[image: Book cover image]



[image: ]


[image: ]


Copyright

William Collins

An imprint of HarperCollinsPublishers

1 London Bridge Street

London SE1 9GF

WilliamCollinsBooks.com

This eBook first published in Great Britain by William Collins in 2015.

Text © FPR-Books Ltd 2015

Diagrams by Mark Salwowski

Frank Ryan asserts his moral right to be identified as the author of this work.

A catalogue record for this book is available from the British Library.

Cover design by Jo Walker

Cover design © HarperCollinsPublishers 2015

All rights reserved under International and Pan-American Copyright Conventions. By payment of the required fees, you have been granted the non-exclusive, non-transferable right to access and read the text of this e-book on-screen. No part of this text may be reproduced, transmitted, down-loaded, decompiled, reverse engineered, or stored in or introduced into any information storage and retrieval system, in any form or by any means, whether electronic or mechanical, now known or hereinafter invented, without the express written permission of HarperCollins.

Source ISBN: 9780007549061

eBook Edition © June 2015 ISBN: 9780007549078

Version: 2016-03-02


Dedication

To Oswald T. Avery


Possibly I am a scientist because I was curious when I was young. I can remember being ten, eleven, twelve years old and asking, ‘Now why is that? Why do I see such a peculiar phenomenon? I would like to understand that.’

LINUS PAULING
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Introduction

No special act of creation, no spark of life was needed to turn dead matter into living things. The same atoms compose them both, arranged only in a different architecture.

JACOB BRONOWSKI, THE IDENTITY OF MAN

Bronowski begins his more famous book, The Ascent of Man, with the words, ‘Man is a singular creature. He has a set of gifts which make him unique among the animals: so that, unlike them, he is not a figure in the landscape – he is a shaper of the landscape.’ But why should we humans have become shapers of the landscape rather than mere figures inhabiting it? We differ from, say, a sea horse or a cheetah because our genetic inheritance, the sum of the DNA that codes for us, is different in humans when compared to the horse or the cheetah. We call this the genome, or, to be more specific in our case, the human genome. 

Our genome defines us at the most profound level. That same genome is present in every one of the approximately 100,000 billion cells that make us who we are as individual members of the human species. But it runs deeper than that. In more personal terms, in myriad tiny variations that we each possess and are individual to us only, it is the very essence of us, all that, in genetic and hereditary terms, we have to contribute to our offspring, and through them to the sum total evolutionary inheritance of our species. To understand it is to know, in the most intimate sense, what it means to be human. No two people in the world today have exactly the same genome. Even identical twins, who will have been conceived with exactly the same genome, will have developed tiny differences between their genomes by the time of their births: differences that may have arisen in parts of their genomes that don’t actually code for what we normally mean by genes.

How strange to realise that there is actually more to our individual genome than genes alone. But let us put aside such details for the moment to focus on the more general theme. How could a relatively simple chemical code give rise to the complexity of a human being? How could our human genome have evolved? How does it actually work? Immediately we are confronted by mysteries.

To answer these questions we need to explore the genome’s basic structure, its operating systems and its mechanisms of expression and control. Some readers might react with incredulity. Surely any such exploration promises a journey into extraordinary complexity, one that is far too obscure and scientific for a non-scientist reader? In fact this book is aimed at exactly such a reader. As we shall see, the basic facts are easy enough to grasp, and the way to grasp them is to break the exploration into a series of simple, and eminently logical, stages. This journey will lead us through a sequence of remarkable revelations about our human history – even into the very distant past of our ancestors’ lives and their prehistoric exploration of our beautiful life-giving planet. 

The exploration will raise other, equally important, questions, too. How, for example, does this extraordinary entity that we call the human genome enable our human reproduction – the fertilisation of our maternal egg with the paternal sperm? How does it control the quasi-miracle of the developing embryo within the mother’s womb? Returning to generalities for the moment, though, we can be sure that an important ingredient of the genome, and its essential nature, is memory – the memory, for example, of the totality of every individual human’s genetic inheritance. But how exactly does it perform this remarkable feat of memory? We know already that this wonder chemical we call DNA works like a code, but how could any code recall the complex instructions that go into the making of cells and tissues and organs, and then once made, bring them into function in the single coordinated whole that comprises the human being? Even then we have hardly begun to confront the mysteries of the human genome. How does this same extraordinary structure acquire the programming that gifts the growing child with the wonder of speech, that bestows the related capacity for learning, writing and education, and which makes possible the maturing of the newborn to the future adult, who then repeats the cycle all over again when he or she becomes a parent in turn? 

The wonder is that all of this might be encompassed in a minuscule cluster of chemicals including, but not exclusive to, the master molecule we call deoxyribonucleic acid – or DNA. This chemical code somehow records the genetic instructions for making us. Built into that code must be the potential for individual liberty of thought and inventiveness, enabling every human artistic, mathematical and scientific creativity. It gives rise to what each of us thinks innately as our private inviolate ‘self’. Somehow that same construction of ‘self’ made possible the genius of Mozart, Picasso, Newton and Einstein. It is little wonder that we look at the repository of such potential with awe. No more is it surprising that we should want to understand this mystery that lies at the very core of our being. 

Only recently have we come to understand the human genome in sufficient depth and subtlety to be able to put together its marvellous story – to discover, for example, that there is rather more to it than DNA alone. This is the story I shall attempt to convey in this book. 

A few years ago I gave a lecture on a related theme at King’s College London. The chairman asked me if I planned to write a book about it. When I said yes, he asked me to please write it in words that a lay reader, like himself, could readily understand.

‘Just how simple do you want me to make it?’

‘I want you to assume that I – your reader – know nothing at all to begin with.’

This, then, I promise to do. There will be no complicated scientific language, no mathematical or chemical formulae or unexplained jargon, and I shall introduce no more than a handful of simple illustrations. Instead I shall begin from first principles and assume that the readers of this book know little about biology or genetics. Even non-biologists might recall the many surprises when the first rough draft of the human genome was announced to the world, in 2001.The discoveries since then have confirmed that a good deal of the human genome – in its evolution, structure and workings – is far from what we had earlier imagined. Those surprises do not diminish the importance of the wealth of knowledge that had gone before, but rather, like all great scientific discoveries, they enhance it. Thanks to this new understanding, humanity has entered what I believe to be a golden age of genetic and genomic enlightenment, which is already being extrapolated to many important fields, from medicine to our human prehistory. I think society at large deserves to understand this and what it promises for the future.


one

Who Could Have Guessed It?

The large and important and very much discussed question is: How can the events in space and time which take place within the spatial boundary of a living organism be accounted for by physics and chemistry?

ERWIN SCHRÖDINGER

In April 1927 a young Frenchman, René Jules Dubos, arrived at the Rockefeller Institute for Medical Research, in New York, on what would appear to have been a hopeless mission. Tall, bespectacled and a recent graduate of Rutgers University, New Jersey, with a PhD in soil microbiology, Dubos had an unusually philosophical attitude to science. He had become convinced, through the work of eminent Russian soil microbiologist Sergei Winogradsky, that it was a waste of time studying bacteria in test tubes and laboratory cultures. Dubos believed that if we really wanted to understand bacteria we should go out and study them where they actually lived and interacted with one another and with life in general, in the fields and the woods – in nature. 

On graduation from Rutgers Dubos had found himself unemployed. He had applied to the National Research Council Fellowship for a research grant but had been turned down because he wasn’t American, but somebody had scribbled a handwritten message on the margin of the rejection letter. Dubos would later reflect upon the fact that it was written in a female hand, almost certainly added as a kindly afterthought by the official’s secretary. ‘Why don’t you go and ask advice and help from your famous fellow countryman, Dr Alexis Carrel, at the Rockefeller Institute?’ Dubos duly wrote to Carrel, which brought him, in April 1927, to the building on York Avenue, on the bank of the East River. 

Dubos knew nothing about Carrel, or indeed about the Rockefeller Institute for Medical Research, and was surprised on his arrival to discover that Carrel was a vascular surgeon. Dubos had no academic knowledge of medicine and Carrel knew nothing about the microbes that lived in soil. The outcome of their conversation was all too predictable; Carrel was unable to help the youthful microbiologist. Their conversation closed about lunchtime and Carrel did Dubos the courtesy of inviting him to have lunch with him in the Institute’s dining room, which had the attraction for a hungry Frenchman that they served freshly baked bread.

It seemed entirely by accident that Dubos found himself sitting at a table next to a small, slightly built gentleman with a domed bald head who addressed him politely in a Canadian accent. The gentleman’s name was Oswald Theodore Avery. Although Dubos later confessed that he knew as little about Avery as he did of Carrel, Professor Avery (his close associates referred to him as ‘Fess’) was eminent in his field, which was medical microbiology. It would prove to be a meeting of historic importance both to biology and to medicine. 

Avery subsequently hired Dubos as a research assistant, in which role Dubos discovered the first soil-derived antibiotics. Meanwhile Avery led his small team – who were working on what he called his ‘little kitchen chemistry’ – on another quite different quest, one that would help unravel the key to heredity. Why then does society know little to nothing about this visionary scientist? To understand how this anomaly came about we need to go back in time to the man himself and the problems he faced three-quarters of a century ago. 

*

In 1927, when Dubos first met Avery, the principles of heredity were poorly understood. The term ‘gene’ had been introduced into the nomenclature two decades earlier by a Danish geneticist, Wilhelm Johannsen. Curiously, Johannsen had adopted a vague concept of heredity, known as ‘pangene’, that was first proposed by Charles Darwin himself. Johannsen modified it to take on board the belated discovery of the pioneering work of Gregor Mendel, which dated back to the nineteenth century. 

Readers may be familiar with the story of Mendel – the cigar-smoking, Friar-Tuck-like abbot of an Augustinian monastery in Brünn, Moravia (now the Czech Republic) – who undertook some brilliantly original studies of the peas he cross-bred in the monastery vegetable garden. From these studies Mendel discovered the basis of what we now know as the laws of heredity. He found that certain characteristics of the peas were transmitted to the offspring in a predictable manner. These characteristics included tallness or dwarfishness, presence or absence of the colours yellow or green in the blossoms or axils of the leaves, and the wrinkled or smooth skin in the peas. Mendel’s breakthrough was to realise that heredity was stored within the germ cells of plants – and this would subsequently be extrapolated to all living organisms – in the form of discrete packets of information that somehow coded for specific physical characters or ‘traits’. Johannsen coined the term ‘gene’ for Mendel’s packet of hereditary information. At much the same time, a combative British researcher, William Bateson, extrapolated the term ‘gene’ to the discipline he now called ‘genetics’ to cover the study of the nature and workings of heredity. 

Today, if we visit the free dictionary online, we get the following definition of a gene: ‘The basic physical unit of heredity; a linear sequence of nucleotides along a segment of DNA that provides the coded instructions for the synthesis of RNA, which, when translated into protein, leads to the expression of hereditary character.’ But Mendel had no notion of genes as such, and he certainly knew nothing about DNA. His discoveries languished in some little-read papers for forty years before they were rediscovered and their importance was more fully understood. But in time his idea about the discrete packets of heredity we now call genes helped to answer a very important medical mystery: how certain diseases come about through an aberration of heredity.

We now know that genes are the basic building blocks of heredity in much the same way that atoms are the physical units that make up the physical world. But during the early decades of the twentieth century, nobody had any real notion of what genes were made from, or how they worked. But here and there, people began to study genes in more depth by examining their physical expression during the formation of embryos or in the causation of hereditary diseases. Fruit flies became the experimental model for pioneering research in the laboratory of Chicago-based geneticist Thomas Hunt Morgan, where researchers located genes, one by one, onto structures called chromosomes, which were themselves located within the nuclei of the insect’s germ cells. The botanical geneticist Barbara McClintock confirmed that this was also the case for plants. McClintock developed techniques that allowed biologists to visualise the actual chromosomes in maize, leading to the groundbreaking discovery that, during the formation of the male and female germ cells, the matching, or ‘homologous’, chromosomes from the two parents lined up opposite each other and then the chromosomes swapped similar bits so that the offspring inherited a jumbled-up mixture of the inheritance from the two parents. This curious genetic behaviour (which is known as ‘homologous sexual recombination’) is the explanation of why siblings are different from one another. 

By the early 1930s biologists and medical researchers knew that genes were actual physical entities – chemical blocks of information that were lined up like beads in a necklace along the lengths of chromosomes. In other words, the genome could be loosely compared to a library of chemical information in which the books were the chromosomes. The discrete entities known as genes could then be compared to discrete words in the books. The libraries were housed in the nuclei of the germ cells – in human terms, the ova and sperm. Humans had a total stack of 46 books, which were the summed complement of ova and sperm, in every living cell. This came about because the germ cells – the ovum and the sperm – contained 23 chromosomes, so that when a human baby was conceived the two sets of the parental chromosomes united within the fertilised ovum, passing on the full complement of 46 chromosomes to the offspring. But this initial unravelling of the ‘heredity mystery’ merely opened up a Pandora’s box of new mysteries when it came to applying genetics to the huge diversity of life on our fecund planet. 

For example, did every life form, from worms to eagles, from the protozoa that crawled about in the scum of ponds to humanity itself, carry the same kinds of genes in their nuclei-bound chromosomes? 

The microscopic cellular life forms, including bacteria and archaea, do not store their heredity in a nucleus. These are called the ‘prokaryotes’, which means pre-nucleates. All other life forms store their heredity in nuclei and are known collectively as ‘eukaryotes’, which means true nucleates. From the growing discoveries in fruit flies, plants and medical sciences, it was becoming rather likely – excitingly so – that some profound commonalities might be found in all nucleated life forms. But did the same genetic concepts, such as genes, apply to the prokaryotes, which reproduced asexually by budding, without the need for germ cells? At this time within the world of early bacteriology there was even a debate as to whether bacteria should be seen as life forms at all. And viruses, which were for the most part several orders of magnitude smaller than bacteria, were little understood.

Over time many researchers came to see bacteria as living organisms, classifying them according to the binomial Linnaean system; so, for example, the tuberculosis germ was labelled Mycobacterium tuberculosis and the boil-causing coccoid germ was labelled Staphylococcus aureus. Oswald Avery, with his extremely conservative nature, kept his options open, eschewing the binomial system and referring to the TB germ as the ‘tubercle bacillus’. It is instructive for our story that Dubos, who came to know Avery better than any other colleague, would observe that ‘Fess’ was similarly conservative in his approach to laboratory research. Science must adhere with a puritanical stringency to what can be logically observed and definitively proven in the laboratory. 

In 1882 German physician Robert Koch discovered that Mycobacterium tuberculosis was the cause of the greatest infectious killer in human history – tuberculosis. Koch constructed a code of logic that would be applied to bugs when first determining if they caused specific diseases. Known as ‘Koch’s postulates’, this was universally adhered to, and once a causative bug had been identified it was studied further under the microscope. Thus the bug was duly classified in a number of ways. If its cells were rounded in shape it was a ‘coccus’, if a sausage shape it was a ‘bacillus’, if a spiral shape it was a ‘spirochaete’. Bacteriologists methodically studied the sort of culture media in which a bug would grow best – whether in agar alone, or agar with added ox blood, and so on. They also studied the appearance of the bacterial colonies when they were grown in culture plates – their colours, the size of the colonies, whether they were rough in outline or round and smooth, raised or flat, stellate, granular or daisy-head. So the textbooks of bacteriology extended their knowledge base on a foundation of precise factual study and observation. And as understanding grew, this newfound knowledge was applied to the war against infection. 

One of the useful things they learnt about disease-causing, or ‘pathogenic’, bacteria was that the behaviour of the disease, and thus of the bug itself in relation to its infected host, could be altered by various deliberate means: for example, through repeated cultures in the laboratory, or by repeatedly passing generations of the bug through a series of experimental animals. Through such manipulations it was possible to make the disease worse or less severe by making the bug either ‘more virulent’ or ‘attenuated’. Bacteriologists looked for ways to extrapolate this to medicine. In France, for example, the eminent Louis Pasteur used this principle of attenuation to develop the first vaccine to be used successfully against the otherwise universally fatal virus infection of rabies.

One fascinating observation that came out of these studies was the fact that, once a bug had been attenuated or been driven to greater virulence, the change in behaviour could be ‘passed on’ to future generations. Could it be that some factor of the bug’s own heredity had been altered to explain the change in behaviour? 

Bacteriologists talked about ‘adaptation’, using the same term that was coming into vogue with evolutionary biologists when referring to evolutionary change in living organisms as they adapted to their ecology over time. While it was too early to be sure if bacterial heredity depended on genes, these scientists linked it to the physical appearance of bugs and colonies, or to the bugs’ internal chemistry, and even to their behaviour in relation to their hosts. These were measurable properties, the bacterial equivalents of what evolutionary biologists were calling the ‘phenotype’ – the physical make-up of an organism as opposed to what was determined by the hereditary make-up, or ‘genotype’. 

Bacteriologists also came to recognise that the same bacterium could exist in different subtypes, which could often be distinguished from one another using antibodies. These subtypes were called ‘serotypes’. In 1921 a British bacteriologist, J. A. Arkwright, noticed that the colonies of a virulent type of dysentery bug, called Shigella, growing on the jelly-coated surfaces of culture plates, were dome-shaped with a smooth surface, whereas colonies of an attenuated, non-virulent, type of dysentery bug were irregular, rough-looking and much flatter. He introduced the terms ‘Smooth’ and ‘Rough’ (abbreviated to S and R) to describe these colonial characteristics. Arkwright recognised that the ‘R’ forms cropped up in cultures grown under artificial conditions, but not in circumstances where bacteria were taken from infected human tissues. He concluded that what he was observing was a form of Darwinian evolution at work. 

In his words: ‘The human body infected with dysentery may be considered a selective environment which keeps such pathogenic bacteria in the forms in which they are usually encountered.’ 

Soon researchers in different countries confirmed that loss of virulence in a number of pathogenic bacteria was accompanied by the same change in colony appearance from Smooth to Rough. In 1923, Frederick Griffith, an epidemiologist working for the Ministry of Health in London, reported that pneumococci – the bugs that caused epidemic pneumonia and meningitis which were of particular interest to Oswald Avery at the Rockefeller Laboratory – formed similar patterns of S and R forms on culture plates. Griffith was known to be a diligent scientist and Avery was naturally intrigued. 

Griffith’s experiments also produced an additional finding, one that really shook and puzzled Avery. 

When Griffith injected non-virulent R-type pneumococci from the strain known as type I into experimental mice, he included an additional ingredient in the injections, a so-called ‘adjuvant’, which usually pepped up the immune response to the R pneumococci. A common adjuvant for these purposes was mucus taken from the lining of the experimental animal stomach. But for some obscure reason Griffith switched adjuvant to a suspension of S pneumococci, derived from type II, that had been deliberately killed off by heat. The experimental mice died from overwhelming infection. In the blood of these dead mice Griffith expected to find large numbers of multiplying R-type I bacteria – the type that he had injected at the start of the experiment. Why then had he actually found S-type II? How on earth could adding dead bacteria to his inoculum have changed the actual serotype of the bacterium from non-virulent R-type I to highly virulent S-type II? 

Researchers, including Avery himself, had previously shown that S and R types were determined by differences in the polysaccharide capsules coating the cell bodies of the bugs. Griffith’s findings suggested that the test bacteria, initially R-type pneumococci, had changed their polysaccharide coats inside the infected bodies of the mice to that of the virulent strain. But they could not have achieved this by just flinging off the old coat and putting on the new one. The coat was determined by the bacteria’s heredity – it was an inherited characteristic. Further cultures of the recovered bacteria confirmed that the S type bred true. There appeared to be only one possible explanation: adding the dead S bacteria to the living R bacteria had induced a mutation in the heredity of the living R-type bacteria, so they literally transformed into S-type II. 

In the words of Dubos: ‘[At the time] Griffith took it for granted that the changes remained within the limits of the species. He probably had not envisaged that one pneumococcus type could be transformed into another, as this was then regarded as the equivalent of transforming one species into another – a phenomenon never previously observed.’

*

It is little wonder that Avery was astonished by Griffith’s findings. Like Robert Koch before him, Avery subscribed to the view that bacterial strains were immutable in terms of their heredity. The very concept of a mutation – that heredity was capable of an experimentally induced change – was a highly controversial issue within biology and medicine at this time. To understand why, we need to grasp the concept of what a mutation means. 

By the late nineteenth century Darwinian theory had entered a crisis. Darwin himself had been well aware that natural selection relied on some additional mechanism, or mechanisms, capable of changing heredity, so that natural selection would have a range of ‘hereditable variation’ to choose between. Generations later, in the opening chapters of his innovative book Evolution: The Modern Synthesis, Julian Huxley put his finger on the nub of the problem. ‘The really important criticisms have fallen upon Natural Selection as an evolutionary principle and centred round the nature of inheritable variation.’ In 1900, a Dutch biologist, Hugo de Vries, put forward a novel mechanism that would be capable of providing the necessary variation: the concept of a random change in a unit of inheritance. Opportunity for change exists when genes are copied during reproduction, when a random change in the coding of a gene might arise from an error in copying the hereditary information. De Vries called this source of hereditary change a ‘mutation’. It was only with what Julian Huxley termed ‘the synthesis’ of Mendelian genetics – the potential for change in the inherited genes through mutation – and Darwinian natural selection operating on the hereditary choices presented within a species, that Darwinian theory became credible again to the great majority of scientists. 

In time Griffith’s finding would be confirmed to be what Avery was now wondering about: it was a mutation. Geneticists would show that the change from the R to the S strain of pneumococcus involved the transfer of a gene from the dead S-type II bacteria to the living R-type I bacteria, which was incorporated into subsequent bacterial reproductive cycles, transforming the cells of the R-type I bacterium into the cells of the S-type II bacterium. It was indeed the bacterial equivalent of a change of species. And Griffith was proven right in inferring that Darwinian natural selection had operated even in the short time frame of the infection of a cohort of laboratory mice. 

Griffith’s experimental findings galvanised bacteriologists and immunologists around the world. His discovery was confirmed in several different research centres, including the Robert Koch Institute in Berlin, where the pneumococcal types had first been classified. The news was inevitably a hot topic of discussion in Avery’s department, as Dubos would recount: ‘but we did not even try to repeat them at first, as if we had been stunned and almost paralysed intellectually by the shocking nature of the findings’. 

At first Avery simply couldn’t believe that bacterial types could be transformed. Indeed, he had been one of the authoritative figures who had settled the fixity of bacterial reproduction being true to type years before. But from 1926 Avery encouraged a young Canadian physician working in the Rockefeller Laboratory, M. H. Dawson, to investigate the situation. According to Dubos, Dawson, unlike Avery, was convinced from the start that Griffith’s conclusion must be correct because he believed that ‘work done in the British Ministry of Health had to be right’.

Dawson began by confirming Griffith’s findings in laboratory mice. His results suggested that the majority of non-virulent bacteria – the R types – had the ability in certain circumstances to revert to the virulent S type. By 1930 the young Canadian was joined by a Chinese colleague, Richard P. Sia, and between them they took the experimental observations further by confirming that the hereditary transformation could be brought about in culture media, without the need for passage through mice. At this stage, Dawson left the department and Avery encouraged another young physician, J. L. Alloway, to take the investigation further. Alloway discovered that all he needed to bring about the transformation was a soluble fraction derived from the S pneumococci by dissolving the living cells in sodium deoxycholate, then passing the resultant solution through filters to remove the bits of broken-up cells. When he added alcohol to the filtered solution, the active material precipitated out as sticky syrup. Throughout the laboratory this sticky syrup was referred to as the ‘transforming principle’. So the work continued, experiment following experiment, year by year.

When Alloway left the department, in 1932, Avery began to devote some of his own time to the pneumococcus transformation, in particular aiming to improve the extraction and preparation of the transforming substance. Frustration followed frustration. He focused on its chemical nature. Discussion took place with other members of the department, ranging from the ‘plamagene’ that was thought to induce cancer in chickens (now known to be a retrovirus), or to the genetic alterations in bacteria that were thought to be caused by viruses. According to Dubos, Alloway suggested the transforming agent might be a protein-polysaccharide complex. But by 1935 Avery was beginning to think along other lines. In his annual departmental report that year he indicated that he had obtained the transforming material in a form that was essentially clear of any capsular polysaccharide. In 1936, Rollin Hotchkiss, a biochemist who had now arrived to work in the department, wrote a historic comment in his personal notes: 

‘Avery outlined to me that the transforming agent could hardly be a carbohydrate, did not match very well with a protein and wistfully suggested it might be a nucleic acid!’ At this stage, Dubos, who many years later would write a book about Avery and his work, dismissed this as no more than a surmise. There were good reasons for his caution. 

That year few researchers throughout the world believed that the answer to heredity lay with nucleic acids. These chemical entities had been discovered by a Swiss biochemist, Johann Friedrich Miescher, back in the late 1800s. Fascinated by the chemistry of the nucleus, Miescher had broken open the nuclei of white blood cells in pus, and subsequently the heads of salmon sperm, to discover a new chemical compound which was acidic to pH testing, rich in phosphorus and comprised of enormously large molecules. After a lifetime of experimentation on the discovery, Miescher’s pupil, Richard Altmann, would introduce the term nucleic acid to describe Miescher’s discovery. By the 1920s, biochemists and geneticists were aware that there were two kinds of nucleic acids. One was called ribonucleic acid, or RNA, which contained four structural chemicals: guanine, adenine, cytosine and uracil, or GACU. The other was called ‘desoxyribonucleic acid’, or DNA, which was a major component of the chromosomes. They had deciphered its four bases – three identical to RNA, guanine, adenine and cytosine, but with the uracil replaced by thymine – making the acronym GACT. They knew that these four bases consisted of two different pairs of organic chemicals; adenine and guanine being purines, and cytosine and thymine being pyrimidines. They also knew that they were strung together to form very long molecules. At first they thought that RNA was confined to plants while DNA was confined to animals, but by the early thirties this was dismissed when it was found that both RNA and DNA were universally distributed throughout the animal and plant kingdoms. Still they had no knowledge of what nucleic acids actually did in the nuclei of cells. 

A distinguished organic chemist based at the Rockefeller Institute, Phoebus Aaron Levene, proposed that the structures of DNA and RNA were exceedingly boring – they formed groups of four bases that repeated themselves in the identical repetitive formation throughout the molecule, like a four-letter word, repeated ad nauseam. This was called ‘the tetranucleotide hypothesis’. Such a banal molecule couldn’t possibly underlie the exceedingly complex basis of heredity. In the words of Horace Freeland Judson, ‘the belief was held with dogmatic tenacity that DNA could only be some sort of structural stiffening, the laundry cardboard in the shirt, the wooden stretcher behind the Rembrandt, since the genetic material would have to be protein’.

Proteins are lengthy molecules made up of smaller organic chemical units known as amino acids. There are 20 amino acids in the make-up of proteins, reminiscent of the number of letters that make up alphabets. If genes were the hereditary equivalents of words, only the complexity of proteins could fashion the words capable of spelling out the narratives. Chemists, and through extrapolation geneticists, not unnaturally assumed that only this level of complexity could possibly accommodate the incredible memory template that the complexity of heredity demanded – a line of thought that Judson labelled ‘The Protein Version of the Central Dogma’.

This was the contentious zeitgeist that Avery now confronted. As early as 1935, in his annual reports to the Board of the Institute, he indicated that he had growing evidence that the ‘transforming substance’ appeared free of capsular polysaccharide and it did not appear to be a protein.

Further progress on this line of research appeared to drag. In part this was because Dubos, working in the same department, had made a breakthrough in his search for antibiotic drugs. In 1925, Alexander Fleming, at St Mary’s Hospital in London, had discovered a potential antibiotic, penicillin, but he had been unable to take his work to the stage of useful production for medical purposes. Now, working on the philosophical principle encapsulated by the biblical saying ‘dust to dust’, Dubos had pioneered the search for microbes in soil that would potentially attack the polysaccharide coat of the pneumococcus. By the early 1930s he was making progress. From a cranberry bog in New Jersey he found a bacillus that dissolved the thick polysaccharide capsule that coated the pneumococcus with its armour-like outer covering. Dubos went on to extract the enzyme that the Cranberry Bog bacillus produced. He and Avery had reported their discovery in a paper in the journal, Science, in 1930. In a further series of papers the two scientists would report further experiments, all aimed at extrapolating the discovery to human trials of the Cranberry Bog enzyme in treating the potentially fatal pneumonia and meningitis caused by the pneumococcus. 

But their researches encountered difficulty after difficulty. In part these arose from a predictable ignorance in a field of such pioneering research. A more personal, and devastating, problem arose when, under the stress of it all, Avery developed thyrotoxicosis – a debilitating autoimmune illness in which his thyroid gland became overactive. 

Thyrotoxicosis causes the system to be flooded by thyroid hormones, which would have inappropriately switched his metabolism into a dangerous overdrive. He would have felt shaky, agitated, physically and mentally restless, suffering difficulties with relaxation and sleep – an impossible situation for a creative person. Avery had to spend time away from the lab undergoing surgery to remove the bulk of the ‘toxic goitre’, a procedure that carried risk of side-effects, even fatality in a minority of cases. His surgeon advised him against any early activity, physical or mental, that provoked stress. Dubos later recalled how Avery was away from his work for as long as six months. And while Avery was away, the laboratory stagnated. In Dubos’ own words, ‘I … pursued [the research] for three or four years. However I could not carry the work very far because there were serious gaps in both my knowledge of genetics and biochemistry and in the [prevailing] states of these sciences themselves.’

Dubos would continue his researches against such difficulties, to be rewarded, in 1939, with the discovery of the first soil-derived antibiotic. He called it ‘gramicidin’. But gramicidin could not be taken by mouth or administered by injection because it was too toxic. It could only be applied to skin conditions. The research continued. But then, all of a sudden, the hopes of Avery and Dubos were overtaken by a rival breakthrough. Working in the pharmaceutical research laboratories of the Bayer Company in Elberfeld, Germany, doctor Gerhard Domagk reported the discovery of a new antibacterial agent called prontosil. The first of what would come to be known as the sulphonamide drugs, it immediately entered the medical formulary, pioneering the treatment of a number of hitherto untreatable infectious diseases.

Today we are apt to forget how little we could do to control infection in the 1930s. Epidemics such as scarlet fever, measles, pneumonia, meningitis and poliomyelitis swept through the population in regular, sometimes annual, cycles. Other notorious infections were everyday threats, including tuberculosis, which ravaged entire families, or boils, septic arthritis, septic osteomyelitis, which caused agonising abscesses in bone, and the commonplace but potentially deadly streptococci capable of breaking through a septic throat to cause abscesses in the brain. Most of the human population, whether in developed or developing countries, died from infections, including the insidious pneumonias that hit those whose immunity was depressed. The treatment of infections was the most urgent problem then facing humanity. For Dubos, and even more so Avery, the disappointment of failing in their line of research would have been shattering. 

When, in due course, Avery returned to work, he switched the emphasis of his research to the ‘transforming substance’. Colin MacLeod improved the techniques of extraction so they could now produce sizeable amounts for assay and further testing. They began to make more rapid progress so that, in a report to the Rockefeller Board for the year 1940–41, they were more confident in stating that even a highly purified extract of the transforming substance appeared to be protein-free. 

That summer MacLeod left the Institute to become Professor of Bacteriology at the New York University School of Medicine. But he still took an interest in the project and frequently returned to the Institute to add his advice. A young paediatrician, Maclyn McCarty, took MacLeod’s place in the transforming experiment. McCarty brought a useful level of biochemical training to the laboratory. And now they had the transforming substance in quantity and in stable form, he applied his chemical skills to further process and identify the active material. He began to culture the pneumococci in large batches of 50 to 75 litres, developing a series of steps that increased the yield of transforming substance while removing proteins, polysaccharides and ribonucleic acid. The prevailing beliefs about the hereditary principle claimed that nucleoproteins were the answer. Thus the topmost priority in all of this effort was to ensure that the final test material contained no protein. 

By now McCarty had extracted concentrated solutions of the active material. He treated this with a series of protein-digesting enzymes, such as the gut-derived trypsin and chymotrypsin, which were known to destroy proteins, ribonucleic acid and pneumococcal capsular polysaccharide. What remained was once more shaken with chloroform in a final effort to remove even the finest traces of protein.

By late 1942, after repeated extraction and experiment, McCarty had come to the conclusion that the transforming activity was confined to a highly viscous fraction that consisted almost exclusively of polymerised deoxyribonucleic acid. When he precipitated this fraction in a flask by adding absolute ethyl alcohol, drop by drop, all the while stirring the solution with a glass rod, the active material separated out of the solution in the form of long, white and extremely fine fibrous strands that wound themselves around the stirring rod. Dubos would recall the excitement felt within the lab by all those who witnessed the sight of the beautiful fibres, which were the pure form of the transforming substance. 

In early 1943, Avery, MacLeod and McCarty presented their findings to distinguished chemists at the Princeton section of the Rockefeller Institute for Medical Research. The chemists must have been astonished, perhaps even nonplussed, but they offered no contradiction of the evidence nor asked for further proof. The researchers summed up the evidence for the Board of the Rockefeller in April of that year. Avery, MacLeod and McCarty, all three medical doctors rather than geneticists, were now ready to inform the world in a paper submitted to the Journal of Experimental Medicine in November the same year, which would be published early the following year. The title of the paper was long-winded and cautious: ‘Studies on the chemical nature of the substance inducing transformation of pneumococcal types. Induction of transformation by a desoxyribonucleic acid fraction isolated from pneumococcus type III’. 

In the words of Dubos, this paper ‘had staggering implications’. The sense of excitement, tempered by caution, was captured in a letter that Avery wrote to his brother, Roy, dated 26 May 1943:

 … For the past two years, first with MacLeod and now with Dr McCarty, I have been trying to find out what is the chemical nature of the substance in the bacterial extracts which induces this specific change … Some job – and full of heartaches and heartbreaks. But at last perhaps we have it … In short, the substance … conforms very closely to the theoretical values of pure desoxyribose nucleic acid. Who could have guessed it?

In the letter, ‘desoxyribose nucleic acid’, in the paper, ‘desoxyribonucleic acid’: these are older names for what we now call deoxyribonucleic acid – commonly reduced to its acronym, DNA. 


two

DNA Is Confirmed as the Code

Looking back at his own failure to appreciate Avery’s discovery at the time, Stent came to the conclusion ‘in some respects Avery et al’s paper is a more dramatic example of prematurity than Mendel’s’.

UTI DEICHMANN

Scientists, in the opinion of the Nobel Prize-winning Linus Pauling, were fortunate because their world was so much the richer for its mysteries than those not interested in science could possibly appreciate. Certainly in those days Avery’s lab at the Rockefeller Medical Institute for Research was filled with a mood of expectation and excitement. In 1943 Oswald Avery was 65 years old. He had planned to retire and join his brother Roy’s family in Nashville, Tennessee, but there was no question of his leaving the lab at this time. He needed to continue his work on the transforming substance. In particular he needed to convince his colleagues throughout the world of microbiology and, more widely, the sceptical world of biochemists and geneticists, of the validity of their discovery.

Avery was conservative by nature. A generation earlier he and a colleague had proposed that complex sugar molecules, called polysaccharides, and not proteins determined the immunological differences between different types of pneumococcal bacteria. Although this theory was eventually confirmed to be true, at the time of discovery it provoked a storm of controversy that had haunted this nervous and sensitive man. In a long and rambling letter to his brother Avery had repeatedly referred to his worry about the reaction to the new discovery. ‘It’s hazardous to go off half-cocked … It’s lots of fun to blow bubbles – but it’s wiser to prick them yourself before someone else tries to.’ 

Avery had an adversary closer to home. Alfred E. Mirsky, a distinguished biochemist and geneticist also working at the Rockefeller Institute, had reacted to Avery’s discovery with incredulity. To make matters worse, Mirsky was widely regarded as an expert on DNA. He had discovered that the quantity of DNA in every cell nucleus remained the same, establishing a principle called ‘DNA constancy’. He now doubted the efficacy of McCarty’s DNA extraction. A stickler for ‘clean’ biochemical experiment, Mirsky believed that protein found in the nucleus, called nucleoprotein, must be the basis of heredity. Even as late as 1946, Mirsky insisted that the two enzymes McCarty had used in his extractions would not digest away all of the protein. Mirsky was very influential in genetic circles and his argument impressed the leading geneticist of the time, Hermann J. Muller, who had been awarded the Nobel Prize that same year for his discovery, made two decades earlier, that X-rays caused mutations in the genes of the fruit fly. In a letter to a geneticist colleague, Muller stated ‘Avery’s so-called nucleic acid is probably nucleoprotein after all, with the protein too tightly bound to be detected by ordinary method.’ 

To some extent such disagreement was typical of the situation one might find anywhere in science when various groups from different scientific backgrounds are investigating a major unknown. Never is the argument more acrimonious than when a new discovery confounds the accepted paradigm. But the vociferous opposition of Mirsky from within Avery’s home research foundation must have been particularly damaging. In 1947 Muller published his ‘Pilgrim’s Lecture’ as a scientific paper in which he concluded that whether nucleic acid or protein was the answer ‘must as yet be regarded as an open question’. In the words of Robert Olby, a historian and philosopher of science, ‘Through Muller’s widely read Pilgrim Lecture, this [sceptical] influence was spread to a wide audience.’

In a new series of extractions, with stringent quality checking, Avery attempted to confound his critics. McCarty left the laboratory in 1946, which was left in the hands of, amongst others, the meticulous Rollin Hotchkiss. Hotchkiss added several new chemical explorations of the extract, all further confirming that it was DNA. He disproved Mirsky’s objection by purifying the extract to the extent that the protein content was below 0.02 per cent and he showed that it was inactivated by a newly discovered crystalline enzyme specific to DNA: DNase. While many geneticists remained obdurate in their opposition, some were beginning to take notice.

In a subsequent interview with the biophysicist and future Nobel Laureate, the German-born physicist Max Delbrück, Horace F. Judson would discover that some distinguished researchers were aware of the potential importance of Avery’s discovery. ‘Certainly there was scepticism,’ Delbrück recalled. ‘Everybody who looked at it was confronted by this paradox. It was believed that DNA was a stupid substance … which couldn’t do anything specific. So one of these premises had to be wrong. Either DNA was not a stupid molecule, or the thing that did the transformation was not DNA.’ Avery had raised a monumentally important question and the only way of resolving the dilemma was for other researchers to probe it through some form of alternative experimentation to find out if he was right or wrong. 

In 1951, two American microbiologists, Alfred Hershey and Martha Chase, undertook such an alternative experiment while studying the way that certain viruses use bacteria as a factory to make daughter viruses. These viruses are called ‘bacteriophages’, or ‘phages’ for short – from the Greek phago, which means to eat, because they devour cultures of host bacteria. The presence, and number, of viruses could be measured if you seeded your host bacteria into heat-softened agar and then added the viruses in various dilutions to the agar before spreading it over a laboratory plate. When the agar cooled it formed a thin, even layer of jelly in the plate, which, on overnight culture, would become clouded by growth of bacteria within the agar. Wherever a virus landed among the bacteria there would be a round window of transparency caused by the dissolving (lysis) of the bacteria which was easily visible, and thus countable. This ‘plaque-counting technique’, which I myself learnt from my microbiology professor as a medical student and later made use of in experiments on the nature of autoimmunity as a hospital doctor, is easily learnt and thus put to use by thousands of scientists in a great variety of experiments.

What interested Hershey and Chase was the fact that phage viruses were known to compose a core of genetic material surrounded by a capsule of protein. In fact, each virus closely resembled a medical syringe in structure, so that when it infected the bacterial cell of its host, it appeared to squeeze out the genetic material from the body of the syringe, leaving the empty protein coat attached to the outer bacterial cell wall. Meanwhile, the genetic material was injected into the bacterial cell interior, where the viral genome would be replicated as part of its reproduction. Hershey and Chase invented an ingenious experiment that would decide whether protein or DNA was the basis of the viral reproductive system. This would involve adding radioactive phosphorus and radioactive sulphur to the media in which separate batches of the host bacteria were growing. After four hours, to allow the radioactive element to be taken up by the bacteria, they introduced the phage viruses. 

To understand the basis of the experiment we need to grasp that DNA contains phosphorus as part of its make-up but no sulphur, meanwhile the amino acids that make up proteins contain sulphur but no phosphorus. 

By inoculating each of these two groups of bacteria with viruses, Hershey and Chase derived two populations of phage viruses – one containing the radioactive phosphorus and the other containing the radioactive sulphur. When the viruses infected the bacteria, they left their empty viral coats, mostly made up of protein, attached to the outside of the bacterial cell walls, having injected their core material, known to comprise DNA, into the bacterial bodies. Hershey and Chase used centrifugation to separate and extract empty viral coats. Meanwhile, the infected bacteria were allowed to go through their normal reproductive cycle, which allowed the viral cores inside them to generate entire new phage viruses, rupturing the bacterial bodies and flooding the growth media with large numbers of fully formed viruses. Hershey and Chase now removed what was left of the host bacterial bodies to gather dense concentrations of fully formed viruses. 

When they now compared the empty viral coats, made up of protein, with the fully formed viruses, with their cores full of genetic material, they found that 90 per cent of the radioactive sulphur was left behind in the viral coats when the virus infected the cell, and 85 per cent of the phosphorus was now part of DNA that had entered the bacterial cell to code for the future offspring of virus. This confirmed Avery’s findings: DNA, and not protein, was the code of heredity.

We might duly note that this separation of coat from core DNA of virus involves a much higher degree of protein impurity than Avery’s extractions. Yet the hitherto sceptical geneticists appeared to be more convinced by the phage experiment than by Avery’s work. Perhaps the strikingly visual nature of the experiment was a factor. Perhaps it was the additional, quite different, avenue of confirmation. It didn’t harm credibility that leading geneticists were within the ‘phage camp’, too. 

*

Today, with the advantage of retrospect, scientists by and large see the 1944 paper by Avery, MacLeod and McCarty as the pioneering discovery of DNA as the molecule of heredity. It has been portrayed as one of the most regrettable examples of a discovery that merited, but was not awarded, the Nobel Prize. There is ample evidence that Avery was recommended by senior colleagues, particularly within his own discipline of microbiology and immunology – indeed he was nominated twice, first in the late 1930s, for his work on the pneumococcal typing and its relevance to bacterial classification, and, after the 1944 paper was published, he was nominated yet again for his fundamental contribution to biology. But it would appear that the Nobel Committee was not sufficiently swayed. In retrospect, it is seen as a major omission that causes people to scratch their heads and wonder why. 

Dubos worked for fifteen years in the lab next door to Avery’s and, in so much as the reticent Professor allowed it, he had plenty of opportunity to get to know Avery and to understand his approach to science and his reaction to the stresses involved in pioneering new concepts. In Dubos’ opinion, writing in 1976, the curious lack of recognition most likely derived from a combination of happenstance and
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