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CYCLES AND FASHIONS IN
BIOMEDICAL RESEARCH

JOSHUA LEDERBERG

My task was to collect some of the threads comprising the fabric of
fundamental biology and to comment on the health and medical appli-
cations thereof. As shorthand for that conception, the elaboration of
biology and pathology from first principles of chemical and physical
structure, I will caption it a reductionist or reductive model.

The starting point of my own thought was very well stated by Drs.
Kennedy and Lehninger, who talked about the promissory notes that
reductive biology had been tendering for a number of years. Dr. Kennedy
quoted Dr. Charles Huggins: “Whose lives have been saved by a Warburg
apparatus?” I suspect that is not such a difficult question to answer. My
variant is, “How many lives have been saved in the last twenty years by
the ‘double helix’?”—an expression that stands as proxy for all of modern
reductive biology.

In 1944 Avery, MacLeod, and McCarty reintroduced DNA to the
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biologists’ consciousness. This development stood against the presumption
of the prior two decades that proteins were everything: they were enzymes,
and they were sources of such exquisite specificity in every other realm,
why not in the genctic material as well? But as is well known, the
experiments of these investigators gave the first and eventually irrefutable,
direct evidence that genetic specificity resided in the chemical structure of
DNA. In the brief interval from 1944 to the beautiful claboration of the
structure of the DNA molecule, the double helix, by Watson and Crick
in 1953, thinking and experiments in biology were unassailably revolu-
tionized. Little biological research today is not decply informed by these
conceptions.

Nevertheless, until just now, one might have sought in vain for impor-
tant public health or specific therapeutic applications of that knowledge.
As a geneticist, ] would be the first to recall many important applications
of chromosomie and cell biology, ¢.g., the delineation of genetic syndromes
and the further illumination of pathogenctic processes. Starting with
Garrod's insights, the development of medical genetics followed soon
upon the rediscovery of Mendelism in 1900. It is all the more paradoxical
that hardly anybody’s health for twenty-five years after 1953 depended
on knowing that the DNA structurc was a double helix. How can such a
revolutionary and fundamental insight of reductive science have had such
a delayed impact on our major health problems?

Today we are just beginning to sec a flood of practical applications in

‘the pipeline, and one or two have materialized. The molecular genetic
prenatal diagnosis of sickle cell disease is one of the first medical appli-
cations that explicitly depends on the knowledge of DNA structure:
Y. W. Kan’s work is an epitome of the DNA revolution.

The biotechnology industries that are founded on recombinant DNA
likewise depend on that reductive base. Even with appropriate skepticism
about the pace of development of these industries in the next year or two.
no one doubts the large number of forthcoming therapeutic innovations.
Human proteins such as pituitary hormones, interferon, insulin—and
many others today unknown—are accessible in no other fashion.

So the texture of my question has changed in the last few years—an
authentic turning point in our perspective of history of this phase of
medical science. Let me state it 1 bit differently: the phase of application
having arrived, why did it take so long? or need it have taken so long?
Some people think such a question is both impatient and petulant, but
* think it ought to be addressed.

Over the last thirty or forty years of medical history, onc can, of course,
trace a host of important innovations. The whole style of medical practice
has sharpened, and it is far more attuned to critical scientific inquiry.
Physiological and metabolic inquiry, to understand discasc process and
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management of the care of the patient, from the informed perspectives
from immunology and endocrinology as well, is a new common standard.
Looking for more specific indicators, I have had some trouble trying to
authenticate the most important specific changes in medical practice
during that period of time. Once one gets past the antibiotics, which may
be regarded as the culmination of the last prereductive era of medical
science, it is hard to find a predominant single item in the modernization
of medical care.

The use of steroids ranks high, despite caveats about iatrogenic com-
plications. As is typical of many innovations, these complications now
loom far larger than first expected. In any event, the initial discovery of
the use of steroids in medicine, as with other advances, was closer to
serendipity than reductionist planning.

My own conjecture is that one of the most important changes in medical
practice is the management of the body fluids. I have had some difficulty,
however, in getting quantitative data on the history of medical practice
with respect to routine fluid infusion therapy. Few will question that this
therapy has been a life-saving addition to the armamentarium, if only for
the infantile diarrheas. Drinking saline water may in fact become an
equally efficacious medical technology!

Water does not sound like a very sophisticated medical entity. There
arc a few things one puts into the water, but they are not particularly
complex from a chemical standpoint, and I doubt that one would invoke
reductive biology as the route of discovery in this field. But it is all the
more reason to seck the different threads that have informed medical
practice. We do lack the kind of critical history that would enable us to
judge what has happened there, as well as in many .other important
changes in practice. Paul Beeson’s comparison of textbooks of medicine
is an indispensable way of looking at medical history; but it is almost too
comprehensive, and few people will take on the assessment of the most
important improvements. In my own view, we are secing, in this decade,
the completion of two cycles of medical science and practice. With the
DNA revolution we are well into the third.

The first cycle rested on the scientific foundations of medical microbi-
ology laid just a century ago. This was based on the specific recognition
of germs as living organisms and as agents of disease: the methods that
we owe to Pastcur and Robert Koch, the taxonomy of microorganisms,
obtaining them in pure culture and identifying them as etiological agents,
the development of vaccine prophylaxis, and antimicrobial therapy. This
cycle represented a revolutionary scientific as well as medical finding. It
took from 1880 till the 1940s and 1950s to approach an asymptote (Table
1).

We well know how mortality from infectious disease has changed since
the turn of the century. While, indeed, much of that change can be
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TABLE 1
Three Major Cycles of Biomedical Progress
Cycle Dates Description Develops
ments
Infectious 1880-1940 . . . Reductive—germ Vaccines
disease theory Antibiotics
[{uman phys-  1922-1980. . Reductive in aim, Insulin
iology " ‘convergence secmi-cmpirical in - Cortisone
1980s practice Diurctics
Psychotrop-
ics
Molecular bi-  1944-1980 Reductive! Enzyme in-
ology hibitors
DNA diag-
nosis
Atheroscle-
rosis
Cancer
Transplant
rejeclion

attributed to larger cultural and social developments, it is not a question
of “cither/or”; and one can hardly dispute the importance of scientific
_knowledge about what. is contaminating our water supplics, or about
which vaccines would be effectivé. Our standards and expectations are
much higher today. Even if, after earlier successes, the opportunitics for
rapid public health improvement are less today than sixty or eighty years
ago, we do not want to stop now. Just think how deprived we would be
if we had to rely on these very general mcasures of sanitation and
vaccination, and were barred from the much-derided high technology of
medical care.

The second cycle I would date to about 1922. It evokes the names of
D. D. Van Slyke and J. L. Gamblc, i.c., systematic application of human
physiology and chemistry in medicine. Many of the specific intcrventions
that are part of medical and surgical practicc stem from physiology: the
understanding of what the various organs of the body do and how they
communicate with one another. Physiology, like much of biology, is
informed by medical observations and vice versa. It deserves more honor
than it now gets, judging from the departmental arrangements at many of
our medical schools. Perhaps just because so much physiology has been
incorporated in internal medicine, there is a structural problem fitting
physiology as basic science into the organization of many medical schools.
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discovery has been more significant. An outstanding example is scen in
contemporary psychiatric medicine, One cannot describe the development
of the now indispensable agents used in the treatment of schizophrenia
and depressive illness as having stemmed in any way from a reductive
model. Quite the contrary! The empirically demonstrated efficacy of
agents like chlorpromazine and lithium then demanded the attention of
investigators into the biochemical foundations of the mode of action of
the drugs. Their discovery was empirical and preceded the neurochemical
theory that is just now emerging.

It is a consequence of our successes against infections that now our

The inherent intricacy of these problems, which are rooted deeply in the
molccular and cellular structure of the human organism, outreaches the
existing base of applicable scicatific knowledge. This ignorance has
frustrated the building of a theoretjcal program for the control of these

experiments, to define the proper scope of these interventions, to search
for their side effects. and so forth. This ramification is, in a way, as
indispensable as the initjal discovery. It is reaching down - toward (he
development of a reductive infrastructure for medicine, rather than having
built on a deductive foundation for the initjal discovery of these useful
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agents. With the exception of prenatal diagnosis, which did start from
first principles of genetics and the cytogenetics, very few medical advances
have been conceived from prior knowledge of the biology of the organism.

My question about the double helix relates to the third cycle, just at its
zenith of scientific accomplishment and burgconing potential for appli-
cation. In times past, I might have leaned on the problematical structural
relationships of basic sciences to clinical medicine, to account for the
imputed delay. The question, it has become apparent, understated the
complexity of the task.

To illustrate an essential cellular organelic, the ribosome of Escherichia
coli (none of this my own work) is sketched in Fig. 1. These cartoons
show the structure of the ribosome from four quarters. The important
point is that the ribosome is composed of no less than 55 different protcin
subunits. Ribosomes tend to fall apart into a 30 S and 50 S major
component. The §°s and L’s arc on the two respective columns. At this
point, every onc of those has now been isolated. The amino acid sequence
of the majority has been worked out, at least in some degree. Especially
revealing is the scif-assembly of this organelle: if you mix the different
protein constituents with three molecules of specific ribosomal RNA, the
ribosomes will self-assemble from these parts. Whatever magic is in the
structural organization of the cell derives from the chemistry of its parts.
But what complex chemistry!

The extraordinary effort that has been required in order o get to this
stage of knowledge has involved: the mechanical labor of developing
methods for the purification of these particles; the scparation of their
protein constituents in ways that do not chemically alter them; and the
analysis of these particles, one by one, in order to determine their chemical
composition—always in such a way that their biological integrity would
not be degraded. Rather than being impatient about it taking from 1953
until now, one marvels that it has been possible to go that far in the
molecular dissection of this very important particle.

So it was not enough to proclaim that the structure of DNA was a
double helix and to learn the code by which protein structure was
determined. That was the revolutionary opening of the door 10 a vast
array of further investigations of the amazing varicty of structures in the
cell. From these, one can then expect 1o see a variety of applications in
human pathology. We alrecady know of genetic discases of bacteria that
result from mutations in different ribosome constitucnts. Environmental
factors also influence ribosomal structure and function. Analogous human
discases are bound to become cvident, following the same principles.
Unfortunately, there remains a host of technical problems in trying to do
the same thing with the ribosomes of eukaryotes. A few of the units have
been found. The general structure of the ribosomcs is not fundamentally
different, but in this casc, we must fish these things out of cells that have

207



AL s 1538
LR R R R R
(HLORAN PRI O

BASFS 2000- 2200 PuOnTUIN

(LY

125 Ama NLNETHY[ -
npamo GUANOSINE THI0S R EPTON
- Bt
NE-OIME MY
AGIND INE
185 ANA 135 RwA 1P-G BINDING UTL
AR 1)-two1 EX1T DOWate
305 SUBUNIT 505 SUBUNIT 308 suguNIT 595 SUBUNIT
Ribosomal Proteins
Pratelns of 205 Ribosomal Protelns ot 50S Ribosamal
Subunits Subunits
Designation Mol Wt Blnding Deslgnation Mol. wt, Binding
S1 65,000 L 22,000
S2 27,000 L2 28,000 +
S3 28,000 L3 23,000
54 25,000 + L4 28,500
SS 21,000 LS 17,500
56 17,000 L6 21,000 +
S7 26,000 + L7 13,500
S8 16,000 + L8 13,000
S9 17,500 L9
S10 17,000 L10 21,000
S1 Lt 19.000
§12 17,000 L12 15,500
S13 14,000 L3 20,000
Si4 15,000 L4 18,500
S1s 13.000 + L1s 17,000
S16 13.000 L6 22,000 +
S17 10,000 L7 15,000 +
S18 12,000 L1 17,000 +
S 14,000 L19 17,500 +
S0 13,000 + L20 16.000 +
S21 - 13,000 L2y 14,000
L22 17.000
Sum 405,000 L23 12,500 +
L24 . 14,500 +
L25 12,500 +
L26¢ 12,500
L7 12,000
Las 15,000
L29 12.000
L30 10,000
L e
L32
L33 + 9,000
L34
Sum 549,000

F1G. 1. Ribosomal subunits of Escherichia coli, reproduced with permission of authors and
publishers. The four illustrations are from H. G. Wittman, “Architecture of Prokaryotic
Ribosomes.™ Annual Review of Biochemistry S2(1983):in press. The tabular material is from
D. £ Metzler. Biochemistry. The Chemical Reactions of Living Cells. New York: Academic
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a lot of aggressive cnzymes, which tear things apart as soon as they are
taken out of their normal niche.

I conclude that it is asking too much to expect reductive advances in
medical practice until we can fill in the infrastructure between information
that is in the DNA, and the way the cell is finally designed and built.

Without correctly assembled ribosomes, proper protein synthesis in the
cells cannot continue. Ribosome assembly also presents an exciting chal-
lenge from the standpoint of its regulatory mechanisms. Here there arc
fifty-five different proteins, whose synthesis is precisely coordinated. One
finds hardly any unassembled leftover constituents within the £. coli cell
under a very wide range of conditions. Some of the protein constitucnts
arc able to turn off the synthesis of others at various levels, some at
transcription and others at translation, and in that way the system is kept
in clegant balance. The details of these interactions again involve intricate
geometrical and physical patterning of the reacting macromolecules.

Our knowledge of this organclie is matched in some measure by what
we know of how cell membranes and several other organelles are put
together. However, the cell membrane is not a homogencous, chemically
consistent structure, and thus it presents still further challenges to eluci-
dating its adaptations to the various roles it must play for different kinds
of cells in their own circumstances.

Further glimpses into “complexity” come from work on a single
bacterium, E. coli. Again, a very important part of the message is that in
a comprchensive presentation, the details are unreadable. Figure 2 shows
the E. coli genomic map as of two ycars ago. About 1,000 genetic factors
have been identified in L. coli, cach known well cnough to admit the
name of a protein or some enzymic or regulatory function. Most of the
morphogenetic variants in the human species would not qualify so weil,
because of ignorance of the protein or regulatory process involved.

This map is organized into 100 intervals called “minutes,” in the £ ¢o/f
jargon. The reason for such a unit is that the process of fertilization, i.c.,
the transfer of genetic information from a male cell to a female cell, is
rather prolongcd in E. col; it takes about 100 minutes for entry, from the
beginning of the chromosome to the end. Jacob and Monod showed us
how to use the time of entry of a gene for mapping. Finer methods which,
in increasing measure, comprise the direct examination of DNA sequences
Aare available today.

These hundred minutes of E. cofi correspond to about 4 million base
pairs: it would take about 1,000 pages of this book to inscribe them onc
by one. So far, we know sentences, here and there, adding up to about a
dozen pages. We can infer from the local density of the map that the £
coli genome has sufficient information to encode about 5,000 different
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protein chains. As I have indicated, about a fifth of those have now been
mapped. The map also embraces about 100 known regulatory sites (there
arc doubtless many more). These are responsible for the rate at which
specific genes are expressed. We know the sequences of some, and the
picture is beginning to hang together. About 200 or so of thesc chains
(generally 1,000 nucleotides or less) have now been sequenced, i.e., their
DNA is fully known. These chains represent somewhat less than 1 percent
of the map. ‘

We might consider some other interesting objects whose complexity has
becn examined. Figure 3a shows the title head of a fascinating paper that
appeared in Nature just about a year ago. There are almost as many
authors as elements in the article—a reflection of the complexity of the
enterprise they had undertaken. The paper itself is almost unreadable,
but that is a compliment! Its main content is restated in Fig. 3b.

Obviously, print is an unsatisfactory medium for transmitting this sort
of information. The figure is printed from a computer data base of DNA
scquence data, courtesy of the SUMEX computer facility at Stanford
University. As shown on the title page of the paper, the mitochondrial
human genome comprises 16,569 base pairs. The polymorphism within
the human specics is already giving risc to some very interesting discussion
about our ancestral lincages.

Study of the mitochondrial genome shows that there are 5 protein
chains that have been previously recognized, and we know where these
are. Eight other sequences also produce messenger RNA and putatively
code for structural proteins, but we do not know what those are. There
are 22 transfer RNAs, and there are two ribosomal RNA components as
well. Thus, the structure of the mitochondrion is about half worked out
in terms of the allocation of particular proteins, thoroughly worked out in
terms of its DNA sequences.

Recall that the mitochondrion is about 30 seconds of E. coli, about a
half percent of the size of the bacterial genome. Of course that means it
is 1,000-fold less by comparison with the human genome! It is still not the
most complex entity so far studied: phage T7 has almost 40,000 nucleo-
tides, recently fully sequenced by J. J. Dunn and his colleagues at
Brookhaven.

Here now the reductive program can be laid out. The human genome
has about 3 billion nucleotide units in it. The DNA of each cell, when
unpacked, is about two meters long, about the height of the person. If all
that information were structural, it would encode for 10 million genes:
the information content of the Encyclopaedia Britannica. These are large
but quite finite numbers. Modern biology has given us an opportunity for
the first time to measure the complexity of our challenge and examine the
implications of the reductive strategy that has been so successful in
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unlocking the fundamentals of living processes.

Most people now believe that about ! percent of the genome is actively
coding DNA. Hence, to get a reductive understanding of the human
body, we must investigate about 100,000 differcnt protein entities. So far,
there are about 1,000 to which we could attach names. Of the ones that
we can name, about 100 have been isolated from human sources. Talking
about the amino acid sequence of a protein is proxy for a depth of
understanding of the relationship of structure to function like the heading
of a chapter, one for hemoglobin, another for collagen, and so forth.

To elucidate 100,000 proteins is then a $100 billion enterprise, with
present day technology. That figure will be mitigated with further tech-
nological advances, but merc purification is already tedious and costly.
Some proteins will be elusive, perhaps vanishingly scarce, although still
very important in the economy in certain kinds of cclls. We arc now
skimming the crecam in terms of what is most accessible, abundant, stable,
and so forth. We may wonder whether we will ever be able to afford to
go through this entire reductive base. Regardless, does anyone advocate
delaying further attention to specific medical problems until the reductive
base is complete?

This measure of the size of the enterprise demands a sensc of prioritics
as to which part of the landscape has the most important treasures. (We
arc not always going to guess right, because of the unpredictability of the
insights that most rapidly lead to important applications.)

In this setting I am preaching to the choir about the necd to promote
better mutual understanding of the problems and methods of clinical
observation and fundamental laboratory investigation. Part of the answer
is the scientific training of clinically oriented pcople. The converse, 1
believe, is equally important but has been neglected even more: that is,
the exposure of biological scientists to health problems. This should not
be thought of solely as a way to accelerate practical results, although I
believe it is an indispensable part of that mission. The history of science
is replete with examples of the testing of reductive theories by confron-
tation with facts and observations from nature, sometimes with revolu-
tionary impacts on the narrowly structured models that science must use.
Today's natural history is clinical observation: recall that Avery’s work
on DNA was impelled by his effort to systematize pathogcenic strains of
pneumonia, each of which demanded a unique vaccine.

Robust biological theory is an urgent requirement for our understand-
ing of environmental hazards and for the establishment of economically
viable pclicies of regulation. We face the perplexing challenge of predict-
ing hazards to human hezlth before thcy materialize; and this goal can
only be realized with much more solid predictive methods with which to
interpret laboratory experiments and translate these into quantitative
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standards of exposure for regulatory purposes. To do this will require a

medicine.

vast extension of comparative toXico
, long run, this application of reducti
be even more productive than anyt

logy as a biological discipline. In the
ve biology to preventive health may
hing likely to emerge in therapeutic

Perhaps the greatest difficulty with the long-standing promissory notes
is the extent to which they give rise to an underestimation of the abrupt
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The complete sequence of the 16.569-base pair human mitackondrial genome is presented. The genes for ihe 125 and 16§
[RNAS, 22 IRNAS, cytochrome ¢ exidase subunits 1.1l and 111, ATPase subun:t 6, cytocirome b and cight other predicted
protein coding genes Jiave been located. The sequence shows extreme cconamy in that the genes heve none of only a few
roncoding bases Eetween them, and in many cases the terminanon codons are nof coded in the DNA but are created

pou-uansm’p:mnal{y by polyadenylation of the mRNAs.

FiG. 3a. Title head. Reproduced with permission from Nature 290(9 April 1981).

CA1CACACGTCTAYCACCCTATY&ACCACYCACCCCACCTCTCCATGCATYTCCY‘TTTT
CCTCYCQCGCCYATGCAC:CDAYACCATTCCCACACGCTCCAC:CCGACCACCCTAYGTC
C(AGY&TCYCTCT?TCAYTCCTCCCTCATCCTATTAYY1ATCCCACCT#CCTTCAATATT
AChGCCCAACAYACYTACYAAAGTCYCYYAATTAATTAATCCTYGYAGCACAYAAYAAYA
ACLATICAﬁTGTCTCCACAGCCACTTYCCACACAOA€AYCATAAEAAAAAATTTCCACCA
AhLCCCCCCTCCCCCCCTTCTCCCCACACCACTTAAACACATCYCTGCCAAACCCCAAAA
AC&AAGAACCCYAACACCAGCCTAACCACATTTCAAAYTYTATCTTT]QCCCGTAYCCAC
1rrYAACAcTCACCCCCCAACYAACACATIATTTTcCCC1CCCACTCCCATACTACTAAT
C1CATCAAIACAACCCECGCCCATCCTACCCAGCACACACACACCCCYGCTAACCCCATA
CCCCGAACCAACCAAACCCCAAACACACCCCCCACAG?YTATCTACCTTACCTCCTCAAA
CCAATACACTCAAAATG1T\ﬁCACCGCCYCACAYCACCCCATA&ACAAATACGYTTCGYC
Cl'cCCTYICTAYYAGCTCTlACYAAGAYTACACAYGCAACCA?CCCCCYTCCACTGACT
T:LCCCTC\AAAYCACCACGAYCAAAAG:nACAAG:AYCAAGCACCCACCAAY:CACCTC
A‘AﬂCGCTYAGCCTACCCACLCCCCCACGCCAAACACCAC?CAY?AACCYTTACCAAYAA
ACGAAACY]TAACYAAQCYAYACYAhCCCCACCCITCGTCAATTICCTCCCAGCCACCGC
CG1CACACCATT&ACCEAAG1CAATAGA&GCCOGCcYAAAChCYCT?TTACATCACCCCC
\CCCCAATAAACCYAAAACTCACCTCA:T|cTAAAAAAcTCCAGTYCACACAAAAYACAC
YACCAAACTGGCYYYAACAT&TCYChACACACAA1ACCYAACACCCAAAC?CCCAYTACA
TACCCCACTATCCYTACCCCTAAACCYCAACACTTAAATCAAC‘AAACTCC7CCCCACAA
crrvACGAGCCACAGCTTAAAACTCAAAGGACCTCCCOCTGCTTCAXATCCCYCYACAGG
PGCCYCYlCYCT‘ATCGAYAAACCCCCATCA‘CCYCACCACCTCTTCCTCACCCTATATA
CECCCA1CTTCACCAAACCCTGATCAACGCTACAAAGYAAGCCCAACTACCCACGTAAAC
ACCTYAOGTCA‘CGYCTAGCCCATGAGGYCGCAACAAATCCCCTACATYTTCYACCCC‘G
AAhACYACCATACCCCT!ATCAAACTYAACCGTCCAACGYCCAYITACCACYAAACYAAD
lG‘ACAGYGCYYACTTGAACAGCCCCCTCAAGCCCCTACACACCGCCCCTCACCCTCCYC
AACTAYAc\TCAAACGACATYTAACTAAAACCCCXACGCAT\TAYATA:ACDACACAAGY
CCI‘ACATCCTAACYCYACTCGAﬁACYGCACTTCGACGAACCACAGTGYACCTYAACACA
AAccACCCA‘CTTACACYYACCACATYYcAAcTT&A:TTC::cccTcYCAGCYAAACCYA
CCCCCAAACCCACYCCACCTYACTACCACACAACC1YA?CCAAACCATYTACCCAAAYAA
~51ATACCCEATACARATTCAALCCTOGCCCAATACATATASTACCOLAAGCGAAAGATS
AAAAATTATAACCAAGCATAATATACCAAGCACTAACCCCTATACCTTCTOCATAATGAA
1IAAC1ACAAAYAACYT1CCAAGGACLCCCAAACCYAACACCCCCCAAACCACACCAGCT
AFCYAAcArCAGcYAAAACAGCACAccchcTATcYAc:AhAATAcch:AACATvTAYA
UG’ACAGCECACAAACCTACCCACECTCCYCATACCTCCYY:TCCAACATACAATCTTAC
|Y(AACTYYAAAYTYGCCCACACAACECTC?A&A1cCCCTTGTAAATYTAACTC7TAGYC
CAKAGACEAACACCTCTTTCOACACTACCAAAAAACCTICTACACAG/CTAARAAATTTA
AtfCCCAYACTACCCCTAAAACCACCCACCAAYTAﬁChAAC:CTTCAAGCTCAACACCCA
C‘ILC\AAAAAATCCCAAACATA]AACTChAC1CCTCACACCCAATYCCACCAAYCYAYC
AruthYAcAACAAcTAAchtAcYAYAAcTAACATCAAAACAYTcTcCchcCATAAcc
C1CCCTCAGATTAAAMACACTCAACTCACAATTAACACCCCAATATCTACAATCAACCAAC
AASTCA1YAYYA:CCYCACTCTCAACCCAAcAcACCCAYCCTCAYAACCAAAGQY7AAAA
AarGTAAALGCAACTECCCALATLTTACCCCECCTOTTTACCAAAAACATCACCTCTAC
"(ﬂC(AC\AYYACAGGCACCCCC?CCCCACYEACACATCYYTAACGCCCCCCCTACCCT
'ALCGVCCAAAGGYACCATAAYCACYYCYYCCY1AAA1ACCCACCTGYATGAATc:Cch
nCLAGCG\YCAGCTCYtTCYYACTTYTAACCAOYCAAAYYCLCCTCCCCGTCA&CAGCCC
GutAYAACACACCAACACCACAACACCCTATGCACCTTTAAYYYATY&AYCCAAACAGYQ
LLYAACAAACCCACACC1CCTAAACYACCAAACCYCCAT1AAAAATTTCCCYlCCCCCCA
ﬁf‘CCCAGCAGAACCCAfCC?CCGACCACYACATGCTAACACYYCACCACTCAAACCCAA
c?LCTAYACTCAnTTCATCCAAYAACTYCACCAACCCAACAACTTAECCYACCCAYAACA
cLLcArchvAvchAcAcYcCAYATCAACAnTAcc:Y|7A:CKCCTCCAICTYCCATCA

F16. 3b. Sequence and organization of human mitochondrial genome. Reproduced with

CCACATCCCCAYCCYCC&CCCCCTAT1AﬁACGTTCCTTYCT1CAACGATTAA&CTCCYAC
c1cAYc1uthTCAcACCGCAc?AAfcCAccYCCGTTTCTATCTACC1T:AAAYTCCYCC
c1crAcGAAAGGACAACAGAAA1AAcc:CTACTTCACAAAG:GccTYCEccccTAAAYGA
1AICA?CYCAACTvAGYAVTAYACCtACACCCACCCAACAACAGCGYTYGTTAAGAYGGC
AcnccccccTAAYcECATAAAACTTAAAACTTYACAC1CACAGGTTCAAYICCYCTTCYT
AACAACAYACCCATCCCCAnCCYCCTACTCCTCAT\CTACCCAYTCTAATCGCAA?GCCA
T\CCYAA!GCTYACCGAACGAAAAATTCTACCCYA1AYACAACTACGCAAAGSCCCCA&C
c1c=1Accc:ccTAcccccTA:TACAACcCYrcchcAccCCATAAAACTcTYCACCAAA
GACCCCCYAAAACCECCCACATCTACCAYCACCCTCTACATCACCGCCCCG‘(CYYAGCT
C1CACCA\CCCTCTTCTACTATCA!CCCCCC7CCCCAYACCC#ACCCCCTGGTCAACCYC
AACCYACGCCTCCTATITAYTCYAOCCACCTCTACCCTAGCCGTYTACYCAAYCCYCTCA
YCA?CCTCAGCATCAAACYCAAACTACQCCCTCATCCCCCCACTGCCAQCAGTAGCCCAA
ACAATCTCATATCAAG‘CACCCYACCCATCATTCTACYATCAACATYACYAAYAACTGGC
TLCTTTAACCTCTCCACCCYTAYCACAACACAACAACACCTCTCAY\ACTCCYCCCA?CA
1CDCCCTTCGCCAYAAYATCLYTYAYCTCCACACYﬁQCACAGACCAACCGhACCCCCYTC
CACCYTCCCCAACCGCACYCCGAACYAGTCTCACCCTTCAACATCCAA?ACGCCCCACCC
CCCTTCCCCCTATTCTTCATACCCCAATACACAA‘C‘TYATIAYAAYAAACACCCYCACC
AC1ACAATCTTCCTACCAACkACATAYCACCCAC1CTCCCCTCAACTETACACAACAYAY
Tf1GTCACCAACACCCTACTTCTAACCTCCCTCTTCTTATGFAYTCGAACACCATACCCC
CchYTCCCCTACCACCAACYCAYACACCTCCY&TGAAQAAACTYCCTACCAC?CACCC?A
CKATYACYTAYATCATAYCTCTCCAYACCCAT!ACAATCTCCAGﬁA'!CCCCCTCAAACC
TA&CAAATATGTCTCAYAAAACACTTACT1YCATAGACTAnATAATAccAchTAAAccC
CC1TATTTCTACCACTATCACAATCChACCCAYCCCTGAGAATVCAAAATTC?CCCTCCC
ACCTATCACACCCCATCCTAAAC\AACCYCACCTAAAYAAGCYATCCCCCCCATACCCCC
AAAATCYTCGYTAYACCCYTCCCCTACYAATTAATCCCCTCGCCCAACCCGTCA?CTACY
CTACCAYC\YTCCACCCACACTCATCAC‘CCCCYAACCTCCCACTCAYTTTY|ACCTCAG
\AccccTAcAAATAAAcATGCYACCTTTYAYTC:ACTYCTAA:CAAAAAAATAAACCCYC
G\lCCACACAACCTCCCATCAAGYAT\TCCTCACCCAAGCA‘CCCCATCCATAAYCCYTC
1AATAGCTATCCYCTTCAACAATATACYCYCCCCACAATCAACCATAACCAATACT&CCA
A1CkATACTCATCA7TAATAATCATAATﬂCCTATAGCA‘YAAAACYACCAATACCCCCCT
T7(ACTTCTCACTCCCAGACCTTACCCAA:GCACCCCTCTUACATCCCCCCYQCTTCTYC
1CACATCACAAAAACYACCCCCCATCTCA&YCAYA\ACCAAAYCTCTCCCYCACTAAACG
1AAGCC1YCTCCYC!C1CTCYCAAYCTTATCCATCATACCAGCCAGTTGACCTGCLTTAA
ACCACACCCACCTACCCA‘A&TCTYACC!TACTCCTCAh‘TkCCCACAYAGCA?CAAYAA
1ACCACYTCYACCGTACAACCCTAACATAACCAYYCYTAAYITAkCYATTYAYAYYATCC
1AACTACTACCGCAYYCCYACYAC?CAACTTAAACYCCACCACCACCACCCTACWACTA1
C1CCCACCYGAAACAAGCYAACATCACYAACACtCYYAhY\CCATCCACCCYCCTCTCCC
1ALCAGGCCTCCCCCCCC?A-CCGC(T?1YTCCCCAAATCCQCCATTAYCGAACAAYTC‘
ChAAAAACﬂAYACCCYCAYCATCCCCACCATCAYACCCACCATLACC:YCCTYAACCTCT
ACVYc7AccrAcGCCYAAYCTA:YCCACCTCAAYCACACYACYCCCCATAYCTAACA-CC
1ALAAAYAAAATCACACTTYGAACAYACAAAACCCACCCCATTCCYC:CCACACTCAch
LCCYIACCACGCTACYCCTACCTAYCYCCCCTYTTATACYAATAAYCYTATAEAAATYYA
cc1TAAATAcAcAccAAcAcccYYCAAACCCCTCAGYAAGY|c:AATAc7TAAT11cth
AACAccvAnccAcYGCAAAACCCCACTCYcCAYCAAcYGAACCCAAATCAGCCACY\YAA
11AACCYAhCCCCTYACYACACCAAYCCGACTYAAACCCACAAACAQTYACYTAACAGCT
AAOCACCCTAA?CAAC1cchTCAATCYACYTC1CCCc:cccCchAAAAAAccCCCCAG
ﬂAGCCCEGCCACCYYTC&ACCTGCTTCTYCCAATYTCCAATICAATAYCAAAAYCACCYC
CCAGC1CCYA.AAAC*CCCCTAACCCCTCYCYTYACAYlTACACYCCAATCCTTCACYCA
CCLAYY‘YACCTCACCCCCAC1GATGTYCCCCEACCCTTCACYAY‘CTCTACAAACCACA
AncACAYTOCAACACTA\ACC?A?TATTCCCCCCA\CACCYCCA:YCCYACCCAC‘CCTC

\

permission from a far more readable figure in Narre 290(9 April 1981).
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1 £1CCCTCCTTATTCCAGCCCACCTOLCCCACLCACCCAACCTTCTAGCTAACCACCACA
C1ACAACGTTATCOTCACAGCCLATCCATTTCTAATAATCTICTTICATAGTAATACCCA
C#TAATCCGACCCTTTCOCAACTCACTACTTCCCC TAATAATCCETCCCCCCCATATES
Gl TTCCCCCCATAMACAACATAAGC TICTCACTCTTACCTCCECTCTCTCCTALCTCCTEC
CCCAYCTCCTATAGCTOCACGLCEC AOCACGAACAGGTTCALCAGTCTACCCTCCLTTAG
CCCAACTACTCCCACCCTGEAGCLTCECTAGACE TAACCATCTTICTCCTTACACCTAG
GOTCTCTCCTCIATCTTAGOCCCCATCAATTTCATCACAACAAT TATCAATATAAAAC
CCICCCATAACCCAATACCAAACCCCCCTCTTICCTCTGATCCETCCTAATCACAGCAG
COTACTTCTCCTATCICTCCCACTCCTASCTECTCUCATCACTATAL TACTAACAGALE
ACCTCAACACCACCTICTTICCACCCCCCCCGAGGACCACACCCCATTCTATACCAAL
CTATICTCATTTTTCCCTCACCCTGAACTTTATATTCTIATCCTACCACOSTTCEGAA
AATCTCCCATATTCTAACTTACYACTCCOCAAAALARGAACCATTTCCATACATAGGTA
GLTCTCACCTATCATAICAATTCCCTTCCTAGERTTTATCGTGTCAGCACACCATATAT
TACAGTAGCAATAGCACGTAGACACACCAGCATATTTCACCTCCCCTACCATAATCATCS
VATCCCCACCOLCETCAAAGTATTIACE TCACTCCCCACAC TCCACCCAADCAATATGA
At GATCTCCTRCAGTCCTCTGAGCCCYAGGATTCATCTTICTTITCACCGTAGSTEGCE
CrCTCOCATICTATTAGCAAACTCATCACTAGASATCCTACTACACCAZACOTACTACE
TETACCCCACTTCCACIATGTCC TATCAATACCAGCTCTATTTOCCATCATAGCASGCT
CATICACICATT ICCCCTATTCTCAGCC TALACLE TAGACCAAACE TACGCCAALATCE
I TTCACIATCATAI TCATCOOCCTAAATCTAAC TTTCTTCCCACAACACTYTC TCOOCE
PTCCCCAATELCCLCACCTTACTCOSACTACCCCCATGCATACACCACATCAAACATCE
A1CATCTGTACCCTCATTCATTTCTCTAACAGCAGTAATATTAATAATYTTCATGATTT
ACAAGCCTTCGCTTCCAAGCCAAAACTCC TAATAG TAGAACAACCETCCATAAMACCTEE
31CACTAIATCCATCCCCCCLACCCTACCACACA] TCOAAGAACCCCTATACATAAAAT
11CACAAAAAAGCAACCAATCCAACCCCCCAAAGC TCCTTTCAACCCAACCCCATEOCT
CLATGACTTTTTCAAAAAGCTATTAGAAAAACCAT TTCATAACTTTGTCAAACTTAAAT:
hlAGcclMAYCCTAT!.‘!ATCYTAATQCCACAYGCACCGCMGTACCTCTACAACACGC‘
ACTTCCCCTATCATAGAAGACCTTATCACCTTTCATCATCACCCCCTCATAATCATTTT
TTATCIGCTTICCTAGTCCIGTATSLCCTTTTCCTAACACTCACAAC AMAACTAAC TAA
ACTAACATCTCAGACCCTCACSAMATACAAALCCTCTGAACTATCCTGCCCCLCATCAT
CIASTCCTCATCGCCCTCCCATCCCTACGCATCCTTIACATAACAGACGACGTCAACOA:
CCCTCCCITACCATICAAATCAATTOSCCACCAATEGTACTCAALC TACCAGTACACCGA
1ACCCCCCACTAATCI TCAACTCCTACATACTTCCCCCATTATICCTACAACCAGEEGA
CIOCCACTCCTTCACGTTCACAATCCACTAGTACTICCCCATTCAAGCCCCCATTCGTAT:
ATAATTACATCACAACACCICTTOCACTCATCAGCTOTCCCCACATTACGE TTAAAAAG
MIATCCAATTCCLCLACCTCTAAACCAAACCAC TY TCACCCCTACACCACCEOTCETATA”
1 rCCCTCAATCCTCTCAAATC TG TCSAGCAMLCCACAGTITCATCECCATCGTCC TAGA
TTAATTCCCCTAAAAATCT I TCAAATAGGUCCCSTATTTASCCTATAGCACCCCCTCTA
CCCTCTAGACCCCACTCTAAAGCTAACTTAGCATTAACCTTTTAAGT | ARAGAT TAAG.
HACCARCACCTCTTTACAGTCAAATGCCCCAACTAAATACTACCETATOGCCCACCAT
At YACCCCCATACTCCTYACACTAT|CCYCAYCACCCAACTMMAYAYTAMCM:AAA;
ACCACCTACCTCCCTCACCAAAGCCCATAAAAAT AAAAAATTATAACAAACCCTCACA
(CALLATCALCGAAAAMICTGTTCOCTTCATTCATTCCCCCEACAATCCTAGSCCTACES
COCAGIACTEAICATICTATTTCCCCCTCTATTCATCCCCACCTCCAMATATCTCATE
L'A‘CCCIAC'AATCACCALCCAACMTC.’.CYAATCAARCTAACCTCAAI.ACA'.ATCAYA_
CATACACAACACTAALGE COAACCTCATCTCTTATACTAGTATCC TTAATCATTTTT
JGCCACAACTAACCTCCTCGCACTCCTGCCTCACTCAT I TACACCAACCACCCAACTA
LIATAAACCTAGCCATCCCCATCCCC TIATGAGCGGSCACAGTEATTATAGGCTTTCOC
CIAAGAY TAAAALTCCCCTAGCCCACT ICTTACCACAAGGCACACCTACACCCCTTATS
CATACIAGITATTATCCAAACCATCAGCCTAC TCATICAACCAATAGCCCTOOCCETA
\WAATCCCECTCACTCACCCACCACATTAACAACATAAAACCCTCATTCACACCAGAAAR
ACCCTCATGTICATACACCTATCCCCCATTCTCCTCCTATCCCTCAACCCCCACATCAT
ACCCCCTTITTCCTCTTCTAMATATAGTTIAACCAAAACATCACATTCTCAATCTGACAA
CACCLTTACGACCCCTTATTTACCOASAAAGC TCACAAZAAC TCCTAACTCATOCCCE
YCTCTAACAACATCOCTTTCTCAACTTTTAAAGCATAACACCTATCCATTCETCTTAG
CCCCAAMAATTTITCCICCALCTCCAAATAAAAGTAATAACCATOCACACTACTATAACT
CCIAACCCTCACTTCCCTAATTCCCCCCATCCTTACCACCCTCOTTAACCC TAACAAA
A AACTCATACCCCCATTATGTAAMATCLATTCTCOCATCCACCTYTATTATCASTCTE
(TCCCCACAACAATATTICATCTOCCTAGACCAAGALCTTAT IATCTCCAACTCACACTCA
S CCACAACCCAAACAACCCACETETCCCTAAGCTTCAAACTACACTACTTCTCCATAATA
TCATCCCICTAGCATICTTICCTTACATECTCCATCATACAATTCTCACTCTOATATATA
AU TCACACCCAAACATTAATCAGTTCTTCAAATATCTACTCATCTTCCTAATIACTATA
VAATCTTAGTTACCOCTAACAALCTATTCCAACTCTICATCCCL TCAGACCOCETAGCA
\YTATATCCTTCT GCTCA?CAGTTG‘TGA?ACQCCCGAOCAGAYCCCAACACAOCADC;
A TCAAGCAATCCTATACAACCCTATCOCCSATATCCGTTICATCLTCOCCTTAGCATCA
VIATCCTACACTCCAACTCATGAGACCCACAACAAATAGCCCTTCTAAACRCTAATCOA
sCCTCACCCCACTACTARCCCTCCTCC TAGCAGCACCACCCAAATCAGCCCAATTAGST
CCALCLCTCACTCCCCTCAGCCATAGAAGGCCCCACCCCAGTCTCARLCOTALTLCAL
ICAAGCACTATAGCTTCTAGLAGGAATCTTCT IACTCATCCCSTICCACCCCCTAGCAGAA -
"ATAGCCCACTAATCCARACTCTAACACTATSCTIAGCCCCCTATCACCACTETETICGCA
M INCTCTOCOLCCTTACACAARATCACATCAAAAAAATCETAOCCTTCTCCACTTCAAGT
AACTAGCACTCATAATAGT TACAATCCCCATCAACCAACCACACC TAGCATTICCTECAL .
AT TGIACCCACCCCTICTTCAAAGCCATACTATTTATCTCCTCCCOCCTCCATCATCEAL .,
ﬂACCYlAACAATGAACAACATATTCGAAAAATACGACCACTACYCAAAACCATACCTCYC’
\C1 TCAACCTCCCTCACCATTCCCACCCTACCATTACCAGTAATACCTTTCCTCACAGET
ITCTACTCCAAAGACCACATCATCOAAACCCCAAACATATCATACACAAACTCECTEAGCT
IATCTATTACTCTCATCGCTACCTCCCTCACAAGCGCCTATACCACTCOAATAATTCTT -
CACCOTAACAGC I CAACCTICOCTTCCLCACCCTTACTAAZATTAACCAAAATAACCCE
“COCTACTAAACCCCATTAALCOCCTGOCACCCCCAACCCTATTCCCAGCATITCTCATT
VARCAACATTTCCCCCOCATCCCCCTTCCAAACAACAATCCCCCTC TACCTAAAACTC
ACACCCCTCGCTGICACTT sCCTACCACTTCTAACAGCLE TAGACCTCAAZ TACC TAACE -
AACAALL T TALAATAAAATCCCCACTATEOCACATTITATTTCTCCAACATACTCOGATTE
TACCCTAGCATCACACACCGCACAATCCCCTATCTAGGCCT ICTTACGAGCCAAAACE TG
CTACTCCTCCTAGACCTAACCTCACTACAAAAGCTAT IACC | AAAACAAT I TCACAG
ZAt CAZATCTCCACCTCCATCATCACCTCAACCCAAAAAGCIATAATTAAACTITACTTC
- TCTCITTCTTCTTCCCACTCATCCTAACCCTACTCCTAATCACATAACCTATTCCCCLC
AGLAATCICAATTACAATATATACACCAACAALCAATCCTCAACCAGTAACTACTACTAR
T4 ACCCCCATAATCATACALRGCCCCCGCACCAATASCATCCTCCCCAATGAACCCTGA
CTCTCCTTCATRAAATTATTCACCTTCCTACACTATIAAAGTTTACCACAACCACCAC
LCCATCATACTCTTTCAZCCACAGCACCAATCLTACCTCCATCGCTAACCCCAC TAAAAL
hC1CACCAAGACCICAACCCLTCACCCCCATOLCTCACSATACTCCTCAATAGCLATCGCS
1GIACTATATCCARAGACAACCATCATTCCCCCTAAATAAAT TAAAAAAACTATTARACT
LATATAACCTCCCCCAA AT ICACAATAATAACAZACCCCACCACACCCCTAACAATCAA
TAL TARACCCCCATAAATAGCACAACSC TTACAACAAAACCCCACAAACCCCATTACTAA
ACCCAZACTCAACACAAACAAAGCATACATCATTATTCTCOCACCCACTACAACCACSAC
CALTCATAYCARAAACCATCGTTGTATTTCAAC TAZAAGAACACCAATCACCCCAATACE

CARAATL Y AAMCCCCCTARY AA/LATTAATTAACCACTCATTCATCCACCTCCCCACCCCATE -

A/ CATCTCCGCATCATCAAACTTCGOCTCACTCCTTESCCCCTECCTECATCCTCCAAAT
CACCACAGCACTATTCCIACCCATCCACTALTCACCAGACCILTCAACCCCCTTTTICATE
ALTCGCCCACATCACTCCAGACGTAAATIATCECTCAATCATCCOCTACCTTCACCCCAA

CeCCTAACCSC TAACATTACTCCAOGCCACCTACTCATOCACCTAAY TecaAcCoCCACe
c1nc:AA1ATCAnccA1YAACCTTCCCTCYACACYYATCAYCTTCACAATYCYAAYYCYA
CTCACTATCCTACAAATCCCIGTCGLCT AMTCCAACCCTACCTTTICACACTTCTALTA
AGCCTCYACCTGCALIGACAACACATARTGACCCACCARY CACATCCCTATCATATAGTAA
An( tCACCCCATCACCCCYAACACC?CCCCTCTCAGCCCTCCYAATCACC TECEELCTAG
CCATGTGAT TICACTTCCACTCCATAACCCTCCTCATASTACCEE TACTAACCAACACAL
TAACCATAIACCAATGATGSCOCCATETAALACCACAAACTACATACCAAGGCCACCAC A
CALCALCTCTCCAMAMACCLCTTCCATACGECATAATCCTATY TATTACCTCACAASTYT
TINTCTTCCCACGATTITTCTCAGCCTTT ACCACTCCACCCTACCCCCTACCCCCCAAT
1AGCA’;CCCACYCGCCCCCMCACOCAYC‘CCCCGC'IMAYCCCCY‘GAACYCCCACTCC
\I,AACACA'ICCGTATTACTCGCATCA:CAGTATCMYCACCTCAGCTCACCATAGYCTM
TACAAAACAACCCAAACCAAATAAT ICAACCACTCCTTAT rACAAT] TTACTOQCTCTCT
A TITACCCTCCTACAMRCCICACAGTACTTCGAGTETCLC TCACCATTTCCCACGCCA
R14 1 ACGCC1CMCAYT?IYYCYAOCCACWCCTYCCACCGMTICACGTCATYAYTCCCT
CAACTITCCTCACTATCIGCTTCATCCOCCAACTAATATTICACTTTACATCCARACATE
ACITTCECTTCCAACCCOCCOCCTOATACTCGCAT I TTCTACATGTCOT TCACTATTTC
YCIATGTCTCCATCTATICATCAGCSTCTIACTCTY TTAGTATAAATACTACCCTTAACT
TCCAATTAAC TAGTTTTCACAACAT TCAAAAAAGAG TAATAAACTTEGCCTTAATT TAA
TALTCAACACCUTCCTAGCCITACTACTAATAATTATTACATTY TCACTACCATAACTCA
'\CCCCYACATAGMM‘XYCCACCCCTTACCAETOCCOCYTCMCCCTATAYCCCCC“CC
CCCTCCCI TTCTCCATAAAATTCTTCTTACTAGCTATIACCTTCTTATTATTTCATCTAG
AMATTCCCCTCCTTTTACCCCTACCATOAGCCCTACAAMACAACTAALE TCCCAZ TAATAG
TTATCYCAICCCTCTTATTAATCATCATCCTAGCCCTAAOTC TOSCCTATCAGTCACTAC
AMAAACCATTACACTCAACCCAATTCOTATATAGTTTAAACAAAALDAATGATTTCCACT
A TAAATTATCATAATCATATTTACCAAATOCECETCATTIACATAAATATTATACTAG
o TTIACCATCTCACTTCTACCAATACTACTATATCOC TCACACCTCATATCETCCCTAC
A CCCTACAACCAATAATACTATCOLTOTTCATTATAGCTAC TCTCATAACCETCAACA
CCCACTCLCTCTTAGCCAATATTCTOCCTATTOCCATAS TAGTCTTTCLCOCCTOLCAAG
CACCCCTCOOCCTACCCCTACTACTCTCAATC TECAACACATATECCC TACACTACGTAC
ATAACCTAAACCTACTCCAATOCTAAAACTAATECTCCCAACAATTATATTACTACCACT
CACATCACT TTCCAAARAAZACATAATTTOAATCAACACAACCACCCACACCCTALTTAT
TAGCATCATCCCTCTACTATTTTTTAACCAMATCAACAACAACCTATTTAGCTETTCCCE
AACCTTTTCCTCCOACCCCCTAACAACCECCETECTAATACTAACTACCTCACTCCTALE
CCICACAATCATCCCAACCCAACCCCACTTATCCACTOAALCACTATCALCAAMAAAACT
CYACCTCTCTATACTAATC TCCCTACAAATCTCCTTAATTATAACATTCACAGCCAZACA
ACTAATCATATTTTATAICTTCTI CCAAACCACACTTATCCCCACCTTOCC TATCATCAL
CCCATCAGCCAACCACCLACAACCCCTRAACCCACCCACATACTTCCTATTCTACALCET
ACIAGRCTCCCTICCCCTACTCATCOCACTAATTIACACTEACALCACCC TAGCCTCACT
AMACATICTACTACTCACTCTCACTCCLCAACAAC TATCAAALTCCTCAGCCAATAACTT
FAIATCACTACCTTACACAATACCT I TTATASTAAMCATACCTCTTTACCCACTCCACTT
ATCACTCCCTAAAQCCCATCTCOAARCCCECAICCCTOOOTCAATAOTACTTCLCOLAGT
ACICTIAMAACTACCCCOCTATCOTATAATACOCCTCACACTCATTETCAACCECCTEAL
AMAAACACATACCCTACCCCITCCTTOTACTATCCCTATCACOCATAATTATAACAASCTC
CAICICCCIACCACAAACACACCTAAAATCOCTCATTOCATACTCTTCAATCAGCCACAT
FUCCCTCOTACTANCAGCCATTCTCATCCARACCCCCTCAACGCTTCACCOCCCCACTEAT
TCICATAATCCCCCACCCOCTTACATCCTCATTACTATTC TOCCTACCAAACTCAAACTA
CGAACGCACTCACAGTCOCATCATAATCCICTCTCAACGACT TCAAACTCTACTCCSACT
AATAGLTTTTTGATGACTTCIAGCAAGCCTCOCTAACCTEOCCTTACCCCCCASTATTAA
CCTACTOGCAGAACTCTUTCTGCTACTAACCACCTTCTCCTCATCAAMATATCACTETECT
ACITACAGCACTCAACATACTACTCACAGCCCTATACTCCCTCTACATATTTACCACAAL

TCGCCCCTCAATATTCTTTAICTOCCTCTICCTACACATCCOOCCACOCCTATATTACSS
ATCATTTCTCTACTCAGAAACCTCAMMCATCCOCATITATCLTCCTCCTTCCAACTATAGC
AACAGCLTTCATAGECTATGTCCYCCCOTOAGGCCAAATATCATICTGAGCERCCACACT
AAYTACAAACTTACTATCCOCCATCCCATACATTCCRACASACCTASTTCAATCAATCTS
AGGACCCTACTCAGTAGACACTCCCACCCTCACACCATTCTTTACCTTTCACTICATCTT
CCCCTTCATTATTCCAGCCCTARCAACACTCCALCTCCTATTCTICCALCAAACCECATE
AASCAACCCCCTACCAATCACCTCLCATTCCOATAAAMATCACCTTCCACCCTTACTACAC
AA)CAAACACCCCCTCOOCTIACTTCTCTTCCTTCTCTCCTTAATGACATTAACACTATT
CICACCAGACCTCCTASCCLACCCACACAATTATACCCTAGCCAACCCCTTAAACACCCC
TCCCCACAICAACCCCCAATCATATTTCCTATICCCCTACACAATTCTCCCATCCETCLC
TAACAAACTAGCACSCRICCTTOCCCTATTACTATCCATCCTCATCCTACCAATAATCCC
CATCCTCCATATATCCAAACAACAAMGCATAATATTTCOCCCACTAACGCCAATCACTTTA
TICACTCCTAGCCECAGACCTCCTCATTCTAACCTCAATCOCACSACAACCACTAAGCTA
CCCTITTACCATCATTCCACAAGTAGCATCCCTACTATACT L CACAACAATCCTAATCCT
AATACCAALTATCTCCCTAAT TCAAAACAAMATACTCAAATCCCLCTCTCCTICTAGTAT
AAACTAATACACCAGTCTTCTAAACCOCACATEAAAACCTTITTCCAAGSACALATCAGA
GALAMMGCTCTTTAACTCCACCATTAGLACCCAAAGC TAAGATTCTAATTTAAACTATICT
CIGTTCTTTCATCRGCCAACCAGATTTCCECTACCACCCAAGTATTCACTCACCCATCAACA
ACCCCTATGTATTTCCTACATTACTECCAGCCACCATCAATATTETACGGTACCATAAAY
ACTTCACCACCTCTAGSTACATAAAAACCCAATCCACATCAARACCCCCTCCCCATELTTA
CAACCAASTACAGCAATCAACCCTCAACTATCACACATCAACTCCAACTCCAAACCCACE
CCICACCCACTACCATACCAACAAACCTACCCALCCTTAACAGTACATAGTACATAAAGS
CAYTIACCCTACATAQUACATTACACTCAAATCLCITCTCETCCCCATOGATSALCCLCE
TCACATAGCCCTCCCTTGACCACCATCCTCCOTCAAATCAATATCCCCCACAACACTECT
ACICTLCTCOCTCCCOGICCATAACACTTCOCOCIACCTARACTOAACTCTATCLCACAT
CICCTTCCTACTTCAGCCTCATAMAOCC TAAATACCCCACACETTCCCCTTAAATAAGAL
ATCACGATC

F1G. 3b (concluded)
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changes in the human condition that will follow from the success of the
third cycle in preventing the major threats of heart discase, cancer, and
other constitutional diseases. This success is bound to engender many
sccondary problems: we arc alrcady facing an older population—and the
dilemmas of work, rctirement, and social security policy that then emerge.
I have no doubt we preler these problems to the miseries of premature
bad health and disability; but cven now they are swept under the rug.

Most of my discussion, and this conlcrence, has centered on the health
problems of the United States. Parasitic discases, whose victims live
mostly fac away, have had disgracelully fow prioritics in this country’s
rescarch cfforts. This is the more tragic, for there is no more productive
arcna for authentic “technological fixes.” Yes, that is a problematical
phrase, whose problematics come from carcless disregard of the social
and political obstacles o innovation; but it is hard to sec that anything
but good would come from a vaccine for malaria or from the control of
schistosomiasis or sleeping sickness. The application ol reductive molec-
ular biology to the organisms of parasitic discasc is a Tascinating challenge
lo a new band of “Microbe Hunters,” and there is every prospect of
successes to match those of the first wave of microbiology. Similar
principles also apply to plant improvement. Despile the complexities that
atlend farming practices in underdevcloped countries, there will be enor-
mous gains from the development of new crops truly better adapted (o
the agronomic circumstances of poor countries around the world. Popu-
lation control technology must be cven more sensitive to the human
incentives and constrainls to its adoption; even so, much fundamental
work is needed to offer people better means to implement their intentions,
day by day.

Our federal rescarch grants system is supposed to be motivated in the
long run by the payoff of the use of scientific advance for health
applications. It is a paradox that the frantic hewing to the committed line
of a grant, ever since (in the name of accountability!) the project replaced
the talented person as the rationale for awards, works to frustratc the
broadening of outlook of clinicians and scicnltists alike. OQur rescarch
mstitutions—and these too are given short shrift next to projects in the
priorities of funding—in principle could provide both shelter and cement
for interlevel and interdisciplinary exploration. Our ability to make thesc
provisions is being scriously eroded both by the general stringency of
funding and by the particular ways in which it is administered. There is
no casy way to retrench; but if our national aim is to bring our current
third cycle to its most fruitful constummation, we will have to reform the
ways in which the diverse contributors to creative insight and to practical
development are encouraged to cohere.
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