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Abstract:<p>
Most molecular defects are manifested at the <br>cellular, organ, and organismic levels; to <br>reach the goal of molecular preventive <br>medicine, much more must be learned <br>about the molecular basis of function. <br>Both laboratory scientists and research-<br>oriented physicians have important roles <br>to play. <p>
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<b>From the Inventory of Genes to <br>Understanding Physiology and the <br>Molecular Basis of Disease</b><p> 
THE EUPHORIA SURROUNDING <br>COMPLETION OF THE FIRST draft of the <br>sequence of the human genome signaled the <br>beginning of the end of a historic phase of <br>biomedical research that spanned the 20th <br>century-the creation of an inventory of the <br>molecules required for human life. Throughout <br>the past 100 years, much knowledge was also <br>learned about biological function but from a <br>historical perspective the big story was the <br>molecular inventory. Like the 19th-century <br>biologists, who enumerated the variety of <br>biological species and identified their <br>phylogenetic relationships, 20th-century <br>biologists used genetics, biochemistry, and <br>large-scale genome sequencing to identify the <br>catalog of human genes. Much work remains <br>with this inventory because picking all human <br>genes from a sequence of 3 billion DNA base <br>pairs is incomplete and far from trivial. The <br>initial count of 35 000 human genes may be <br>short of the actual number. In addition, many <br>genes originate more than one protein product <br>owing to alternative splicing of the primary <br>RNA transcript. Thus, the number of different <br>human proteins will likely exceed 100000. <p> 

A list of human genes and their protein (or RNA) <br>products is essential for understanding <br>physiology and explaining what goes wrong in <br>disease. But this list is of no more use than a <br>list of the parts of a jet airliner without an <br>explanation of how each individual part <br>works, how these parts are assembled, and <br>how the general principles of physics and <br>chemistry allow the airliner to convert aviation <br>fuel into motion. To make matters worse, <br>human physiology is much more complicated <br>than the operation of a jet airliner. What is the <br>strategy to move ahead? How can the <br>biomedical community grapple with the <br>overwhelming complexity presented by more <br>than 100 000 human proteins? How will <br>insights about molecular function change <br>medical practice? <p> 

Before exploring the research agenda required to <br>understand physiology and the molecular <br>basis of disease, the first question is: how <br>many human genes contribute to disease? <br>Humans differ from each other in about1DNA <br>base pair of 1000. A 0.1% variation does not <br>seem like much, but given 3 billion base pairs, <br>there are 300000 points of variation between <br>individuals. McKusick's monumental <br>Mendelian Inheritance in Man1 now lists <br>several thousand genes known to contribute <br>to human disease. However, in well-<br>characterized systems, such as the heart, it is <br>already apparent that each of the genes <br>coding for contractile proteins is subject to <br>mutations that cause hypertrophic or dilated <br>cardiomyopathies.2 Thus, genetic variations in <br>the vast majority of human genes very likely <br>contribute to disease predisposition. Cause <br>and effect relationships are evident in the <br>cardiomyopathies in which even minor <br>molecular defects in single proteins result in <br>organ failure over a period of many years, but <br>are more difficult to discern in systems in <br>which multiple genetic defects are required to <br>cause disease. Thus, every single human gene <br>is potentially interesting to the practicing <br>physician. <p> 

Most molecular defects are manifested at the <br>cellular, organ, and organismic levels; to reach <br>the goal of molecular preventive medicine, <br>much more must be learned about the <br>molecular basis of function. Both laboratory <br>scientists and research-oriented physicians <br>have important roles to play. <p> 

<b>An Agenda for Laboratory Research</b><p> 

How can the research community handle the <br>complexity presented by 35 000 human genes <br>and 100 000 proteins? Evolution is <br>responsible for this genetic complexity, but the <br>very nature of molecular evolution also <br>provides the salvation for dealing with the <br>inherent complexity. Ancient genomes were <br>much simpler than ours, consisting of <br>hundreds to a few thousand genes. Genomes <br>became more complicated by events that <br>copied and shuffled pieces of DNA. Some <br>events created a duplicate copy of an existing <br>gene, allowing the sequences of the 2 genes to <br>diverge over time. In other cases, cutting and <br>pasting bits of the genome brought together <br>novel combinations of sequences that coded <br>for proteins with new functions. <p> 

For example, a long time ago a prokaryote <br>developed a gene encoding a protein with 7 <br>et-helices spanning the plasma membrane. <br>Modern day Archaebacteria use such a <br>protein to absorb light and use its energy to <br>transport protons out of the cell.3 Over <br>millions of years mutations accumulated in <br>such genes that allowed 7-helix receptors in <br>protozoa to bind chemicals from the <br>environment and to transmit signals into the <br>cytoplasm for chemotaxis toward food. Over <br>time the original gene for this 7-helix receptor <br>was duplicated and chance mutations in the 2 <br>copies allowed them to diverge until one gene <br>product was able to recognize a different <br>environmental chemical. If this conferred a <br>selective advantage on the organism, both <br>genes were preserved. Multiple rounds of <br>duplication and divergence of sequences led <br>to the human genome containing about 1000 <br>7-helix receptors. About 500 of these <br>receptors are used to detect particular <br>odorant molecules. Others bind hormones, <br>neurotransmitters, growth factors, and many <br>clinically useful drugs. The beta-adrenergic <br>receptors in the heart and liver are only one <br>example. Although each receptor is <br>specialized to bind to a particular type of <br>chemical, all of these receptors send their <br>signal into the cell using the same strategy and <br>similar molecular machinery. <p> 
Since in-depth analysis is required to understand <br>even the simplest molecular machine, it is <br>impossible (and a waste of time) to <br>characterize all 7-helix receptors or each of <br>the products of other multigene families such <br>as protein kinases. Knowing how a few <br>examples work reveals general principles <br>about how the other members of the same <br>family work as well. <p> 

The few physiological processes that are understood <br>in detail (protein synthesis, adenosine <br>triphosphate synthesis, muscle contraction, <br>action potentials) have established that life <br>depends on an ensemble of complicated <br>chemical reactions. One strategy, the <br>reductionist approach, has successfully linked <br>molecules to physiology time-after-time and is <br>expected to reveal the mechanisms of more <br>complicated life processes. Taking this <br>approach, biological systems are reduced to <br>their component parts, which are <br>characterized individually and then <br>reconstituted to reproduce the physiological <br>process. Genetic or pharmacological <br>experiments allow molecular mechanisms to <br>be tested at the cellular and organismic levels. <p> 

Execution of this strategy requires selection of a <br>favorable experimental system and acquisition <br>of the following information: <p>
*<b>An inventory of the participating molecules.</b> <br>Historically, this has been <br>done one component at a time using genetics <br>or biochemical isolation. Complete genome <br>sequences provide a shortcut to identify <br>relevant molecules and to reveal their primary <br>structures (sequences of nucleotides for <br>RNAs or amino acids for proteins). <p> 

*<b>Atomic structures of key molecules.</b> <br>Function cannot be understood without <br>detailed knowledge of molecular structures <br>from x-ray crystallography or nuclear <br>magnetic resonance spectroscopy. <br>Fortunately, many proteins belong to <br>extended families with similar structures; <br>hence, reasonable models can be made by <br>comparison once a few structures are known. <p> 

*<b>Identification of the molecular partners of each component in the system.</b>

<br> Virtually every biological molecule is part of a <br>pathway or an assembly of multiple <br>molecules. These pair-wise molecular <br>interactions can be mapped by genetics or <br>biochemistry. Newer genome-wide screens <br>for interactions are accelerating the pace of <br>this phase. <p> 

*<b>Rates of reactions and affinities of partners for <br>each other.</b>

<br> These numbers reveal which <br>interactions are physiologically relevant and <br>how fast a process works. These numbers <br>also provide the final word on how <br>information passes through a molecule system. <p> 

*<b>Tests for physiological function for each <br>molecule and its role in disease.</b> 

<br>One such test is biochemical reconstitution of <br>a complex process from isolated components. <br>Among many examples, this has been <br>achieved for protein synthesis4 and several <br>forms of cellular motility.5 For many <br>processes, such tests of physiological function <br>depend on genetic manipulations in the <br>laboratory or the genetic experiments of <br>nature encountered in human disease. <br>Inactivating a particular molecule by mutating <br>its gene often reveals how cellular chemistry <br>affects physiology. Drugs that modify the <br>behavior of specific molecules are often <br>valuable for such tests but establishing <br>specificity is challenging. <p> 

*<b>A mathematical model of the whole system.</b>

<br>Formulation of a mathematical model is the <br>ultimate test of understanding molecular <br>physiology. If the model reproduces the <br>behavior of the system under a range of <br>conditions and predicts the consequences of <br>genetic modifications in any component, one <br>can be relatively confident about <br>understanding the system. This level of <br>sophistication has been achieved for a few <br>systems, including bacterial chemotaxis,6 <br>bacterial metabolic pathways,' and muscle <br>contraction.8<p> 

General principles about related systems usually <br>emerge from careful analysis of particular <br>examples because of common evolutionary <br>origins. Potassium channels, proteins that <br>allow potassium ions to cross the membranes <br>of excitable cells such as nerves and muscle, <br>are an excellent example. Although humans <br>use many different types of potassium <br>channels in various tissues, all have a common <br>evolutionary ancestor. Characterization of the <br>structure of a potassium channel from a <br>bacterium has revealed basic principles for ion <br>selectivity and movement that apply to all <br>potassium channels.9 On the other hand, <br>investigators have been unable to determine <br>the atomic structures of potassium channels <br>from other organisms, including vertebrates. A <br>second example, recognized with the 2001 <br>Nobel Prize in Physiology or Medicine, is <br>regulation of the eukaryotic cell cycle. These <br>complex regulatory circuits were first worked <br>out in yeast and later found to apply in broad <br>outline to humans and other higher organisms. 10 <p>
<b>Research on Model Organisms </b><p>
Because of the unity of biology created by evolution, <br>the reductionist strategy is easiest to achieve <br>on a favorable model organism, followed by <br>application of the principles to humans. <br>Although it would be desirable to carry out <br>many experiments on human molecules and <br>cells, it simply is not practical. Molecules from <br>other organisms (even very distantly related <br>organisms such as bacteria) often are more <br>cooperative than the human molecules of <br>interest. Other organisms are also required for <br>experiments that involve experimental <br>manipulation of genes. Communities of <br>biologists have invested considerable effort to <br>develop experimental methods to manipulate <br>the genes of a few model organisms <br> (TABLE).11 Each model has its strengths and <br>weaknesses in genetics, biochemistry, <br>microscopy, and physiology but none is ideal <br>in all respects. <p> 

Caption: Table. <p> 
Simple genomes are easier to work with but <br>organisms such as bacteria or yeast lack many <br>functions found in multicellular organisms. <br>Knowledge of the complete genome <br>sequence greatly simplifies numerous <br>experiments. A haploid genome is useful to <br>reveal the phenotype of recessive mutations <br>and meiotic recombination is required for <br>mapping genes. Similarly, it is important to <br>isolate large quantities of pure protein for <br>biochemical and biophysical experiments, and <br>to replace genes with modified versions of the <br>gene of interest by homologous recombination <br>of DNA with the chromosomes. Yeasts are <br>favorable for studying basic cellular <br>processes. Nematode worms, fruit flies, and <br>the mustard weed, Arabidopsis thaliana, have <br>revealed much about the development of <br>multicellular organisms. Mice are the best <br>model system to study development and <br>organ function in vertebrates. <p> 

<b>Insights From Human Disease</b> <p>
Humans are included on the list of model organisms <br>because of one distinct advantage over the <br>other model systems. Patients excel at <br>reporting dysfunction to physicians. Thus, <br>practicing and research-oriented physicians <br>will have an important role in elucidating the <br>molecular basis of physiological function. <br>They will do the detective work required to <br>track down the roles of genes and their <br>products in complex organ systems, <br>particularly in those situations where <br>molecular dysfunction has only a marginal <br>effect on physiology or where defects in <br>multiple genes are required to cause <br>pathology. Researchers working with mice <br>are challenged to discern phenotypes if they <br>develop slowly, are subtle, or do not lead to <br>major anatomical changes. This fits the clinical <br>presentation of many human diseases. <p> 

<b>Impact on Clinical Practice</b><p> 

The combined application of human genetics and the <br>reductionist approach to mechanisms will <br>reveal the molecular basis of most human <br>diseases. Frequently, geneticists will link <br>genetic variation to predisposition to a disease <br>before the underlying molecular mechanisms <br>are understood, as in many types of cancer. <br>In fact, these connections between genes and <br>human disease are likely to play an important <br>part in understanding function. <p> 

Most disease mechanisms will not be as <br>straightforward as lysosomal storage <br>diseases," in which the lack of function of a <br>single enzyme leads directly to accumulation <br>of substrate, or to those cases of <br>hypercholesterolemia caused by defects in the <br>receptor for low-density lipoproteins.' Often <br>pathology will result from subtle defects in <br>multiple genes. The quest to understand <br>molecular mechanisms will continue, because <br>those insights are required to develop rational <br>treatments. <p> 

How will knowledge of genetic and molecular <br>mechanisms of disease change clinical <br>practice? We can look forward to when it will <br>be possible to know enough about a patient's <br>genotype to predict not only his or her <br>predisposition to common diseases but also <br>how he or she will respond to environmental <br>stresses and medical treatments. This will <br>offer the ultimate in individualized patient <br>health care. Pathology will continue to <br>illuminate our appreciation of molecular <br>physiology, while a deep understanding of <br>molecular mechanisms will guide disease <br>prevention strategies, diagnostic tests, and <br>therapies of the future. <p>
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