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EVOLUTION OF COMPLEXITY 
1 

Indeed, evolution has ilad a fine career. Ever since Charles 
Darwin's 0rip.n of Spccies in 1859, the theory has become 
the centrepiece of all biological ,explanation. This, in suite of 
Scopes trials, monkey trials, various creationist surgcs, 
organised religion and organised crime. As Theodosius 
Dobzhansky (1900-1975) put it: "Nothing in biology makes 
sense except in the light of evolution." Evolution today is 
a Kuhnian paradigm that is in the puzzlesolving phase 
of Normal Science. 

Evolution has had a fine career, indeed. It has cvcn 
gone into computers; it has become mathematical and 
molecular. Its first obstacle was overcome rather drama- 
tically. That was in the debate at the 1860 meeting of the 
BA between Thomas Huxley, an eminent scientist, and 
Saniuel Wilberforce, the Bishop of Oxford. The bishop 
had demanded that Huxley reveal on which side he claimed 
descent from the apes. Huxley, in turn, remarked that 
an ape would be a preferable grandfather to an intelligent 
man who used his skills to  bring ridicule to science. The 
debate ended in favour of Huxley, and the bishop there- 
after devoted his skills to ecclesiastical matters. 

The significance of the theory of evolution is larger, 
much larger, than the drama of the electrified Huxley- 
Wilberforce debate. The. significance is still very much 
with us and for us today. It is this: Darwin had completed 
the Copernican revolution by drawing out for biology the 
ultimate conclusions of the notion of nature as a lawful 
system of matter in motion. The diversity of organisms, 
the emergence of novel and highly complex forms. even the 
origin of man himself would henceforth bc explained b!. 311 



c,rtIrrlJ, prc~ccss of change governed by natural laws. These 
changes are chanyes in Mendelian factors, in genetic material, 
and are hereditable. Molecular bivloby helps place the 
Darwinian revolution in permanence by elucidating the 
mechanisms involved in evolution and by reducing teleology 

I to causality. 
I In  certain however, the scientific nature 

of the theory of evolutiorl has been questioned. Popperian 
epistemologists argue that evolution is not a scientific 
theory, and that it is in the nature of belief. This derives 

from the Popperian notion of the scientific method2 
which claims that scientific theories are always tentative: t'hat 
scientific statements should be falsifiable, at least in prin- 
ciple, because they never can be shown to  be true: and 
that such statements are objective only in so far as they are 
4ntcrsubjectivcly tcstablc." By this notion, it would seem 

that there is no (specified) condition or observation that 
could possibly constitute a falsification of the theory of 
cvolution. It would also seem that the theory has no pre- 
dictive value. 

Now, there are certain difficulties with this view of 
scicncc and, in particular, with its treatment of the theory 
of cvolution. Obviously, there are many different views on 
the naturc of science. There are also many different systems 
of science. Most of the current (Western) views on the nature 
of science ignore this latter point; they simply operate as if 
nothing exists outside of Western science. That Western 
science is but one of the systems of science has been force- 
fully put by a remarkable blamic scholar, Ziauddin Sardar, 
in his recent book, Tlta Future of Muslim Civilisation. 3 

He argues that contemporary science is Western scier~ce, 
and only a science, and not the science. (True, this lecture 
operates only within the confines and limitations of Western 
scicncc. But thls is without prejudice to the validity of 
other systems of science. Western science is indeed only one 

The ground aim of science is to cover the greatest 
number of em irical facts by the logical deductions 
from the smd est possible number of hypotheses P 

I 
! of the many systems of science. And it does not exclusively 

have the answer, nor docs it have all the answers). I 
1 To return to Popperian hypotheticodecluctivism: 1 
! The decis~on to retain a scientific theory or to reject it is I 

vften subjective. This decision often depends on a concen- 1 
sus among scientists. This is implied in a published statement 1 

I 

I 

, 

I 

of Francis Crick's about the nature of molecular hiolop)., i 
my field of training and of present practice: 'Molen~lar 
biology is what molecular biologists (choose to) do." The I 

Popperian view of science does not take enough cognisance i 
I of what scientists really do, or of the aims of science. Simply 

put, the aim of  science is the creation of knowledge. This 1 creative enterprise needs guidance, hence the usefulness of 
theories. The knowledge thereby created may be imme- I 

I diatelv useful or not so. More importantly and decisively, I 
however, knowledge, scientific knowledge, may be right, ~ 
or it may be woefully wrong. I 

I 
The views4 on the nature of science expressed by ( 

Lakatos and by Fayerabend seem more real and more tole- i 
rant. Science is really not substantially different from I 

other human activities -- the aim of science is the creation ( 
of knowledge, the establishment of relationships between i 
observation and reality, the linkage between theories and 
the real world. If ongoing research programs continue to. ( 
stimulate the process of the creation of knowledge, then, 1 

they are an acceptable part of the scientific corpus. I 
I 

True, we cannot prove scientific theories; nor can we ~ 
disprove them. After Einstein, it has become well accepted 
that scientific knowledge is not and cannot be praven truth. i 
Science does not grow by an accretion of eternal truths. ( 
A proposition is scientific if it aims at expressing a causal I 
connection. To quote Einstein: I 



fie synthetic theory of evolution is therefore science par 
ex~ellence 

Now, let us return to the status of evolutionary theory 
within the scientific enterprise . Thae  are two kinds of 
questions in the study of evolution. One concems history-- 

I 
the study of phylogeny, the description of the course of 

I events that has led to the present state of the biological 
world; Systematics, paleontology, biogeography, compa- 
rative anatomy, comparative embryology, comparative 
biochemistry, all describe and inform this. There is a second 
kind of question, however. It concems the elucidation of 
the mechanisms and processes that bring about evolutionary 
change. The questions deal with causal rather than historical 
relationships. These studies proceed by the formulation and 
empirical testing of hypotheses, the same (hypothetico- 
deductive) methodology characteristic of the physical scien- 
ces and other disciplines concerned with causal processes. 

'Molecular biology extends our understanding of the 
processes of life and its phenomena to the molecular level, 
and in terms of the coardinative interactions of small and 
large molecules. Molecular biology has also shown us that 
in all cases, the physical and chemical laws applicable to 
small molecules also apply, when we extend these to the 
study of the molecules of life - large molecules like proteins 
and nucleic acids, including DNA, the primary genetic 
material. Molecular biology applied to kolution is molecular 
evolution. Molecular evolution is a predictive science and 
employs the methodology of the physical sciences. It also 
d o w s  the elucidation of causal mechanisms in evolution. 

11 

We have approached the study of molecular evolution 

I 
from the perspective of the ontogeny of B lymphocytes. 
B lymphocytes are a class of lymphocytes, a type of white 
bled c d s ,  that is responsible for the production of anti- 

bodies. Each of us has one million million lymphocytes:' 
this cell type constitutes over 1% of the total number 
of cells in the body. Slightly less than half the lymphocyte 
'population are B cells whose main concern is the elabo- 
ration of one kind of molecule - - the immunoglobulin (Iy) 
or antibody molecule. The othef half or so are T lympho- 
cytes. As we all know antibodies are body proteins which 
are made specifically in response to antigens. When para- 
sites, bacteria, or other foreign substances enter the tissues, 
the vertebrate host produces antibodies which circulate 
dissolved in body fluids and which help to eliminate the 
infection or foreign organism. (Other types of cells involved 
in imune responses include other white blood cells - - T 
lymphocyte subsets, macrophages, eosinophils, basophils, 
neutrophils. We s h d  not deal with these other cell types 
in this lecture). 

~ntibodies and B lymphocytes have become much 
more interesting than their routine protective and other 
housekeeping functions. As it has emerged, the life and 
reproduction of the B lymphocyte is a microcosm of bio- 
logical evolution, and is thereby relevant to advances in 
genetics. 

Immunoglobulin molecules are made up of four chams: 
Two identical light chains of about 220 amino acid residues 
and two identicaI heavy chains. Each heavy chain is twice 
as large as a light chain, and sometimes . larger.s Each chain 
is divided functionally into two regions. The variable (V) 
region, which is t he  aminoterminal 100 or so residues, 
mediates antigen recognition and binding. The remainder of 
the chain is the constant (C) region. The variable region can 
be further subdivided into four segments which vary v e v  
little from one antibody molecule to another. These are the 
Framework regions. The remainder of the variable region 
is in three segments, called the hypervariable regions. These 



hypervanable regions, as their name implin, are very much 
variable from antibody to antibody. In the folded antibody 
protein molecule, these hypervariable segments come to- 
gether to form the walls of the antigen binding pocket. 
rather like the active site pockets of enzymes. 

The division between variable and constaht repents  
can be illustrated by considering a few words in the English 
language: 

S P E E D I N G  
S P E N D I N G  
B L E E D I N G  
P L E A D I N G  
B L E N D I N G  

When we write these words immediately below each other, 
we notice several things. Each word can be broken into 
a variable region and a constant region. The last 4 letters 
are always DING - - this is the comtant region of our set of 
words, The first four letters constitute the variable region. 
The C and V regions are of equal length, as in immnoglo- 
bulin (Ig) light chains. A closer look show that the V 
region  ha^ a portion that is invariant. At position 3 each 
word possesses the letter E. Finally, note tLat in two of 
the other positions (1 and 4) there are three alternative 
letters, but at position 2, there are mly two alternative 
letters. This is a fair approximation of the way in which 
evolution has designed antibody chains. The mode of diver- 
sity of these variable regions has profitably consumed bio- 
logists (not to speak of mice) in the last fifteen years or 
SO. 6 

Apart from being secreted into body fluids, antibody 
mdlecules are also found as surface membrane structures on 
B cells. In these circumstances, they are cell surface recep- 
tors for antigen molecules. The interaction between antigen 

and antibody, whether it be in body fluids or in celf suriacca. 
- - - ----- 

occurs as a result of a stereochemical fit. It is rather like'a 
lock and key mechanism, the right antibody being able to 
"fit" the right antinen. 

.In the biological world, there is virtually a limitless 
array of antigens. This might imply a correspondingly 
limitless number of molecular types or species of antibodies, 
if the interaction between antibody and antigen was as 
specific as I havepst implied. 

* * * 
When I started out in molecular biology ten years ago, 

I was involved with the study of the mode of divmity of 
antibody molecules. At the time, the four chain structure 
of immunoglobulins had been elucidated by Rodney Porter; 
Gerry Edelman was coming .out with the details of the 
fmt  complete amino acid sequence of an imuno&bulin 
molecule. (Both these workers7 were to share the 1972 
Nobel Prize for Medicine and Physiology). Roberto Poljak 
was still trying to construct x-ray maps of immunoglobulin 
fragments, so we did not have a coherent idea about the 
shape of  the molecule in spaces It was known by then, 
of course, that' several structural gene dusters control the 
expression of the various classes and types bf immunoglo. 
bulins. But the most important discovery at that time, 
as far as the evolution of antibody proteins was concerned, 
war that encoded in the phrase Ywo genes one polypeptide 
chain". Drcyer and Bennet had deduced from the frag. 
mentary amino acid sequence data on light chains thpt 
the V and C segments are separately encoded in the 
This uroposal was confirmed ten years later by the fkst 
sequence studies on mouse light chain DNA. The existence 

and function of hyperv&able regions10 were being con- 
templated by Kabat and his coworkm in 1971. 



Now,  to locate and situate ourselves within the biolom 
scene in 1971 : Fred Sanger had published his RNA sequenc- 
ing technique two years earlier. Walter Piers and S a n ~ e r  were 
yet to publish the complete sequence of the coat protein 
genes of the RNA phages MS2 and R17 - these came in 1072. 
Of course, there was no chemical or enzymatic mcthod to 
obtain DNA sequences. To be sure, nucleic acid hybridi- 
sations, a method of counting the numbers of copies of 
genes kinetically, had been popularised by Britten, Kohne, 
Davidsohn and othns.  But in 1971, there war a lot of 
interest in refinement o f  the kinetic equations to enable 
gene counting become routinely possible. Also, Boris 

Ephrussi in Paris and Harry llanis in Oxford had popu- 
larised somatic cell fusion studies; these were being used 
inrressingly to locntr. specific penes encoding defined 
proterns and enzvnles to individual chromosoi~~es i j~ [ f  thi 
!lybrjdoma ~ i ~ s t o  wait another 5 y r x s  lo bc discovere(1 in 
our own Cambridge laboratories. Tlle central do~lnn  had ~ ~ 1 s t  

been, if you like, reversed slightly with Dwid Bdtimore, 
Sol Spiegclman, hlieutani and Howard Temin indcpendcntly 
;howins that RNA tumor viruses contain an enzyme which 
uses the viral RNA as a template for tht synthesis of DNA. 
This discovery, which had a consider able bandwagon effect, 
has implications for the whole of  molecular b io lon  
& well as for the mechanism of cancer induction by RNA 
viruses. Mammalian messenger RNAs were about to become 
common property in laboratories: Labrie had just employed 
conventional electrophoresis w d  ccntrifuption to ~ u r i f y  
rabbit globin mRNA. John Gourdon had convinced most 
of us by his elegant nuclear transplantation cxpcri~nrnts that 
every animal cell, differentiated or otherwise, had the same 
genetic complement or potential. In 197 1, discossion~ on 
moral dilemmas in biology focused mainlv on death 
dying, thenatology and euthanasia, and not as yet on cenctic . - 
engineering. 

I At the same time, in 1971, the distinction between T 1 

and B lymphocytes had been firmly established. While 1 

the T cell and its products seemed like black magic, the 1 

B cell and its product, the antibody molecule, were enig- 1 

rnatic and provocative. As a problem in biology, the B cell 
had arrived. Just a few years after Francis Crick had made 
his pronouncement that molecular biology had solved just ' 
about dl the fundamental problems in biology that it was 

I capable of solving, there was a new rush of molecular biolo- ' 
gists, mathematical biologists, biophysicists, chemists and 

I 
other physical scientists to biology - d l  aiming to unravel 

I 
the mode of diversity of the B lymphocyte and of the anti- 1 
body, 

* * * I 

The life and reproduction of  B lymphocytes has turned 
out to be a good system for the study of those hereditary 
changes that are the basis of all biological evolution. First, 
an accident of  nature has produced a d i s e ~ e ~ s t a t e  in which 
the plasma cell, the end cell of the. differentiation of B 
lymphocytes, becomes a cancer and produces uncontrol- 
lably a lot of monoclonal antibodies. These tumors, mye- 
lomas, arise spontaneously in man and are easily induced 
in mice1 , The antibody proteins that the tumors produce 
can be purified andstudied. 

When these tumor cells of mice are put in ceU culture, 
we found that 1690% of their synthetic machinery is devo- 
ted exclusively to the production of  immunoglobulin. This 
is remarkable when one realizes that over 10,000 different 
kinds of  proteins are made in a cell. Secondly, immunog- 
lobulin production is not known to confer any advantages 
to the cell. The cell does not require antibody for growth 
or reproduction. So, when we look at immunoglobulin 
mutations, we can more or less be certain of the non-inter- 
ference of selection pressures. 



Using an elaborate but very sensitive method, we 
were able to isolate, from screening 7,000 or so individual 
B cells derived from a single tumor clone, five different 
cells whose antibody molecules showed small differences in 
net charge from those of the parent. The differences shown 
in each case were not the same as in any other. Because 
we were dealing with mouse cancer cells in tissue culture, 
we were able to propagate each individual variant. We were 
also able to reinject these into the same strain of mice to 
fonn tumors, and to study these tumors and their protein 
productr.12 From detailed structural studies of protein and 
pent. we showed that the mutants were derived from the 
0 .  

same 'wild type' parent. 
I should here stress two points and with force. First, 

we had not used any physical or chemical agents to induce 
the changes that we had found. We were merely studying 
spontaneously arising variations. The whole object is to use 
the antibody system as a model in molecular evolution. 
Secondly, we had started out with cells, all derived from a 
single clone. Now all the members of a clone derive from a 
single cell. A clone is the most genetically uniform popula- 
tion of cells known. Within limits, the members of a clone 
are genetically identical; the limits being the occurrence 
in certain members of mutations, hereditable changes or 
errors in the base sequence of (and hence in the structure 
of and information contained in) DNA, such as the ones 
we are now talking about. I should anticipate myself a 

little and state that these mutations, rare and accidental 
processes, errors, if you like, are the basis of life in its evo- 
lution. They equally are the basis of the cycles of life 
(through ageing and its final consequences) and of biological 
accidents like cancers. Our study of spontaneously arising 
mutations in the absence of any known selection pressures 
could be said to be a study of an aspect of evolution right 
there in the t a t  tube. Such mutation studies had been 

carried out with profit in micro-organisms before, but the 
methods for molecular analysis of mutations in single cells 
in higher forms had not been available. 

The mutations of immunoglobulin genes which wc 
were able to detect and to analyse their structures both at 
the levels of protein sequence and nucleic acid structure 
showed a non-randomness. What I mean is this: we found 
that there are favoured sites for acceptable (and therefore 
detectable) mutations. Besides, some o f  these spontaneously 
arising mutations are analogous to processes that have becn 
observed in nature. We think these are not mere coinci- 
dences. 

For example let us look at the structure of the mutant 
we christened 1~4.~3 It has an altered bare sequence in its 
gene, an A to G alteration in its structural cistron or mRNA. 
This corresponds to an altered protein amino acid sequence 
an aspartate for asparagine at position 415. The mutation 
occurs at a position that is exactly structurally homologous 
to those in human immunoglobulin light chains that bear the 
stamp of evolution. In human immunoglobulin lambda (A) 
light chains, there is a lysine/arginine interchange at posi- 

tion 190 of the amino acid sequence. Each one of us has 
lightschains some of which carry lysine and others arginine 
at that position, products of different segments of 
DNA (genes) that have diverged relatively recently in evo- 
lutionary time. Position 190 of the X chain is an i~otypic 
marker nicknamed 0%. Position 19 1 of human kappa (k) 
light chains contains (part of) a genetic marker named 
Inu, For the Inv marker, there are three alternatives, and 
their inheritance follows simple rules of Mendelian genetics. 
Ihe point is this. Both Or and inv  markers have arisen 
as a result of changes in DNA base sequence during evolution. 

In IF4 we have the result of a contempomty mutation 
in a test tube, at a position exactly homobgous to the 
marken Inv and Or. Moreover, the mutnion in IF4, 

1 I 



and the 01 and Znv interchanges, are all conservative. 
By this, 1 do not mean that they belong to the "postcursors" 
of the NPC, the Action Group, NCNC, NEPU or of the Borno 
Youth Movement, or that they are Reagannites or Thatche- 
rites. What it means is this: The processes involve base chan- 
ges in DNA that result in replacement of a similar amino acid, 
so that there are no drastic implications for the structure of 
the protein gene product. These observations tell us that 
there are favoured sites for "acceptable" gene mutations, 
evolutionary and contemporary, both in gem1 line and in 
somatic genes. 

There is yet another interesting deduction, this time 
from the structure of our mutant named IF2. e his has to 
do with carcinogenesis, or the origin and the mechanism of 
the formation of cancers. The structure of 1 ~ 2 ~ ~  is stri- 
kingly homologous to the structure of heavy chain disease 
(HCD) proteins. HCD is another accident of nature, a B 
cell tumor that produces Ig heavy chain fragments. The 
abberant heavy chains produced by many o i  these tumours 
have an internal deletion in their amino acid sequence. When 
these deletions occur, and whatever the extent. these altered 
chains always regain normal sequence at  position 215 
(MOPC 21 12 numbering) of the wild type sequence. Out 
IF2 has an internal deletion of the whole of the Cy 1 pseudo- 
subunit of its normal prototype and reg+s wild type s e q -  
ence at position Uline-215. We showed that it represents 
a mutation that is accompanied by a deletion o.f the Cyl 
exon. The implication of the structure and mechanism of 
IF2 for the mutation origin of cancers is inescapable. Here, 
we have a normal protein sequence ' change" to an abnormal 
sequence, the type associated with a defined human cancer, 
by mutation, right there in the test tube. (incidentally, the 
structure of IF2 allowed us to precisely locate the end of the 
V region. This has since been confirmed by x-ray crystallo- 

gmphy and  DNA sequcncc stuciies) 

Immunoglobulin gene expression has turned out to be 
quite complex, indeed. The cell uses quite a few tricks to 
ensure that only the right immunoglobulin genes are ex- 

pressed by the r i ~ h t  cells and at the right time. How this 
happens has puzzled biologists, until very recently. We had 
e&ly in the game ascribed it to epigenetic changes, the kind 
of  shuffling that is not well understood but which occurs 
in the genome in development. More is now known; it hw 
turned out to be an apt lesson on DNA mechanisms in 
development. 

To digress a little. There are two kinds of cells in 
our hody, differing by the absolute number of chromosomes 
and by function. The germ cells, or sex cells, sperm and 
eggs, are responsible solely for (genetic) reproduction and 
continuity. The other specialised body cells, somatic cells, 
(for example, the specialised cells of liver, brain, muscle, 
heart, teeth, blood, lymphocytes, etc.) are more differen 
tiated, and ultimately derive from the union of germ cells 
of different polarity. Germ cells have half the number of 
chromosomes as somatic cells: the number in a somatic 
cell is the sum for both germ cells giving rise to it. This is 
roughly the situation in animal cells. As for what is called 
differentiation, we have always taught our students that 
it does not involve differential partitioning of genes to  
different nuclei, but  that it represents differential expression 
(or derepression) of genes; that differentiation does not in- 
volvc the loss of genes. The conclusive experiments1 on this 
line were carried out by John Gourdon in Christchurch 
College in the late sixties. He was able to transplant the 
nucleus of a differentiated cell (from brain or intestine) 
of a frog into an ennucleated frog egg. From this, develop- 



merit through tadpole to adult frog resulted. So, the diffe- 
rentiated and highly specialised nucleus of the intestine or 
brain, has in it, afterall, all the genetic information of the 
whole body, although it may make use of only a few of these 
a its own leisure. Likewise, our differentiated liver cells do 

I not make immunoglobulin, although they have the genes 
for Ig structures. 

We no.w know why immunoglobulin genes are ex- 
pressed only in certain cells, e.g. B cells, but not normally 
in others, like lung cells and liver cells, and why certain 
Igs are expressed in a B cell at one time and another Ig 
in the same cell at a later time. It has to do with how i m m u ~  
noglobulin DNA is arranged within the genome, and with 
what rearrangements take place within this DNA. Let US 

look more closely at the segment(s) of DNA that specify 
immunoglobulins. 

Each heavy chain is now known to be coded for by 
four separate genes: a C gene coding for the constant region; 
a J gene coding for the fourth framework region; a D (D for 
diversity) gene coding for the third hypervariable region; 
and a V gene coding for the first three framework regions 
including hypervariable regions one and two1(. This is the 
germ line arrangement of immunoglobulin genes. There 
is a limited number of V genes at some distance from the 
cluster of C genes in the germ line configuration. Of course, 
'germ cells do not express Ig. When the genes of B cells 
are studied, a different arrangement is found: There has 
been a series of rearrangements compared with germ line 
DNA 

During B cell maturation, one of the Vgenes is brought 
h proximity with a C gene, mostly by excision (and dele- 
tion) of intervening DNA sequences. This translocation, 
as it has turned out, provides some explanation for some of 
the diversity observed in Ig sequences, The V region is 
itself constructed from three genes - the V gene, the D gene, 

and one of four J genes adjacent to the C gene on the pr n- 
line DNA. 

The random combination of V, D and  J seyrnents to.cth1.- 
with the codon variation at the joins of these sepnrflts 
accounts for a lot of V regior. diversity. Point mut?ticns 
at hypervariable regions one and two account for fur.ther 
diversity during the differentiation of the B Iymphocyte. 
Our own studies and those of Martin Weigert and his collea- 
gues had suggested that point mutations are important in 
the diversification of an tjbody combining sites. Besides. 
DNA sequence studies are now able to confirm some diffe- 
fences in hypervariable region sequences between germliee 
DNA and differentiated somatic DNA. These differences 
turn out to be similar to the kinds of exchanges and replace- 
ments seen in the combining site sequences of antibodies, 
and are of the same nature as the spontaneously arising 
point mutations which we described. 

Some of the impetus for the recent explosive activity 
in the molecular biology o f  eukaryotic genes has been the 
inteIlectual controversy around the somatic mutation model. 
We had posited that some immnoglobulin diversity arises 
from mutations in somatic cells, and are not represented 
in the information contained in germ line DNA. To many 
biologists, that a somatic copy or gene produn could be 
different from the original germ line master is heresy. To 
have somatic as opposed to germ Line diversification is just 
not cricket. Biologists are a conservativs lot. That is pre- 
cisely why Popperian falsifiability in its most naive form is 
hard to dislodge. In any case, many lines of approach - - using 
computers to compare Ig protein amino acid sequences; 
nucleic acid hybridisations to " count" Ig gene copies; 
(these are just two of the most soohisticated ones) - - had 
failed to convincingly disprove (or prove) somatic mutation. 
The situation was such that the same set of data was inter- 
preted differently by somatic mutationists and germ liners, 

15 



each to confirm his own world view. So much for objecti- 
vity in science. However, things are now much clearer. 
Our evolution-in-the-test-tube experiments show that soma- 
tic mutations do occur in immunoglobulin gnes ,  and 
suggest that these mutations contribute to antibody diversity. 

1 Besides, these mutations are stable. DNA sequence studies 

tonfirm this. 
I should stress another point. The workings of our 

somatic mutation model do not controvert or contravene 
Weinstein's principle of the inviolability of germplasm. It 
is not a facet of what some have described as a Lamarckist 
rebirth, nor is it a contribution to the saucy factions in 
Sociobiology. The available knowledge cannot support 
the transfer of somatically acquired traits ro the germ- 

plasm as a routine mode of inheritance. The germplasm is 
not and cannot be involved because of certain tricks the 
cell uses. 

During the life of a B lymphocyte, the first immuno- 
globulin secreted is of the IpFl class, expressing P chains. 
As the immune response progresses, the antibody producing 
cell now starts expressing another immunoglobulin class. 
  his it does, retaining the same V region, retranslocating 
the same V region on to a diffe~ent C gene. This 
is known as the class switch. I t  is now known that the 
class switch or retranslocation event is a DNA strategy. 
Our own structural. analysis of the immnoglobulin and Ig 
gene of the mutant IF2 indicated to us in 1975 or  so that 
translocation and retranslocation occur at the level of DNA. 
That conclusion provoked controverdy and a lot of dis- 
cussion at the time: others had their pet theories. What is 
now also firmly established is that the heavy chain switch 
involves the deletion of segments of DNA coding for C 

reglons. The deletion o f  the constant regon in-  
cluding CP occurs in a way which is consistent with s 
CH geneorder 1 1 7 3 7 1 - Y Z b - y 2 a -  etc andwhichis  
consistent with a model in which the genes preceding tllc 
expressed gene are deleted. So, the differentiation of immu- 
noglobulin genes involves deletions of segments of DNA 
rrsulting in rearrangements of the DNA to configuration 
that are different from the germ Line arrangement. This 
reminds us of  the process of ' activation" of some emymes 
and hormones, which involves the excision of segments of 
the primary protein sequences. 

The loss of  gene segments in the ontogeny of B lym- 
phocytes is quite an interesting phenomenon. In 1975, 
after comparing the protein amino acid sequence I had 
derived for the mouse 71 chain with those available for 
human and other sequences, we came up with a model of 
gene expansion-contractioni8 in the evolution of  constant 
regions. Gene expansion, or more correctly, the expansion 
of gene pools, (or of isologous genes) is easy enough to grasp. 
It represents the series of gene duplications that have occured 
in evolution which have given us, for example, apart from 
myoglobin and the cytochromes, the different haemoglobin 
classes that have all risen from a putative common anccs 
tor19 This process of gene duplications has been postu, 
lated to  have given rise to immunoglobulin domains, all 
deriving from a common ancestor. We did not think that 
told the whole story. There are immunoglobulin classes in 
mouse, for example, whose structural (sequence) homolo- 
gues are not found in man. Also, we have found that.our 
own African land tortoise shows a remarkable restriction of 
immunoglobulin types. If immunoglobulin sub .classes 
evoked 70 million years ago by a series of duplications, 
it would then seem that one likely reason for these diffe- 
rences has to do with a process whereby genes have got lost 





These observations have now been confirmed. Besides 
it has recently been shown22 that the same stretch of 

DNA is used for these two different molecules. How does 
the cell do it? It simply splices the same piece of DNA in 
two different fashions: one for secreted Ig; the other 
for surface Ig. That way, you have two different proteins 
from the same ' gene". Benzer's ' one gene, one poly- 
peptide chain" has been a good reflection of the situation 
as we know it, until now. It is now more useful to talk 
of transcription units and replication units. With what we 

now know, with what strategies the cell has used in the 
evolution of complexity, these terms are more useful and 
less ambiguous than 'genes". 

To summarise: In recent years, research intc, the 
molecular mechanisms of the life of B cells has led to deci- 
sive impacts on eukaryotic cell biology. It has led to the 
clarification of the role of gene mutations in carcinoge- 
nesis; to the discovery of new evolutionary mechanisms; 
to new methods of studying cells of higher forms; and to 
the definition of a new concept of the gene, among other 
discoveries. 

Bishop Wiberforce might have posed a slightly different 
guestion to Huxley: That, since mitochondria and ribosomes 
travel with ova, might Huxley not agree :hat his descent 
from the apes was more likely to  be from the mother's side? 
Today, however, a much different question suggests itself. 
Sequences; DNA; cloning; hybridoma; splicing: etc. 
What is the point of all these? Especially as the prob- 
lems that are with us daily are malaria, malnutrition; hyper- 
tension; diabetes; sickle cell. Is a knowledge of the way(s) 
immunoglobulin genes are spliced about to contribute to 
our " Health for AU by the Year 2000", or is it about to 
bring closer a cure for the common cold? IS the study of 

the organisation and strategies of DNA useful, or is it merely 
eristic? 

True, it is difficult to get emotional about how four 
bases, A, T, G ,  C, are strung together. However, unlike in 
the physical sciences, advances in biological knowledge 
can still powerfully affect progres5 in applied areas like 
medicine (including pharmacy) and agriculture. To be able 
to manipulate molecules and cells to our own benefit, we 
have to understand the strategies of these molecules and 
cells. I should now give some illustrative examples to  show 
that millions of people need this knowledge, now and in 
future generations. 
1. It has now become fashionable to  regard cancers as 
m ~ t a t i ~ ~ s . 2  3 This however has not always been so. One 
station on this road was our own analysis of the structure 
of the mouse immunoglobulin mutant protein IF2. Its 
structure was so strikingly similar to the products of the 
human cancer heavy chain disease (HCD) protein. The 
lessons drawn from this rema.-G-\le homology are inesca- 
pable. It now becomes possible to ra~;~. .~! ise  chemotherapy 
and other treatment modalities for cancer. 

2. Diabetes in all its forms occurs in about 10% of the 
human population. The best characterised variant requires 
insulin. Usually, hog insulin is used as replacement with its 
own deleterious side effects. There just is not enough human 
insulin from necropsy pancre,ases tu go around. In the last 
two years, the human insulin gene has been isolated, sequ- 

enced and cloned.24. Human insulin is now available in 
commercial quantities from bacteria into which the human 
insulin gene had been inserted. Lcoli,  that enteric pathogen, 
may yet turn out to.be man's best friend1 

The use of gene transfers is not limited to problems of 
human medicine. Currently, there is a lot of interest in ex- 
ploiting gene transfers in microorganisms and plants impor- 



tant to agriculture, and in the  search for new food and  
energy sources. 

3.  In the last few years, there has been some sensation 
about the possible anti-tumor activity of interferon. It 

can only be used in pure form, and it has hitheyto been 
available in hopelessly small quantities. Recently it has 
become possible to obtain active interferon through bio- 
technology. The method uses a combination of cloned 
production by engineered bacteria and purification using 
antibodies obtained by the hybridoma technique. 

Again, cloned antibody production is being used in 
other areas apart from the purification of difficult mole- 
cules. It has made available (and cheap) important, well- 
defined antisera used in the clinical diagnostic laboratory. 

4. To come nearer home,, malaria, even today, is respon- 
sible for the death of one million black African children 
annually. Apart from this, we have immense human debi- 
lity and economic waste from its morbidity. In spite of 
numerous programnles aimed at its eradication Caeriai sprays, 
chemoprophylaxis, drainage systems etc.) malaria rages on. 
In some areas, India and Thailand, for example, the strains 
of the parasite that have emerged post eradication" are 
more resistant to drugs than before, making malaria a more 
dangerous problem. It would seem like we need more than 
eradication programmes.2 . 

A molecular biologist's look shows that many of the 
parasite's coat proteins are capable of generating an immune 
response. Indeed, one of these protein spots could be the 
key to the immunoprophylaxis of malaria. A strategy could 
be along this line: isolate the transcription unit corresponding 
to a protective" antigen protein; package this into E.coli, 
which should oblige with synthesis of the antigen; purify 

.enough of the p t igen to go round for vaccination. 

It becomes even more compelling to apply this new 
knowledge about the gene and these new techniques to 
genetic diseases. One very important genetic diskase is sickle 
cell anaemia. In this disease, globin, the protein portion of 
haemoglobin, has an altered structure. All there is to sickle 
haemoglobin is this slight alteration in its structure which 
derives from an altered globin gene. Now, the isolation 
of human chromosome fragments that encode globins has 
become commonoplace. The following programme sounds 
reasonable: culture' bone marrow cells, the cells that are 
responsible for making haernoglobin; transfer ' good" 
globin genes into these; repopulate the bone marrow with 
these engineered cells. That way, the synthesis of normal 
haemoglobin is set in competition with that of the abnormal 
variant. This should place patients in various degrees of 
functional heterozygosity. 

There is no doubt that the modern excursion into the 
molecular mechanisms of  life has in its store large spinoffs 
for parasitic and infectious diseases, cancer, genetic diseases, 
as well as for birth defects, ageing degenerative diseases 
and mental illness. However, the use of our new knowledge 
and technology poses very important questions for society, 
questions which are so important that they cannot, must 
not, be entrusted to specialists and politicians. These are 
questions which should be discussed openly and in every 
community. The questions and moral dilemmas could 
be the subject of a separate lecture; these can however be 
sketched thus : What is the genetic burden on the society, 
now and in the future? What are the social costs? The 
cost-effectiveness? Who pays? Who should benefit? Who 
decides who benefits? Who decides who decides? 

In whatsoever way these questions may be resolved, 
.it is certain that the human future will be quite different 



from the human present, and this, mainly hec:~usc of man's 
spirited explorations along biology's frontiers. Our future 
evolution will probably be mostly cultural and artificial- 
genetic. We should have to  assume some ~ o d l i k c  [?rcro!!atilrcs 
as we become self-annointed trustees of our own evolution. 

The aim of science is the acquisition o f  kno~*,lrtl~:r. Thr 
goal of scirnce is, according to physicist Jc:~n I'nrin. ' tn 
explain the complicated visible by some simple. it~.i::ihlf-". 
Thc o f  modern biology is the reduction ~ ~ l '  ic.lerlloll; to 
causation. We have seen how apparrntly co rnp lc~  prorcs?cs 
of the B lymphocyte can be onderstoorl ; t r  illr nl~jlr::ii:~r 

(Senctic) level, in simple terms of the aariorlr 1)BA mrch;~- 

nism: mutation; deletion; splicing; rearrangement; joillitl?.. Of 
course, we all know tllat genes arc mad? of DNA. whosc 
n~olecular configuration js known in detail. It is known how 
four fairly small chemical bases (A, T. G ,  C,) are s t r ~ ~ n g  on 
two paired strands of DNA and how the arrnnccrncnt rnnkcs 
for accurate copying during replication. Many life's prow- 
sses are now explainable in exquisite dctail, starting from thc  
gene. 

As an example, t o  explain sickle cell anaemla, wc may 
start from the gene. In DNA, the second letter or  thc  thrcc- 
letter code word that is used for t k  sixth ~ o s i t i o n  o f  one of  
the protein chains of haemoslobin is altered. Sickle llaemo- 
globin thereby carries the amino acid valinc in that po5ition 
in its protein, rather than glutamic acid. Thiq is a noncon- 
servative replacement which alters the confiyuration of t h r  
haemoglobin molecule, especially when it is not carrvlnf. 
oxygen. 'These configuration changes arc known n t  a ton~ic  
r e s ~ l u t i o n . ~ ~  If there are enough sickle I~aamocllohin mole- 
cules that are not  combined with oxygen, thcsc moleculrs 
tend to stick together. They form a sickle pol.r/mc-r, which 

is no  longer soluble in the cell. The polymerisation distorts 
the cell into an elogated sickle form. These sickle celis 
become rigid and may obstruct blood flow in capillaries. 
This in turn starves the t is~ues o f  oxygen, allowing for morr 
h+emoglobin that is not combined with oxygen, and so on, 
and so on. All the problems go back to  a structural change 
in the molecule, directed by a change in a structural gene. 

Such levels of explanation can be made for many bio- 
logical processes, from antigcn-antibody interaction to 
enzymic action; from muscle contraction to hormonal action: 
from receptor signaling to  pain; etc. etc. In all these, simple 
laws of physics and of chemistry are obeyed. In the analysis 
of the cell, which is the atomic unit o f  the organism,, no 
laws outside of those o f  physics and chemistry are required. 
The basic sequences and structures of  life's processes follow 
fiom those of dead nature without the intervention of any 
special powers or acts. 

Let us look at  our DNA again. DNA sequences, any 
DNA sequences, are capable of replication, of copying 
themselves. This is the sole purpose of DNA, to  make 
copies of itself, so as t o  survive within the genome. This it 
fulfils very well, within certain limits of  tolerance. 

DNA molecules have little else to d o  but to joust wiih 
each other t o  get ahead. Much DNA has no  phenotypic 
expression. Much of this DNA, some of which we have 
talked about as intervening between and within the coding 
sequences, has no  known function in the genome; they may 
be just no more than efficient self-replicators. This DNA 
makes little contribution to the organisma1 phenotype. 
Much of  this DNA may therefore be considered as junk; 
selfish junk. It is " selfish" DNA. Selfish, because while 
it uses the cell's energy resources to replicate, it may con- 
tribute nothing to the life of the cell. Such DNA is truly 
prasitic27 besides, many of these species a n  capable of 
interchromo&maI movement. 



The DNA of higher organisms consist of a minority of 
sequences with highly specific functions plus a majority 
with little or no specificity. The latter category, which in- 
cludes transposable genetic elements and middle-repetitive 
sequences, apparently conveys little or no  selective advantage 
on to the organism. This mandatory replication of selfish 
DNA has an analogue in an axiom of high energy physics: 
what (state transition) is not forbidden is mandatory. 

We can now look at selection at two different levels - 
at the level of the gene, and at the level of gene product. 
At the level of the gene (DNA), those sequences that are 
efficient replicators will survive in genomes. Most of these 
apparently have no specific function; so no design or pur- 
pose is obvious in this kind of selection. At the level of gene 
product, we have roughly the same kind of neutral process, 
neutral from the viewpoing of the functioning of the cell 
or organism. What is selected for are those molecule that 
are able to survive within the cell, not  necessarily those 
that are the most efficient Those molecules 

that can exist in contrapuntal harmony with their own mic- 
ro-environment are not necessarily those with the ' best" 
functions. Selection, therefore, has to do with the (diffe. 
rential) survival of molecules within cells; in that sense, it 
is molecular. Evolutionary changes, the hereditable changes 
in DNA base sequence, are themsdves neutral and occur in 
a stochastic manner. Therefore, the important distinction 
about life is not that it is complex or that it is different 
in its governance from inanimate matter. The distinctior~ is 
that it is quite improbable, quite accidental and therefore 
unique. It is indeed quite improbable that so many diffe- 
rent molecules, different structures, have evolved in the 
cell and act together in such harmony in a process we call 
life. 

All evolutionary changes result from hereditable changes 
h DNA molecules. We have seen how some of these have 
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come about. Ironically, Queen Wctoria, the supreme head 
Bishop Wilberforce's church, was carrying such a mutation 
in her genes. She faithfully passed on to her descendants 
the mutant gene for the antihaemophiliac factor. There is 
another more profound irony, however. 

Life is a process. The study of the cell has to be the 
study of a changing structure. Life is not an accurate copy. 
ing, as is neatly carried out in the geometrical scaffolding of 
a dead crystal. Life is an evolutionary process, which moves 
forward because there are accidents or errors in the DNA 
copy. Once in a while, one of these errors is successful 
enough to be incorporated as another step in the progression. 
That is evolution. Essentially the same process occurs in 
the cyclical nature of life, the timedependent progression of 
living forms. We live, grow old and die from disease or 
' old age". Ageing is an accumulation of these errors, muta- 

tions, the same kind of errors that are responsible for the 
progression of evolution, the same quantum effects that are 
essential to explain the uniqueness of a living form, Ageing, 
he correlate of the cyclical (as opposed to the evolutionary 

and open) process of life is an accumulation of mutations, 
the accumulation of these errors ultimately leading to a 
cellular catastrophe - cell death. And this is the irony: 
The errors which destroy the individual are also the origin 
of species. Therefore the nature of life is expressed in its 
perpetual evolution - it is the succession (and the success) 
of its errors. 

In physics, it is commonplace to think of any material 
body as an arrangement of a large number of atoms, repeated 
in some regular manner, and to explain its properties and 
behaviour by going back to its basic units. We can build the 
same model for biology. Is the organism a sum total of its 
chemical processes? Can life be explained by its component 
processes and phenomena? Or is life, repiesented by the 
living cell, a product of a manifest design? h there a place 



for vitalism in biological explanation? 
Vtalism is a persistent belief which holds that the 

laws of inanimate physics, or, r a t k r ,  the k i d  of laws 
operative in inanimate physics, will not suffice to explain 
the phenomena of life. Mtalists find two types of arguments 
against our own materialist, mechanistic approach. 

First, they hold that the cell or organism functions in a 
way that physics cannot explain. This implies the existence 
of another kind of laws29., for example Walter Elsasser's 

"biotonic laws". Bilingbroke, early in the eighteenth century, 
similarly ascribes this function of higher co~rd ina t ion  to 
God. Also, vitaiists note the apparent direcrion of evolution 
in time, that evolution is usually towards complexity an6 not 
in the reverse direction. Does this not violate the statistical 
provisions of the Second Law of Thermodynamics? they will 
ask. 

The design of a watch is the classical illustration of 
God's design in man.30, William Paley, Henry St. John 
and Mscount Bolingbroke m Evidences of Christianity 
used it to claim that man is a more ingenious machine than 
is a watch and so must have been created by a more inge- 
nious creator. Michael Polanyi gives this argument a new 
look by saying this: that just as the design of a watch points 
to and is only understood in its purpose, so the design 
of the machinery of life points to and is only understood as 
a higher level of explanation by its purpose. The mechanism, 
then, must fit into and serve some overall plan outside of 
itself. The watch, for example, is designed to tell the time. 

This is a curious argument. It is intended to show 
rhat livirig forms are not mere machines. In order to do 
rhis, living forms are compared with a typical machine, 
namely, a watch. It is then concluded that man is more 
purposeful than the mechanism that drives the watch. 
But also, the watch is more purposeful than its own mecha- 
nism. In short, even the watch is not-merely a machine: 

Man, thercforc, is not a machine because he (like thc pur. 
poseful watch) is illso a machine that is not a machine! I do 
not intcnd to belabour this point. 

O11c of '  the more frustrating experiences I have had hcrc 
in Ife as a tcachcr of medical bioiogy has been to get my 
students to even consider that evolution may not have been 
desi~ncd to fulfil a desiener's purpose of bigger and bctter 

:-, 

things anthropocentric. And that there is no evidence that 
"fitncss" is ever maximised ; this incidentallv constitutes 
serious disaqrcemcnt between us and the optimalist schools 
of sociobiolot-!y. To most students around, life is a purpose to 
bc fulfilled, and its molecules arc under the direction of an 
all-wise cvolutor, who probably understands the Second 
k7w of Thcrrnodynamics and the Laws of Chance much 
better than we do. This variant of prime movement is 
paramount in cvcryday thinking, and is irrational. 

The dircction of evolution, which can be traced for 
threc thousiind ~nilliori years, is consistent, and gives it the 
appearance o !  a planned program. It may appear to conform 
tm a niastcr plan, sonie plan l a ~ e r  than the laws of physics. 
Jn a history o f  threc billion years, evolution has not run 
backwards. Js it possible to have such a mechanism that is 
not planned? Or, how can ?isorder on the small scale be 
consonant with order on the large scale, in time and in 
space? 

We can explain this problem by looking at level of 
order.3s First, in physics, in the evolution of chemical 
elements, a process that does nor require the intervention 
of selective forces. the chemical elements are built up in 
different stars, step by step: hydroyen to helium to carbon, 
and on to h i ~ h e r  elements. The encounter of two hydro~en 
nuclei makcs helium. Each helium nucleus, which is stable, is 
now ur;(.:(I TES raw material to  build up higher elements. Tfie 
wildly i r n ~ r o i ~ ~ b l c  encounter of three helium nuclei builds 
carbon. T l ~ c  more complex stratum is built on simpler ones. 
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DNA sequences lead to  certain types of repetitive DNA. The 
relative contributions of such accumulated DNAs to the 
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32. Plashne, M. e t  a1 (1980) Cell 19, 1-8; Maurer, R. et a1 (1980). 
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creates order from disorder, in apparent violation of the Second 
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Niehls Bohr in his address "Light and Life" in 1932 (pubkhed 
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