animals, and fungi) are made up of specialized cells that carry out the many activities necessary to life.


    An idealized cell is defined by a cell boundary or membrane. This structure separates the cell’s interior from the exterior surroundings. The cytoplasm—made up of water, salts, and organic molecules—forms the cell’s internal matrix.


    By the mid-1950s, biologists recognized two fundamentally distinct cell types: eukaryotic and prokaryotic. Eukaryotic cells contain a nucleus, organelles, and internal membrane systems. Organelles are large structures embedded within the cytoplasm that carry out specific functions for the cell. A membrane, similar to the cell membrane, surrounds most organelles. The nucleus houses the cell’s genetic material (DNA). As with other organelles, a membrane also surrounds the nucleus. Most eukaryotic cells are between 5 and 40 microns across. (A micron is a millionth of a meter.) Unicellular protists and multicellular fungi, plants, and animals are examples of eukaryotic organisms.


    Prokaryotic cells are typically about 1 micron in diameter. These cells appear to be much simpler than eukaryotic cells. Apart from a cell boundary, prokaryotes possess no visible defining features—no nucleus, organelles, or internal membranes. The genetic material of prokaryotes consists of “naked” DNA that resides in the cytoplasm. Bacteria and archaea are prokaryotic organisms.


    3. Life obeys the laws of chemistry and physics.


    As recently as the 1800s, many scientists, even Louis Pasteur, believed in a “vitality” unique to life. This force supposedly distinguished life at the molecular level from inanimate matter. Vitalists argued that the chemical processes inside a cell could not be achieved anywhere else. They maintained that because of this vital force certain compounds could be produced only by living organisms, not by inorganic processes.


    Over time, German chemists largely debunked this view. Friedrich Wöhler showed that urea, a compound made by living organisms, could be made from an inorganic material (ammonium cyanate) in the lab. The vitalist claim that the life-essential process of fermentation could take place only within the cell also proved untrue. Lab work by Eduard and Hans Buchner showed that an enzyme extracted from yeast could cause fermentation.


    Life also adheres to the laws of thermodynamics. The first law states that the total energy of the universe must remain constant. As is the case for any process, the activities of living organisms can neither create nor destroy energy.


    The second law of thermodynamics requires that energy undergoes a change from a high quality to a low quality any time a process takes place. The net result is that the overall entropy of the universe increases. (Entropy is a measure of energy quality; the higher the quality, the lower the entropy.) Often a decrease in order is associated with an increase in entropy. In other words, under certain conditions systems tend to become disordered over time. All living entities are characterized by a high degree of order and organization (see “Life Is Organized,” p.27).


    This quality doesn’t mean life defies the second law of thermodynamics. Instead, a flux of energy into living systems establishes and maintains order, preserving their highly organized state. As a consequence of the energy flow into living systems, the surroundings become less ordered, and the overall entropy for the universe increases.


    In addition to agreeing upon these tenets, life scientists have developed a universally recognized list of characteristics possessed by all life on Earth.


    Characteristic 1: Life Is Organized


    Living entities are highly structured, whether simple single-celled creatures or complex multicellular organisms. Within cells, myriad large molecules interact to form subcellular architectures, and chemical reactions are organized into pathways and networks. (See appendix, p.199).


    A Vital Force?


    Many who take the position that life stems from the work of a Creator hold to some form of vitalism, whether explicit or implicit. While they may not directly espouse a classical form of this belief, adherents to it still seem to regard life’s basic operations as more than the outworking of physicochemical processes. They see life—animate matter—as possessing a unique property stemming from the Creator that makes it distinct from the material that makes up the inanimate realm.


    To date, I’ve seen no compelling evidence for vitalism of any type. Biochemists have discovered that, all things being equal, molecules—in fact entire biochemical systems—behave identically whether inside the cell or in a test tube. And this behavior can be accounted for by applying the laws of physics and chemistry.


    The rejection of vitalism in no way undermines the case for a Creator. The following analogy might help me make my point. Consider life to be like an automobile engine. A car’s motor runs in accord with the laws of physics and chemistry. No vital force is necessary to make an automobile work or to describe its operation. Still, the laws of physics and chemistry don’t explain how the engine originated. A motor’s defining features clearly must stem from the work of an intelligent agent, such as an automotive engineer. While the laws of physics and chemistry readily explain the operation of biological and biochemical systems, those laws cannot account for life’s beginnings.[24]


    Many in the scientific community confuse these two points. Life scientists often think that because biological systems function in mechanistic ways, a Creator is not needed to account for their origin. Yet there is no reason to think these two ideas are connected. Understanding the operation of a system is not the same as explaining where it came from.


    While a vital force is unnecessary for life’s operations, life can still be understood as coming from the work of a creative agent.


    In multicellular organisms specialized cells secrete molecules into the extracellular space. These molecules are organized into an extracellular matrix. Several different types of specialized cells reside and interact within this matrix to form tissues. They combine in specific ways to form organs, and different organs work conjointly to form the systems that make up complex multicellular plants and animals.


    Characteristic 2: Life Is Chemically Distinct from Its Environment


    The same atoms make up living and nonliving systems. These atoms, however, occur in different proportions and exist as different molecules within living organisms. In fact, the molecules that constitute an organism are generally produced by that organism.


    Characteristic 3: Life Is Homeostatic


    Life actively works to maintain its chemical distinction. This state of maintenance is called homeostasis, which means “staying the same.” In spite of what the term seems to imply, homeostasis involves dynamic processes in which the organism draws matter and energy from the environment, transforms it into the appropriate chemical composition, and expels waste and heat into the milieu. These ongoing transactions result in an organism with a stable chemical composition.


    Characteristic 4: Life Takes Energy and Matter from the Environment and Transforms Them


    Organisms can absorb energy from the environment in the form of sunlight or chemical energy and transform it into alternate forms of chemical energy, mechanical energy, electrical energy, and heat. Through this process, the transformed energy is used along with matter taken from the environment to power life-essential operations like building and maintaining bodies, reproducing and generating motion, and so forth.


    Creatures that turn sunlight into energy are photoautotrophs, while those that use chemical energy are chemoautotrophs. Heterotrophs obtain energy by eating other organisms and organic foodstuff.


    Characteristic 5: Life Responds to Stimuli from the Environment


    Response to various stimuli helps life gain access to food and energy and avoid harmful materials and circumstances. The stimuli that elicit these responses vary considerably. Plants grow toward sunlight, predators detect the presence and motion of their prey, honeybees are attracted to flowers, worms sense decaying remains of an animal, and even bacteria swim toward nutrients in their surroundings.


    Characteristic 6: Life Reproduces


    All life has the capacity to replicate itself with high fidelity. Organisms produce offspring nearly identical to themselves, generation after generation. (Slight variations in descendants result from genetic changes and differing environments.) Some single-celled organisms reproduce asexually by dividing in two. Others reproduce sexually by combining genetic material to yield offspring. As part of the reproductive process, some organisms undergo a complex process of growth and development.


    Characteristic 7: Life Is Adapted to Its Environment


    Living organisms are exquisitely suited to their surroundings. Their anatomical, physiological, and behavioral properties allow them to make the most of a particular environment while avoiding its inherent dangers.


    Characteristic 8: Life Evolves


    Organisms can change as their environment changes. This ability occurs through mutations in their genetic material. In rare circumstances, these mutations can create new biochemical and biological traits. If these new characteristics impart a greater ability to survive, the organism will reproduce more effectively. Over time, this new trait will take hold in the population, transforming the species.


    Evolutionary change takes place at four distinct levels. Microbial evolution, the first level, involves transformations in viruses, bacteria, archaea, and single-celled eukaryotes—changes such as the acquisition of antibiotic resistance in bacteria. Microevolution is the second level and refers to evolutionary variation within a species in response to selection pressures and genetic drift. One example includes the peppered moth’s change in wing color.


    Speciation is the third level of evolutionary change. In this case, one species gives rise to another closely related sister species. A well-known example is the evolution of the finches of the Galapagos Islands. The ancestral finch species came to the Islands, then diversified into closely related species that vary in size and beak shape in response to different ecological niches on different islands.


    Evolutionary biologists and most creationists agree that an abundance of evidence exists for microbial evolution, microevolutionary changes, and speciation. Biological evolution at these three levels is well documented and largely noncontroversial.


    Controversy about biological evolution centers primarily on the fourth level: macroevolution. This term refers to the creative potential for large-scale biological changes. Evolutionary biologists assert that over vast periods of time, the processes that generate microevolutionary changes and speciation can yield large-scale transformations (e.g., whales from a raccoon-like creature or birds from dinosaurs).


    Creationists and intelligent design proponents remain skeptical of evolution at this level.[25] I include myself among those skeptics. My view is that while organisms can adapt to changing environments and other selective pressures, they cannot evolve in dramatic ways. In other words, a Creator must be responsible for life’s origin and history, and biological and biochemical systems show every indication of having been intelligently designed.


    Regardless of an individual’s position on macroevolution, one of life’s defining features is that it does evolve, at least to a limited extent.


    The Importance of Defining Life


    The fact that philosophers, musicologists, and scientists cannot define music deters no one from experiencing music’s impact to the fullest. In the same way, the inability of biologists to define life has never prevented anyone from studying and developing a rich understanding of it. Still, attempts to define life are not merely academic. They have practical importance in a number of scientific arenas.


    An agreed-upon definition of life is essential to origin-of-life researchers’ understanding—at least in a general sense—of how life might have emerged from a nonliving system. Without it, attempts to describe the origin of life on Earth merely target entities with the same characteristics as contemporary life and probe the chemical evolutionary means by which they may have come into being. Unless life is adequately defined, these Earth-centric efforts cannot successfully yield a general theory of abiogenesis.


    This problem has become more pronounced as astrobiologists begin earnestly searching for life beyond Earth. For the most part these scientists must look for biomarkers that correspond to life as we know it. However, they readily admit the inadequacy of this approach because life radically different from Earth’s could, in principle, exist on bodies in our solar system (and elsewhere).[26] Without a definition, it’s impossible to know if life can exist on planets such as Mars, Venus, and Mercury or on moons like Jupiter’s Europa or Saturn’s Titan. Though it’s unlikely Earth life could exist on these bodies, perhaps some unknown form could. There is simply no way to know without a robust definition.


    Scientists hope that attempts to create artificial and synthetic life will help them focus on more clearly defined targets in their search for life on other planets (or other objects) in our solar system. Creating nonnatural life-forms should lead researchers to a better understanding of how life differs from inanimate matter and may even move the scientific community closer to a definition.


    To create artificial and synthetic life, scientists must first develop a much more complete understanding of life’s most fundamental systems. More comprehensive knowledge will permit researchers to alter these biochemical systems in nonnatural ways or to create nonnatural analogs. Such activities will help stake out the boundaries between life and nonlife.


    Ironically, the same problems that confront origin-of-life investigators and astrobiologists bedevil scientists trying to create artificial and synthetic life in the lab. If they can’t define life, how will they know when they have made artificial life, particularly if it begins to deviate from life as we know it?


    This point is important to keep in mind. When scientists claim to have created novel life-forms, validation of their assertions will depend on life’s definition. If a researcher defines life as a self-replicating entity, he will declare the invention of a self-replicating molecule to be the generation of a new life-form. If, on the other hand, a researcher defines life more comprehensively, this accomplishment will be viewed as no more than the invention of a molecule with interesting properties. The standard to evaluate the creation of artificial and synthetic life must be consistent.


    It is safe to say, however, that the inability to define life won’t stop scientists from trying to create it. The next several chapters describe some of the work already done and discuss what these efforts mean. At the top seems the best place to start.
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    Blessed by a New Species


    A new species would bless me as its creator and source; many happy and excellent natures would owe their being to me. No father could claim the gratitude of his child so completely as I should deserve theirs.


    Victor Frankenstein


    Many readers readily recognize Victor Frankenstein as the real monster of Mary Shelley’s story. As a young student, Victor arrogantly eschews the advice of his mentors and obsesses about uncovering the secrets of life. Secluding himself from virtually all human contact, Frankenstein finally achieves his goal: the creation of a monster. Then, almost immediately, he’s repulsed by the very creature he labored to create.


    Frankenstein takes no responsibility whatsoever for the monster he’s made. Instead of caring for his creation, the scientist flees his lab, leaving the thing to its own devices. Neglect and rejection eventually turn the creature into an evil being intent on destroying its maker.


    Suffering intense remorse, guilt, and shame for what he’s done, Frankenstein refuses to tell anyone about the monstrous results of his efforts. His secrecy brings tragedy and grief to many people. First, his brother is murdered and then his own bride on their wedding night as the monster exacts its revenge. Again Frankenstein becomes obsessed—this time with the destruction of what he created. Ultimately, his deep hatred brings about Frankenstein’s own demise.


    Through it all, this driven scientist evokes some measure of sympathy. He is a tormented soul who loses everything and everyone dear to him. He pours himself into his work and destroys his own life in the process.


    A Modern-Day Frankenstein?


    In 2008, Time magazine voted Craig Venter among the world’s one hundred most influential people. He is one of the most prominent scientists of the last decade. He is much admired and yet, at the same time, much despised by people inside and outside the scientific community. Venter, a scientific maverick who thinks big and has little patience for the bureaucracy that characterizes many scientific programs, has played a major role in the emerging science of genomics, making friends and enemies along the way. Venter’s notoriety began in the early 1990s when he used express sequence tags to identify several thousand human brain genes.[27] Within a few months of this major breakthrough, the number of human genes known to the scientific community increased by thousands. However, when Venter filed patents on these newly discovered genes, he outraged many people.[28]


    Later in the decade Venter left the National Institutes of Health (NIH) and took over The Institute of Genomic Research. Though a grant application to fund his work was denied because scientific reviewers thought his approach was impossible, Venter assembled a team of researchers who perfected the shotgun sequencing of genomes.[29] The team then used this technique to sequence an organism’s (Haemophilus influenzae) entire genome for the first time. They followed that success by generating the genome sequence for the fruit fly Drosophila melanogaster, another key breakthrough.[30]


    In 1999, Venter helped form Celera Genomics, a private company. There this maverick scientist generated even more controversy. In spite of naysayers who once again claimed it couldn’t be done, Venter’s team successfully applied shotgun sequencing to the human genome and entered into an intense competition with the publicly funded Human Genome Project.


    Celera’s approach brought faster progress than the one employed by the public project. With the goal of completing the human genome sequence first and constructing a privately owned human genome database, Venter’s company charged a subscription fee for access to their sequences. This attempt to capitalize on the human genome data—the genetic blueprint of human beings—angered many in the scientific community. They believed the human genome data should be free. Still, Celera’s successful use of shotgun sequencing forced the public project to adopt this technology, speeding up the completion of the human genome sequence in 2000.


    Venter moved on from there to form the J.Craig Venter Institute. One of its projects is to develop and apply metagenomics techniques for assessing the genetic diversity of microbial communities in the world’s oceans.[31] Using his own personal yacht, Venter circumnavigates the globe to sample ocean water. Then his team uses shotgun sequencing methods to identify the genes present. From this data, researchers gain insight into the types and numbers of microbes distributed throughout the world’s oceans. Most in the scientific community consider these efforts significant and worthwhile.


    Once again, however, Venter has generated a mixture of excitement and horror among the scientific community and the public at large with the announcement that he, like Victor Frankenstein, has decided to create life in the lab.


    To accomplish his goal, Venter has founded Synthetic Genomics Inc. This new company is devoted to making artificial, nonnatural life—microbes that have commercial utility, particularly for the production of ethanol, hydrogen, and other forms of renewable energy. Scientists who, like Venter, pursue the creation of artificial and synthetic life claim these novel life-forms will benefit humanity. If Venter accomplishes the desired breakthrough, it could go a long way toward resolving the energy and climate crises.


    Still, the very real prospect of scientists creating life in the lab raises all sorts of questions. Is such work tantamount to human beings playing God? Will Venter and his colleagues, like Frankenstein, lose control of their creation and unleash unintended disaster? Will the genesis of novel life-forms by human hands eliminate the need for a Creator, giving support to evolutionary explanations for the origin of life?


    Many believers and skeptics alike think that if scientists create life in the lab, then there must be nothing special about life itself. The origin of life, therefore, might have easily taken place on early Earth without God’s involvement.


    This chapter describes Venter’s work at Synthetic Genomics Inc. and explores what his team’s efforts mean in terms of the creation-evolution debate. Understanding what these researchers are trying to accomplish and what they have achieved thus far seems a good place to begin.


    Driven to Create


    Venter and his co-workers first became interested in creating artificial life as they began work to determine the minimum genome for life. This effort requires exploring an organism’s entire hereditary information stored in the nucleotide sequences of DNA. Regions of these sequences, called genes, house the data used by the cell’s machinery to construct proteins.


    Proteins take part in virtually every biochemical process and play a critical role in nearly every cell component. Cataloging the number and types of proteins present in an organism gives biochemists important insight into that organism’s structures and operations. Venter’s team hopes that identifying the minimum genome will reveal life at its most fundamental level.


    In their attempts to determine the minimum genome, Venter’s group focused their attention on Mycoplasma genitalium. Possessing only about 480 gene products, this microbe, a bacterium that parasitizes the human genital and respiratory tract, has possibly the smallest known genome.[32] Thus M.genitalium serves as a model system to determine the bare minimal requirements for life. This genome can also help scientists indentify which biochemical systems are “nonnegotiable,” absolutely essential for an entity to be recognized as life.


    Venter and his colleagues reasoned the bare essential genome is likely even smaller, and they may be correct. They discovered that a significant fraction of this parasite’s genome is dedicated to mediating interactions between the parasite and its host and can be considered nonessential to a strictly minimal life-form.


    To ascertain the minimum number of genes needed for life, Venter’s team used a “knock-out” approach. This experimental protocol involved using both the random and systematic mutation of M. genitalium genes to determine those that are indispensable. (Biochemists refer to these procedures as knock-out experiments.) If a gene is unnecessary, M. genitalium will grow after the gene is experimentally mutated.


    Once the essential genes have been determined by knocking out the nonessential genes, Venter’s team hopes to confirm its result by preparing a synthetic minimal genome and introducing it into a cell to see if it grows. In the process of identifying the minimum genome, the group recognized that they are just a few short steps away from making artificial life in the lab.


    Let’s Take It from the Top


    Venter and his collaborators are using a top-down approach to create an artificial life-form. After stripping a naturally occurring microbe down to its bare essence, they plan to generate a nonnatural life-form by adding nonnative genes to the minimal genome. The major stages in this effort include:


    
      
        
          	
            1.

          

          	
            Systematically eliminating genes from the M. genitalium genome to identify the essential genes;

          
        


        
          	
            2.

          

          	
            Synthesizing the minimal genome from scratch starting with nucleotides;

          
        


        
          	
            3.

          

          	
            Introducing the minimal genome into the cytoplasm of an M. genitalium cell (or the cell of a closely related microbe) that has had its original genome deleted;

          
        


        
          	
            4.

          

          	
            Initiating the growth and replication of the organism that harbors the synthetic genome.

          
        

      
    


    Completing these steps will lead to the creation of a nonnatural organism. Venter and his group have already named the anticipated microbe Mycoplasma laboratorium.


    Once created, M. laboratorium will supply a genetic foundation on which Venter’s team can build. They plan to incorporate additional genes into the minimal genome and thereby produce proteins that can generate hydrogen or other commercially and biomedically interesting compounds. By separately adding an ensemble of different genes to the minimal genome, these researchers could, in principle, make a wide array of artificial microbes, each with distinct metabolic capabilities exploitable for biomedical, agricultural, or industrial applications.


    Checking In


    Venter’s team has made remarkable progress toward their goal of producing Mycoplasma laboratorium. Already, they have identified the essential gene set, which consists of about 380 genes.[33] In addition, they have synthesized the entire genome of a wild-type M. genitalium strain from scratch and cloned the entire genome in yeast.[34] They have done the same for the microbe Mycoplasma mycoides, an organism that harbors about 1,000 genes in its genome. They have also transferred the wild-type M. genitalium genome into a closely related Mycoplasma species.[35] In a parallel set of experiments, they have also transferred a synthetic version of the M. mycoides genome into Mycoplasma capricolum, transforming the recipient into a synthetic version of M. mycoides. Each milestone stands as a significant scientific accomplishment. The only thing left for Venter’s team is to put all these steps together: synthesizing, cloning, and transferring a synthetic genome into a Mycoplasma cell. This will be a technically challenging feat, but it seems within reach.


    Venter’s team has worked hard at each stage. Their success has depended upon their expertise in carrying out detailed and sophisticated laboratory procedures. More importantly, these researchers have displayed remarkable creativity and strategic brilliance in the process of identifying the minimal gene set and synthesizing the entire Mycoplasma genome.


    The effort required for the scientists to get to this point and, ultimately, to create M. laboratorium has huge theological and philosophical significance. In short, the work and ingenuity necessary to create artificial life in a top-down manner suggests that life cannot be created or transformed in any appreciable way apart from tremendous intelligence, diligence, and care.


    Highlighting some of the technical challenges associated with the achievements accomplished thus far and describing key steps in “bestowing animation on lifeless matter” illustrates the important role intelligent agency plays in the genesis of life.


    Crafting a Genome


    To achieve the total synthesis of the entire M. genitalium genome, Venter’s team didn’t rush into the lab and start throwing nucleotides into test tubes, carrying out chemical and enzymatic reactions. Instead, they carefully devised a synthesis strategy. They decided to build the genome by first synthesizing small pieces of DNA and then assembling these pieces into increasingly larger sections using chemical, biochemical, and in vivo methods until the entire genome was cobbled together.


    The Strategy


    To appreciate their efforts, consider the generation of a synthetic version of the M. genitalium genome. Before beginning any lab work, Venter’s team started at the drawing board. They carefully parsed the sequence of the entire genome into cassettes (or fragments) about 5,000 to 7,000 nucleotides (abbreviated as “bp” for base pairs) in size. Then, the researchers carefully delineated the boundaries between cassettes, making sure the demarcations would reside between genes. The team also carefully designed the cassettes so the sequences between two adjacent pieces of DNA overlapped by about 80 bp. This strategic plan allowed them to piece together the M. genitalium genome in a manageable way.


    Once the cassette map was developed, the researchers executed the synthesis and assembly in stages. This work required the use of:


    
      
        
          	
            1.

          

          	
            Chemical and physical methods to synthesize and purify about 10,000 short pieces of the genome, each approximately 50 nucleotides in length (automated DNA synthesizers conducted these operations);

          
        


        
          	
            2.

          

          	
            Enzymes to biochemically combine the chemically made fragments into 101 larger fragments about 5,000 to 7,000 nucleotides in length that corresponded to the cassettes mapped out at the drawing board stage;

          
        


        
          	
            3.

          

          	
            Enzymes and the bacterium Escherichia coli to combine the 100 larger fragments into four fragments about 140,000 nucleotides in size;

          
        


        
          	
            4.

          

          	
            Yeast to combine the four fragments into the entire genome.

          
        

      
    


    Each stage demanded intricate planning and execution.


    Chemical Synthesis and Purification


    Chemical synthesis of DNA refers to the nonbiological, chemical production of small segments of DNA called oligonucleotides. With state-of-the-art methods, chemical synthesis can reliably generate these oligonucleotides up to about 200 bp in size using automated procedures.


    The capability to chemically synthesize DNA has been a long time in the making. Related experiments began in the 1950s. Thanks to the efforts of some of the world’s most prominent chemists over the last half century, that capability has advanced through several key milestones.


    DNA consists of chain-like molecules known as polynucleotides. The cell’s machinery links four different subunit molecules—the nucleotides adenosine (A), guanosine (G), cytidine (C), and thymidine (T)—together to form individual polynucleotide chains. Two polynucleotide chains align in an antiparallel fashion, twisting around each other to form the well-known DNA double helix.


    An individual nucleotide has several different chemical groups that can react with each other to form a bond with another nucleotide. Yet in DNA, the nucleotides must be linked together in a specific way to form the polynucleotide strands. The enzymes that constitute the part of the cell’s machinery responsible for producing DNA manifest such a high degree of specificity as to ensure that the linkages form in the correct manner. In a test tube without enzymes present, the nucleotides will react with each other to form a variety of linkages. Combining them in this way yields polynucleotides with a mishmash structure having no biological use.


    To avoid this problem, chemists devised a strategy of using carefully selected chemical groups to block these reactive sites. The blocking groups were designed to fit the unique chemistry of each reactive group. Chemists can selectively remove the blockers at the appropriate times during the reaction sequence to make specific chemical groups available to react. After the total synthesis of the oligonucleotides has been affected, the remaining blocking groups are then removed.


    If these reactions are conducted in solution, a purification step must be included after each nucleotide is added to the growing oligonucleotide chain. To get around this cumbersome process, chemists devised an approach using a solid support to anchor the oligonucleotide chain during the reaction sequence. The first nucleotide is attached to a solid material that has been packed into a column. Chemicals can then be poured into the column to initiate reactions with the next nucleotide in the chain. When the reaction is complete, the column is washed. Unreacted materials and undesired chemicals are removed from the column, while the oligonucleotide remains attached. This approach not only eliminates a costly purification step but also increases the accuracy of the synthesis.


    The specific steps for the chemical synthesis of oligonucleotides include:


    
      
        
          	
            1.

          

          	
            Attaching the first nucleotide to a solid support after deblocking the appropriate group;

          
        


        
          	
            2.

          

          	
            Removing the appropriate protecting group from the attached nucleotide in the first position to allow it to react with the next nucleotide in the oligonucleotide sequence that, in turn, has had the appropriate blocking group removed;

          
        


        
          	
            3.

          

          	
            Allowing the nucleotides to react under carefully controlled conditions;

          
        


        
          	
            4.

          

          	
            Adding a chemical cap to any unreacted oligonucleotides (necessary because a small percentage of the nucleotides don’t react with the attached oligonucleotide chains);

          
        


        
          	
            5.

          

          	
            Stabilizing the linkage between the two nucleotides with an oxidizing agent;

          
        


        
          	
            6.

          

          	
            Washing away unreacted nucleotides;

          
        


        
          	
            7.

          

          	
            Repeating steps 2 through 6 until the entire oligonucleotide has been constructed;

          
        


        
          	
            8.

          

          	
            Cleaving the oligonucleotide from the solid support;

          
        


        
          	
            9.

          

          	
            Removing all the blocking groups;

          
        


        
          	
            10.

          

          	
            Purifying the oligonucleotide, which is absolutely critical to ensure the accuracy of the biochemical recombination step.

          
        

      
    


    Biochemical Recombination


    Once the chemical synthesis and purification of the 50 bp in size oligonucleotides has been completed, they need to be linked together to form the 5,000 to 7,000 bp cassettes diagrammed on the M. genitalium genome map. To make these oligonucleotides link together both accurately and efficiently, chemists must rely on enzymes to carry out the recombination process.


    Biochemists can’t just throw DNA fragments into a test tube with a mixture of enzymes and get the desired recombinations. Instead, they must painstakingly formulate a strategy that selects the appropriate enzymes based on their catalytic properties, design the oligonucleotides (prior to the chemical synthesis step) so they are compatible with the enzymes, and devise a reaction scheme that will yield the desired recombination product.


    The procedure Venter’s team used to recombine the 50 bp oligonucleotides into fragments about 5,000 to 7,000 bp in size was previously worked out by putting together the entire genome (5,386 bp in size) of a bacterial virus. It entailed:[36]


    


    
      
        
          	
            1.

          

          	
            Treating the oligonucleotides with the enzyme T4 polynucleotide kinase, an enzyme that modifies the ends of the oligonucleotides so they could take part in the next stage of the reaction.

          
        


        
          	
            2.

          

          	
            Treating the end-modified oligonucleotides withTaqligase, an enzyme that combines smaller oligonucleotide fragments into larger ones, preparing them for the next stage of recombination. This combination step required the oligonucleotides from each of the DNA strands to pair up with each other in the appropriate way. To make this happen, Venter’s team had to carefully design the sequences of the 50 bp oligonucleotides made by chemical synthesis.

          
        


        
          	
            3.

          

          	
            Performing a polymerase cycling assembly of the paired and ligated oligonucleotides. Again, the success of this step depended on the careful design of the sequences of 50 bp oligonucleotides made by chemical synthesis. This clever procedure used enzymes (DNA polymerases) to assemble small-paired DNA fragments into larger ones. The paired oligonucleotides did not fully overlap one another, so single-stranded regions existed. The DNA polymerases filled in those gaps, eliminating the overlap and in the process joining the fragments together, extending their size. The polymerase cycling assembly had to be repeated between 35 and 70 times to build fragments between 5,000 and 7,000 bp in size.

          
        


        
          	
            4.

          

          	
            Performing a polymerase chain-reaction amplification of the fully assembled DNA pieces (5,000 and 7,000 bp in size). Not only did this part of the process generate numerous copies of the fully assembled DNA pieces, but it was designed in such a way as to allowonlythe fully assembled DNA pieces to be amplified and to eliminate any partially assembled DNA.

          
        

      
    


    Once the 101 pieces of the 5,000 to 7,000 bp cassettes were assembled, they were further combined in three stages to form four pieces of DNA about 144,000 bp in size. These large fragments correspond to one-fourth the M.genitalium genome. Again, these parts of the assembly operation required careful planning and execution.


    The first stage involved assembling neighboring cassettes in groups of four (1–4, 5–9, 10–13, etc.) along with a piece of DNA from the bacterium E. coli to form pieces of the M. genitalium genome about 24,000 bp in size. This stage of the assembly yielded twenty-five fragments, 24,000 bp each.


    The specific steps for this stage included:


    
      
        
          	
            1.

          

          	
            Treatment of the 5,000 to 7,000 bp oligonucleotides with an enzyme (a 3’ exonuclease). This enzyme removed pieces of DNA from each of the DNA strands that were part of the paired oligonucleotides to expose overlapping sequences;

          
        


        
          	
            2.

          

          	
            Allowing the oligonucleotides to incubate for a period of time under exacting conditions so the neighboring cassettes could assemble;

          
        


        
          	
            3.

          

          	
            Treatment of the assembled oligonucleotides with a polymerase and ligase to fill in the missing nucleotides (removed as a result of the exonuclease treatment) and link the assembled cassettes together.

          
        

      
    


    The assembled cassettes were also joined to a piece of DNA from the bacterium E. coli, a different piece for each of the individual 24,000 bp cassettes. This bacterial DNA allowed the researchers to import the DNA into E. coli so it could be cloned and amplified for the next stage.


    After the DNA was cloned and amplified, the bacterial DNA was released from each 24,000 bp fragment. These fragments were now ready for the next stage of assembly.


    Stage two involved joining three adjacent 24,000 bp pieces of DNA to form 72,000 bp fragments using the same enzymatic protocol as was used in the first stage of assembly. Stage three involved combining two adjacent 72,000 bp pieces to form fragments 144,000 bp in size.


    At this point in the assembly, the researchers hit a wall. They discovered that the use of enzymes and E. coli was no longer feasible because this microbe couldn’t handle larger DNA fragments. So to finish the genome assembly, the researchers turned to yeast.


    In vivo Recombination in Yeast


    The choice of the yeast Saccharomyces cerevisiae to complete the assembly of the M. genitalium genome was judicious. This organism has the capacity to take up extremely large pieces of foreign DNA when combined with a yeast-compatible DNA.


    Instead of using enzymes in a test tube to complete the genome assembly, Venter’s team used the yeast’s own intracellular biochemical machinery to assemble the final pieces of the genome before cloning it. To their delight, the scientists discovered they didn’t have to assemble the genome in a stepwise fashion, first joining together two quarter genomes then two half genomes. Instead, they could induce the yeast to take up all four pieces of the genome simultaneously to affect the assembly. The capacity of S. cerevisiae to take up several pieces of DNA and assemble them all at once has intrigued Venter’s team with the possibility that added efficiencies could be built into their approach to total genome synthesis and assembly.


    Recently Venter’s team showed that stages two through four can be eliminated. Instead of relying on enzymatic recombination plus the cloning in E.coli to successively produce pieces of DNA 72,000 bp and 144,000 bp in size, scientists can use yeast to recombine the twenty-five 24,000 bp DNA fragments generated at stage one of the assembly process.[37]


    The complete chemical synthesis and assembly of the entire M. genitalium genome affected by Venter’s team at Synthetic Genomics Inc. is a tremendous scientific achievement. This work was voted by the editors of Science as one of the top ten scientific breakthroughs of 2008 because it paves the way to better understand the minimum requirements for life. It is also a key technology for creating novel, nonnatural life-forms with commercial and biomedical use. With this ability scientists are positioned to synthesize, starting from nucleotides, a completely artificial genome that consists of the minimal gene set identified when Venter’s team subjected M. genitalium to knock-out experiments.


    Introducing a New Genome


    Once the synthetic genome is made, Venter’s team will need a way to transfer it into a Mycoplasma cell that has had its genome deleted. Recent work suggests that, under the right conditions, this transfer is possible. Venter and his collaborators were able to induce the bacterium Mycoplasma capricolum to take up the entire genome isolated from the closely related microbe Mycoplasma mycoides. (Both of these bacteria are surface parasites, like M. genitalium.)


    Once this transfer took place, the original M. capricolum genome seemed to disappear, yielding a microbe identical to M. mycoides.[38] The researchers referred to this newly discovered process as genome transplantation.


    Molecular biologists have known for decades that bacterial cells can take up DNA by a variety of mechanisms. In all cases, however, the newly acquired DNA recombines with the host cell’s genetic material instead of replacing it. To create an artificial cell using the approach adopted by Venter and his team, the synthetic DNA has to completely replace the recipient’s DNA. A few investigators have tried to get bacteria to take up the genome of another microbe but, at best, have met with only partial success. These mixed results most likely stem from fundamental differences between the microbes.


    Venter and his collaborators sidestepped this problem by carefully choosing the bacteria for the genome transplantation procedure. They selected Mycoplasma capricolum and Mycoplasma mycoides for a number of strategic reasons. These closely related microbes are more likely to be able to accept one another’s genome. They also have small genomes, making their genetic material easier to handle. Larger genomes tend to be fragile and break during laboratory manipulations. Additionally, Mycoplasma cells have no cell wall, only a cell membrane, making it easier to get DNA into the cells.


    Because no one had ever successfully transplanted a genome from one microbe to another, Venter’s team had to go through a painstaking process of developing a procedure to do so. They discovered that getting M. capricolum to take up the isolated M. mycoides genome required special treatment of the cells.


    The researchers developed a protocol for incubating the cells in a carefully designed solution containing controlled levels of salts before exposing the M.capricolum cells to DNA isolated from M. mycoides. This regime had to take place at a specific temperature and involved a process of lowering the solution’s pH throughout the incubation period. The scientists also found that pretreatment of the cells with calcium chloride and polyethylene glycol was critical for genome transplantation. And they discovered they could optimize genome uptake by fine-tuning the cell levels and the concentration of DNA during the exposure time.


    After exposing M. capricolum cells to M. mycoides DNA, the researchers grew the M. capricolum cells in the presence of the antibiotic tetracycline. A gene that encodes for an enzyme that protects the cell from the harmful effects of tetracycline was incorporated into the M. mycoides genome. Any cells that took up the M. mycoides genome would be able to grow in the presence of the antibiotic, thus providing the researchers with a means to select cells containing the transplanted genome.


    To their surprise, Venter and his colleagues discovered that after the M.mycoides genome was assimilated by M. capricolum, the cells lost their native genetic material. By performing sequencing studies on the DNA isolated from the cells that grew in the presence of tetracycline, the researchers confirmed that the transformed cells harbored no M. capricolum genes. They also demonstrated that the proteins produced by the transformed cells were uniquely made by M. mycoides.


    Venter’s team soon discovered that this methodology lacks robustness, however. It failed to work when they tried using a synthetic genome or transplanting a M. genitalium genome into M. pneumoniae.


    These difficulties have motivated the researchers to improve on their genome transplant methodology.[39] While working to enhance the genome transplant procedure, they also decided to develop procedures that will allow them to add genes to minimal genomes. Once again, they worked with M. mycoides and M. capricolum and were able to isolate the genome from M. mycoides after inserting specialized DNA sequences into it, transfer the genome into yeast, engineer the genome in yeast, isolate the engineered genome from yeast, alter it with a special enzymatic treatment that increased transplantation efficiency, and transplant it into M. capricolum, transforming this microbe into M. mycoides.


    Though conceptually straightforward, this methodology relies on a clever strategy that borders on genius to make it work. It also requires a large team of highly skilled molecular biologists to perform detailed laboratory manipulations. It is safe to say that this methodology is intelligently designed and is dependent on intelligent agents to execute it.


    Before the M. mycoides genome was isolated and transplanted into yeast, Venter’s team added a piece of DNA into the genome (called a vector) containing a number of specialized yeast sequences. The vector enabled the yeast cells to recognize and replicate the bacterial genome and allowed the researchers to manipulate the M. mycoides genome inside of yeast. The vector also contained genes that imparted the bacterium with resistance to tetracycline, thereby enabling the scientists to select M. mycoides cells that had successfully incorporated the vector into their genome. The team grew the microbes in growth media that contained the antibiotic. Only the cells with the vector added to their genome can grow, ensuring that the researchers are working with the desired microbes.


    After incorporating the vector into the M. mycoides genome, the researchers isolated it and used it to transfect yeast cells. Because of its specialized DNA sequences, the genome functioned as a plasmid (an extra piece of DNA that exists independently from yeast chromosomes) inside the yeast.


    Introducing the M. mycoides genome into yeast served two critical purposes: First, the final steps for the synthesis of genomes take place inside yeast, so it allowed the researchers to develop a more realistic and practical method. And second, yeast provides an environment for the researchers to modify and engineer the genome. To illustrate this point, they deleted a gene from the M.mycoides genome through a sequence of carefully designed and executed steps.


    Once they had engineered the M. mycoides genome in yeast, they isolated it and attempted to transplant it into M. capricolum cells. Initially, they were unsuccessful. They reasoned that perhaps M. capricolum restriction endonucleases were digesting the M. mycoides DNA, frustrating the process.


    Restriction endonucleases cut both strands of DNA at specific nucleotide sequences, called restriction sites. These restriction endonucleases protect the cell from foreign DNA, like viruses, by cutting the invading DNA into fragments.


    These vital biomolecules occur in conjunction with proteins (called DNA methylases) that attach methyl groups to the same DNA sequences that would normally be cleaved by restriction endonucleases. When these sequences are methylated, restriction endonucleases cannot cut them. Restriction sites of the bacterial DNA are methylated to protect the bacterial DNA from being chopped up by its own restriction endonucleases. Foreign DNA, however, is not afforded this same protection.


    To test the idea that M. capricolum restriction endonucleases were interfering with the genome transplantation process, the team did three separate experiments. The first involved deleting the genes for restriction endonucleases from the M. capricolum genome, leaving it without protection against foreign DNA. The second and third involved treating the engineered M. mycoides genome isolated from yeast with cell extracts from M. capricolum and purified methylases from M. capricolum, respectively. Both treatments methylated the restriction sites of the engineered M. mycoides genome, protecting it from the M. capricolum restriction endonucleases.


    In all three cases, the researchers were able to successfully transplant the engineered M. mycoides genome isolated from yeast into M. capricolum, and in many instances, the newly transplanted genome took over, transforming M. capricolum into M. mycoides. The team confirmed their success by sequencing the genome isolated from the cells that were transformed from M. capricolum into M. mycoides.


    This work now sets the stage for Venter’s team to generate a synthetic genome derived from the minimum gene set of M. genitalium and introduce it into a closely related Mycoplasma species, transforming it into an artificial life-form dubbed Mycoplasma laboratorium. To demonstrate their readiness, Venter and his team made a synthetic version of the Mycoplasma mycoides genome, starting with the four nucleotides that make up DNA, and transplanted it into Mycoplasma capricolum. The net result: M. mycoides, 2.0.[40]


    Claiming the Gratitude


    Venter and his associates are on the cusp of one of the biggest breakthroughs in the history of science: the creation of a completely synthetic life-form. Though this organism will be based on a minimum gene set derived from M. genitalium, it will be unlike anything that exists in nature. And this novel life-form is only the beginning.


    The M. laboratorium genome will provide a platform for adding genes that will impart specific metabolic capabilities for biomedical and commercial use. It’s easy to envision an entire ensemble of M. laboratorium strains, each one capable of unique metabolic properties. The possible therapeutic applications for such life-forms are nearly endless.


    The new biotechnology pioneered by Venter and his team at Synthetic Genomics Inc. has the potential to transform our world in unimaginable ways. Far from producing a modern-day Frankensteinian nightmare, Venter’s technology will truly benefit humanity. It’s exciting to see what for so long seemed like science fiction become science reality.


    Even more thrilling is the way Venter’s work benefits those skeptical of the evolutionary paradigm—people who believe life must stem from the work of a Creator. The soon-to-be realized creation of M. laboratorium strengthens the case for intelligent design in two ways, and perhaps more.


    Intelligence Required


    Despite how conceptually simple the steps may seem to reengineer a life-form from the top down, the amount of intellectual effort put forth by Venter’s team has been astounding. Each part of the process required careful planning and expert execution of laboratory procedures by highly trained chemists and molecular biologists. Remember that to assemble the chemically synthesized DNA pieces into increasingly larger DNA fragments required Venter’s team to select the appropriate enzymes based on their catalytic properties, design the oligonucleotides (prior to the chemical synthesis step) so they would be compatible with the enzymes, and devise a reaction scheme that could yield the desired recombination product.


    Venter and his colleagues even had to give careful thought to the organisms selected—the bacterium E. coli and the yeast S. cerevisiae—to facilitate genome assembly in the final stages. The scientists also had to deliberate about which bacteria to use in the genome transplantation experiments.


    Additionally, these researchers depended on the accomplishments of the scientists who came before them. The technology to chemically synthesize oligonucleotides represents a remarkable technical accomplishment resulting from the dedicated efforts over the last half century of some of the best scientists in the world (including Nobel Laureates). Without these brilliant minds and remarkable achievements, Venter’s team would have had no hope to carry out the total synthesis of the M. genitalium genome.


    Given the effort that went into the synthesis of the total M. genitalium genome, it’s hard to envision how unintelligent, undirected processes could have generated life from a prebiotic soup. Though not their intention, Venter and his colleagues have provided empirical evidence that life’s components and, consequently, life itself must spring from the work of an intelligent Designer.


    Using Used Parts


    As remarkable as it will be when Venter’s team succeeds in creating artificial life, it’s important to resist viewing their accomplishment as more than it is. Headlines describing this work give the impression that these researchers are generating life solely from building-block materials. In reality, when Venter and his colleagues succeed, they will not have made life from “scratch.” Instead, they will have merely remodeled an existing life-form to generate a novel creature.


    An analogy might help demonstrate what Venter’s team will have accomplished when they create M. laboratorium. A microbe can be considered similar to an automobile. Venter’s team is, in essence, functioning as curious auto mechanics who disabled the parts of an automobile engine, one at a time, to identify the components that must be present for it to run. (This imagery corresponds to the work Venter’s team has done to determine the minimum gene set.)


    Once the mechanics identified the minimal parts list, they bought the essential engine parts from a “parts store” and assembled them. (This step corresponds to the synthesis of the M. genitalium genome.) Then they removed the motor from a perfectly working car and put their minimalist engine into the vehicle to see if it would run. (This step corresponds to the introduction of the synthetic genome into a cell that had its genome removed.) When all these steps work, then the auto mechanics have not only confirmed that they properly identified the minimal engine parts but also produced a novel automobile.


    Over 200 years ago, Darwin’s theory of evolution was advanced as a way to explain the mystery of mysteries—the origin of species. Darwin proposed that life began through natural selection. Who could have known that soon after the 150th anniversary of his book, The Origin of Species, scientists would be on the verge of originating new species—not by undirected processes but rather by precise methods and procedures intelligently designed and expertly executed.


    The Minimum Requirements


    Venter’s quest to make M. laboratorium began with an experiment designed to identify the minimal gene set and understand life’s minimum complexity. As his team continues to hone in on the minimum number of genes and the essential biochemical systems necessary, life’s complexity in its minimal form becomes all the more striking. The preparation of M. laboratorium will provide important confirmation that minimal life requires hundreds of genes. And this kind of complexity strongly indicates that life requires a Creator. (For more information, see my book The Cell’s Design.)


    Venter’s quest for artificial life has brought the immense complexity of life in its bare essential form into focus. And as he and his collaborators make M.laboratorium and derive additional microbes from it, life’s minimal complexity will become even more rigorously established.


    Although much recent attention has focused on the efforts of Craig Venter and his collaborators at Synthetic Genomics Inc., they are not the only scientists trying to make nonnatural life-forms. A number of other molecular biologists and synthetic biologists have already succeeded at reengineering life from the top down. In fact, these efforts have been underway since the early 1970s. The modified life-forms produced through these efforts possess the capability to generate proteins and engage in metabolic activities they naturally would not. Although less ambitious than Venter’s venture, this research is just as provocative. The next chapter explains why.
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