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EVOLUTION OF COMPLEXITY
I

Indeed, evolution has nad a fine carcer, Ever since Charles
Darwin’s Origin of Species in 1859, the theory has become
the centrepiece of all biological explanation. This, in spite of
Scopes trials, monkey trials, various creationist surges,
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 even
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
Samuel 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 be explained by an
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orderly process of change governed by nz‘ttural la.ws. Thgsc
changes are changes in Mendelian factors, in genetic material,
and are hereditable. Molecular biology helps place the
Darwinian revolution in permanence by elucidating the
mechanisms involved in evolution and by reducing teleology
to causality. o
In certain quarters,) however, the .sc1entxf1c nature
of the theory of evolution has been ql.xestloned. Por.)per'la-n
epistemologists argue that evolution is not a .sc1ent.1f1c
theory, and that it is in the nature of bel'le.f. This der;ves
from the Popperian notion of the scientific met.hod'
which claims that scientific theories are always tentatlye: thgt
scientific statements should be falsifiable, at least m'prm-
ciple, because they never can be shown to be true: and
that such statements are objective only in so far as they are
4ntersubjectively testable.” By this notion, it w0u_1d seem
that there is no (specified) condition or observation that
could possibly constitute a falsification of the theory of
evolution, It would also seem that the theory has no pre-
dictive value. o
Now, there are certain difficulties with this view of
science and, in particular, with its treatment of the' theory
of evolution. Obviously, there are many different views on
the nature 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; Lhcy' simply operate as if
nothing exists outside of Western science. That Western
science is but one of the systems of science bas b?cn force-
fully put by a remarkable Islamic scholar,.Zlau_dx.h.n S'ardar,
in his recent book, The Future of szslzm thlzsat?on.S
He argucs that contemporary science is Westcrn‘scwnce,
and only ¢ science, and not the science. (True, this lecture
operates only within the confines apd }imitatxons of \'Nt_:stcm
scicnce. But this is without prcjufilcc t.o.thc validity of
other systems of science. Western science is indeed only one

of the many systems of science. And it does not exclusively
have the answer, nor docs it have all the answers).

To return to Popperian hypothetico-deductivism:
The decision to retain a scientific theory or to reject it is
vften subjective, This decision often depends on a concen-
sus among scientists, This is implied in a published statement
of Francis Crick’s about the nature of molecular biology,
my field of training and of present practice: “Molecular
biology is what molecular biologists (choose to) do.” The
Popperian view of science does not take enough cognisance
of what scientists really do, or of the aims of science. Simply
put, the aim of science is the creation of knowledge. This
creative enterprise needs guidance, hence the usefulness of
theories. The knowledge thereby created may be imme-
diately useful or not so. More importantly and decisively,
however, knowledge, scientific knowledge, may be right,
or it may be woefully wrong,

The viewst on the nature of science expressed by
Lakatos and by Fayerabend seem more real and more tole.
rant,  Science is really not substantially different from
other human activities -- the aim of science is the creation
of knowledge, the establishment of relationships between
observation and reality, the linkage between theories and
the real world. If ongoing research programs continue to’
stimulate the process of the creation ot knowledge, then,
they are an acceptable part of the scientific corpus.

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 proven truth,
Science does not grow by an accretion of eternal truths,
A proposition is scientific if it aims at expressing a causal
connection. To quote Einstein:

The ground aim of science is to cover the preatest

number of empirical facts by the logical deductions
from the smallest possible number of hypotheses



The synthetic theory of evolution is therefore science par
exceulflz‘i: let us return to the status of evdutionary.theoq;
within th’e scientific enterprise . There are two l;lmf(is o“
questions in the study of evolutlon.. (?ne concemns his ory; 1
the study of phylogeny, the description of the ;::.)ulrse-ca1
events that has led to the present st.ate of th}e1 iologi "
world, Systematics, paleontology, biogeography, cor;;i)ve
rative anatomy, comparatiw-: embryt‘)logyl,1 cc?mpazcond
biochemistry, all describe and inform this. T e1ic 1§da :.on a4
kind of question, however. It concerns the e uc11 at'1 n
the mechanisms and processes that bring abouthevo 1:1 1(; ,.icrayl
change. The questions deal with causal rather t am1 t1ison el
relationships. These stﬁdiestgrocccdﬂ‘:)ey 2:; ior(r;:;lpe:) ion and
empirical testing of hypotheses, . ico-
d::iictive) methodology charactenst(;c ‘Sii }fh:asfjsgicicslsi:,
er disciplines concerne : .
“ ';Ino(iczttllllar biolcfgy extends our understandmg1 oi ‘t’l:Ie
processes of life and its phenomena to th-e moli_cu a:,u eami
and in terms of the co-ordinati;re m;eracatllsoons;hc; wsnmus and
olecular biology has WT
iralrg:llni:izl,ﬂ:lsl; gilysical and chemical laws apphcalt)le ﬂt;
small molecules also apply, when we extend 1t.};::se r:teins
study of the molecules of life - large molccule§ ike p oteins
and nucleic acids, including DNA, ‘thc primary glcular
material. Molecular biology aPplie‘d to evriili\:::?,: fc;:r(:cz ar
evolution, Molecular evolution is a pre . <=
srethodology of the physical sciences. also
:;lnop\izysthtcheehrrcidation g causal mechanisms in evolution.

1

We have approached the study of molecular e;olutio:

from the perspective of the ontoge;:y of B grr)r;po??hieté
tes, a

hocytes are a class of lymphocytes, _ €

glozm:ells ythat is responsible for the production of anti
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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 (Ig)
or antibody molecule, The other half orso 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 shall not deal with these other cell types
in this lecture).
Antibodies 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 identical heavy chains. Each heavy chain is twice
as large as a light chain, and sometimes Jarger.5 Each chain
is divided functionally into two regions. The variable (V)
region, which is the 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 sub-divided into four segments which vary very
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



as their name implies, are verytfguclh
i o€
iable from antibody to antlbod_y. In the foldted :Onmle t;/.
vant in molecule, these hypervarlable' segmf‘ens. o
pr:hzr to form the walls of the antigen binding po ,
ge

(4

language:

hypervanable 1egIoNns,

SPEEDING
SPENDING
BLEEDING
PLEADING
BLENDING

te these words immediately below eacl? oti}:lctro,
tice several things. Each word can be bro e‘; o
i 11 egion and a constant region. The las‘t 4 lette :
ey lrD%NG - - this is the constant region qt our sejc o
wo alwa}’lrsh first four letters constitute the val.rlaple region.
Wordz ch regions are of equal length, as in 1mmn}<l)glo\-f
Tht? ;m licht chains. A closer look shows.t_hat the v
bul'mn (hga)s agportion that is invariant. At p(;sm(?n fw::)aco f
word inally, note that m
e possesssciii;:: l(ittginf '4)Ft1}I:erey’are three alternati\-re
o Oth‘: poat osition 2, there are dnly two al'temat.lve
etters 'L].}‘;xs ispa fair approximation of the way w!uch
i hals designed antibody chains. The mode of dlg'cr-
e'VOh‘ltlfonh e variable regions has profitably 'consumed io-
iltgis; (:1:: to speak of mice) in the Jast fifteen years or
0

6

When we wri

% being secreted into body fluids, antibody

s o e structures on

mdlecules are also found as surface membrarll1 .
B cells, In these circumstances, they are ce

. . - en
for antigen molecules. The interaction between antig
tors 1o
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and antibody, whether it be in body fluids or in ceft suramces,
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 antigen.

In the biological world, there is virtually a limitless
aray 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 have just implied,

% * .

When I started out in molecular biology ten years ago,
I was involved with the study of the mode of diversity 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 derails of the
first complete amino acid sequence of an imunoglobulin
molecule. (Both these workers’” 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 space® It was known by then,
.of course, that several structural gene clusters 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,
was that encoded in the phrase “wo genes one polypeptide
chain”. Dreyer and Bennet had deduced from the frag.
mentary amino acid sequence data on light chains that
the V and C segments are separately encoded in the genome.?
This proposal was confirmed ten years later by the first
sequence studies on mouse light chain DNA. The existence
and function of hypervariable regions!®  were being con-
templated by Kabat and his coworkers in 197] .
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; ithin the biolopy

situate ourselves with .

B, 09 lolc ; tlgr:(!; dSflnger had published his RNA Seﬂl“\i’;rce
scene in .197 t'wo years earlier. Walter Fiers and Sa;?;rotein
e o, publish the complete B hese came in 1072

ye hages MS2 and T R v

ges ethod to

genes of thehRNA‘fas no chemical or enzymatic }’n'l L
of coui'scl\’h:A e:e uences. To be sure, nucleic aC;ld 13;6: .

: s : . copies

obtain Da metl?od of counting the n;lrgbegﬁi’ten lKohnc
sations, opularised by > ¢
. etically, had been p P s a lot of

gch.S kinetic dY;thcrs' But in 197.1, therc_ wa o cnable
Da‘”dSOh.n ar;f'mcment of the kinetic e_quatxon;lqo Boris
interest mtfn become routinely p?ssnblc. 111;\({ pop-
genc cc?ufl lpgariq and Harry MHarris in Oxlorc being used
Ep.h n:;s’ :atic cell fusion stud'}es; these ch(cling dofined
larise SO to locate specific genes enc . But the
increasingly . s to individual chromosomes. bt P
,:yme' it another S years to be dlSCO"erd just

doe T oratories. The central dogma had )u

slightly with I')av.id Baltgn:zlc‘;
iegel Mizutani and Howard ’I"emm indepen V:hid,n
'SOI S'plegtchzaxlj’:I:IA tumor viruses contam an :}zzjsmcff e
. ¢ for the synthes
Thi thc o RNl:i:isi ;acicrzpclz:\siderablc bandwagonbtffizct,
o d‘SCOVCTX, wlications for the whole of molcr':ula:b xoRNgK
e 1“3: cchanism of cancer induction by A
ol 2th'3 mmessenger RNAs were ab(?ut to bt‘:lcoVed
P tla?n laboratories: Labri_c had 'Just cmp 3;“}(
romventi PTOPCVI Ytro horesis and centrifugation to dpmoﬁt
Convcnhona'l eel;:.NAp John Gourdon had convince oSt
o glOt')m . tn'uclear transplantation _expcnmc}r:zssar;w
o o 'hlsaleleggndifferentiated or otherwisc, l}ad t e ™ On,
e ent or potential. In 1971, (hscuss' v on
e ?omplcmc' biology focused mainly on death ‘,ﬁc
i Sl‘lllcr:::z:?;g}l’nand euthanasia, and not as yet on gene
dying, the

engineering.

protemns and en
hybridoma was
btfxr own Cambridge lab
been, if you like, reversed

At the same iime, in 1971, the distinction between T

and B lymphocytes had been firmly established. While
the T cell and its products seemed like black magic, the
B cell and its product, the antibody molecule, were enig-
matic 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 all the fundamental problems in biology that it was

was a new rush of molecular biolo-

gists, biophysicists, chemists and
other physical scientists

to biology - all aiming to unravel
the mode of diversity of the B lymphocyte and of the ant;.
body.

gists, mathematical biolo

* * *

The life and reproduction of B |
out to be a good s
changes that are th
an accident of nat

ymphocytes has tumed
ystem for the study of those hereditary
e basis of all biological evolution. First,
ure has produced a disease. state 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.

lomas, arise spontaneously in man an
in micell  The antibody proteins tha
can be purified and- studied,

When these tumor cells of mic
we found that 16

These tumors, mye-
d are easily induced
t the tumors produce

¢ arc put in cell culture,
-20% 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. Second
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,

ly, immunog-
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Using an claborate but very sensitive meg:gi(i,idr;
were able to isolate, from screening 7,000 or ;'oe -
derived from a single tumor clone, iv e
. ceush antibody molecules showed small differences
B Oscf m those of the parent. The differences shown
. e ere not the same as in any other, Because
g 1w with mouse cancer cells in tissue culture,
e were (li);: 1tr;gpropagate each individual variant. We ‘were
e e reinject these into the same strain o.f mice t.o
o aan to study these tumors and ther p}rotem
form tun;c;rs, From detailed structural studies of protein and
pggguiise- showed that the mutants were derived from the
gene, we \ |
samel ‘;Nt:lilglieeriaz:;; two points and with forie.inP(‘ixlrlscté
ical or chemical agents to !
r:c };;danr;(e):z ‘:}S\:(tl ;relyhzgyfsgund. We w;re; mg:::y; j:lliy:;i
isi lati whole o
sflontar;iclc))g;l; :;‘:t’:iv‘;la:o;:dgh;n mol;lc:llir' e\('lo}:;i;n;
Second ith cells erive
S.CCOHdIY, o 132(\1«1 S.'«mtlallr':f\cc1 or:et:n:g:rs of a’clone.derive fron; a
Sl_n8§€ CIOI;‘C.A clone is the most genetically uniform po;;u ae~
:'mg cofc cce'lls known. Within limits, the fnemb}:zrs Ofcz r:;r;c
o tically identical; the limits bemg the oc e
n SCTIIC‘ Zmbcrs of mutations, heredxtz.lble changes
r ccrt'amthr: base sequence of (and hence in the structm:;
of and formation contained in) DNA, S}l(fh as the olrfl
e n Oml lking about. I should anticipate myse ;
v'vclarc go::at: thagt these mutations, rare ar}d ?cc.ltie:\'fo-
o a:s errors, if you like, are th.e basis of life in 1 o
{)r:iz:xss ‘Thcy c’qually are the basis of the gyc:flc;;o?ogical
ution. 1
i its final consequences) and O gl
gtc}::rig:rgl?saﬁz: gc:rr:gers. QOur study of spon'cane.ouslyr :sr;lsllrr;%
i in the absence of any known sclccuonP ures
i lr'ld to be a study of an aspect of e\'rolutlon Eg t
C;:‘ﬂ:l :: i;lc test tube. Such mutation studies had bee
ther
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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 we
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 js this: we found
that there are favoured sites for acceptable (and therefore
detectable) mutations, Besides, some of these spontaneously
arising mutations are analogous to processes that have been
observed in nature. We think these are not mere coinci-
dences.

For example, let us look at the struc

ture of the mutant
we christened JF4.13

It has an altered base 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 ()
light chains, there is a lysine/arginine interchange at posi-
tion 190 of the amino acid sequence. Each one of us has
light. chains 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 A chain is an isotypic
marker nicknamed Oz. Position 191 of human kappa (k)
light chains contains (part of) a genetic marker named
Inv, For the v marker, there are three alternatives, and
their inheritance follows simple rules of Mendelian genetics,
The point is this. Both Oz and Jnw markers have arisen
as a result of changes in DNA base sequence during evolution.
In IF4 we have the result ofa contemporary mutation
n a test tube, at a position exactly homelogous to the
markers v and Oz Moreover, the mutation in IF4,

1



and the Oz and Inv interchanges, are all“conservative:.‘
By this, I 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 chgn—
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 wus -that*
there are favoured sites for ‘“‘acceptable” gene mutat1on.s,
evolutionary and contemporary, both in germa line and in

somatic genes.

There is yet another interesting deduction, this time
from the structure of our mutant named IF2, This .has to
do with carcinogenesis, or the origin and the mechanism .of
the formation of cancers. The structure of [F21.4 is ‘Strl-
kingly homologous to the structure of' heavy chain disease
(HCD) proteins. HCD is another acc1d.ent of nature, a B
cell tumor that produces Ig heavy chain fragments. The
abberant heavy chains produced by many of these tumours
have an internal deletion in their amino acid sequence. When
these deletions occur, and whatever the extent. the-s_.e altered
chains always regain normal sequence at position 215
MOPC 21 12 pumbering) of the wild type sequence. Out
IF2 has an internal deletion of the whole of the Cyl pseudo-
subunit of its normal prototype and regains w11('i type sequ-
ence at position Valine215. We showed that it represents
a mutation that is accompanied by a deletion of 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 h.uman cancer,
by mutation, right there in the test tube. (incidentally, the
structure of 1F2 allowed us to precisely locate the end of the
V region. This has since been confirmed by x-ray crystallo-
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graphy and DNA sequence studies)

* *

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 right cells and at the right time. How this
happens has puzzled biologists, until very recently, We had
early 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 has
turned out to be an apt lesson on DNA mechanisms in
development.

To digress a little. There are two kinds of cells in
our body, 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-
volve the loss of genes. The conclusive experiments1 5 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-
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ment 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
at its own leisure. Likewise, our differentiated liver cells do
not make immunoglobulin, although they have the genes

for Ig structures.
We now know why immunoglobulin genes are eX-

certain cells, e.g. B cells, but not normally
lung cells and liver cells, and why certain
a B cell at one time and another Ig
in the same cell at a later time. It has to do with how immu-
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 twol(’. 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 g 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 maturati
in proximity with a C gene, mostly by
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,

pressed only in
in others, like
Igs are expressed in

on, one of the Vgenes is brought
excision (and dele-
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]z:r;‘dg ng:IeA(.)f four J genes adjacent to the C gene on the gorrea.
.th random combination of V, D and J segments toesthor
with the codon variation at the joins ofkéhese.\ ses:;;l:’-ht:
accounts for a lot of V region diversity. Point mu\c’:vt'jl S
at hyPewaﬁable regions one and two account for fu‘r:::gnD
diversity durir}g the differentiation of the B lymphoc .tf:r
Our own studies and those of Martin Weigert and his cog .
gues h.ad suggested that point mutations are impc;rtante‘iarl-
the diversification of antibody combining sites. Besides
DNA sequence studies are now able to confirm sam.e aiffe:
fences in hypervariable region sequences between germlin
DNA and differ.entiatcd somatic DNA. These difgferenc;:
It:zerrrllt Sot;:: et:]) be similar to .th_e kinds of exchanges and repl&c;‘-
e 1Shsh:ar;c;m:;$ng site sequences of antibodies,
point mutations which we dcl;zrial:e:lt,lc DOy G

. thio{x:; :ci 1taheb{mpeFus for the recent explosive activity
e mo comr iology of eukaryotic genes has been the
et OSitedrot\I;ersy aroun.d the somatic mutation model.
re | mufations : at some immnoglobulin diversity arises
: . S In somatic cells, and are not represented
in the. information contained in germ line DNA I’)l‘ \
bfologxsts, that a somatic copy or gene produc.t c0 ;33—"}';}’
slffercnt frqm the original germ line master is her':;);r1 ch
ma;xtre cr.si';z:tchiaoslop.poscd to germ line'divcrsification is just
ot erick .P ogists are a conservative lot. That is pre.
: y w 'y Popperian falsifiability in its most naive form is
ce(l)rr;i1 tl?t dislodge. In any case, many lines of approach - - using
P! crs.to compare Ig protein amino acid sequences:
nl}l]ClClC ac‘ld hybridisations to “ count” Ig gcneq co (iz:,
(fij ;ZS; taore i::tvi;w'o (l)f tl?e most sophisticated ones) - -iad’
The sivog o ac;n;lgx g;l ilsap:ot;fle (or prove) s;)matic mutation,
: € same set o i
preted differently by somatic mutationists aiiimge:v;sﬁz::-
b4

15



h to confirm his own world view. So much for objecti-
vty in science. However, things are now much clearer.
\(I)I?; ::/olution-in-the-tcst-tube e‘xperimcnts shf)w tha; so:lz:i-

i tations do  occur in 1mmunoglobu‘1m genes, 2
caggest hat these mutations contribute to antibody diversity.
;;ei%zseittiese mutations are stable, DNA sequence studies

b

tonﬁ;ms}tiil.d stress another point. The workings tofw::;
somatic mutation model do not co{!t.roverft or cclr;s:n e
Weinstein’s principle of the anml;:ilrti% e?i aic;mfma_rékist
i at some have . '
, n'Ot ) facetisogtw: contribution to the saucy factions In
Eiee The available knowledge cannot support
somatically acquired traits to the germ-
e mode of inheritance. The germPlasm}:s
be involved because of certain tricks the

Sociobiology.
the transfer of
plasm as a routin
not and cannot
cell uses.

%
* *

During the life of a B lymphocyte, the first im;]m_mso-
i chains.
lobulin secreted is of the 1M class, exprc_ssmg M o
iso the immune response progresses, the antibody pfo ul sg
cell now starts expressing another imr‘nunog(l;::)at;}:oc(; ;:, g
. . »
s i retaining the same V region, i
This it doeS,V regios on to a different C genei.1 tTth}:‘s’
i tha 3
itch. It is now known
i n as the class sw1tc- ) oy
ls1 knc;:itch or retranslocation eve'nt is a DNAﬁ strndg;'
f)iis own structural analysis of the 1mm'no%l§;): n :L thagt
. indi d to us In or
ne of the mutant IF2 mdxgate et
f:anslocation and retranslocation oecur at the lcvlcltof ? o~
That conclusion provoked controversy a.nlf a‘(s) v?[h o
i ime: their pet theories. S
ssion at the time: others had . ‘
<r:1l<1)w also firmly established is that thﬂc heavy chda:m S;:;lrtcg
involves the deletion of segments oOi DNA coding

the same
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regions. The deletion of the constant region genes!7 in.
cluding  Cuoccurs in a way which is consistent with a
CH gene order w-y3-y1- Y2b-72a-  etc  and which s
consistent with a model in which the genes preceding the
expressed gene are deleted, So, the differentiation of immu.
noglobulin genes involves deletions of segments of DNA
resulting 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 enzymes
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 yl  chain with those available for
human and other séquences, we came up with a model of
gene expansion-contraction!® 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 ances
torl? This process of gene duplications has been postus
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
evolved 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



(or deleted) through evolution. This we call the process of
gene contraction.
* * *

One of the numerous problems posed by B Cells is how
they contrive to express the immunoglobulins on or-lly one
of the two homologous chromosomes of a diploid cell.
Diploid cells, like the body cells of you and me, have chro-
mosomes in pairs, one from the father, the other fro.m the
mother. These two chromosomes COEXPress, except in the
case of immunoglobulin gene expression. In no case has a
myeloma, for example, been shown to express more than
,one functional chain of each type. In our own mutant
immunoglobulin from MOPC 21 IF4 cells, whose structure
we looked at both at the protein amino acid sequence level
and at the nucleic acid sequence level, we found no evidence
for the wild type component in the mutant.?® Thi_s led us’
to characterise Ig genes as effectively monosomic”. This
means that these genes behave as if only one copy - the
father’s or the mother’s is present in each cells (Ar}other
reason we thought Ig genes were effectively mongsomlc was
indirect. Our own studies show that the mutation ra?e of
immunoglobulin genes is of the same order of m.agmtud_e
as those for genes in bacteria, which are mon9som1c, and .1s
about the square root of the rate for two copied eukaryotic
genes). ' 0
The reason for this behaviour i1s now clear. In some
myelomas, the Ig genes on the “ excluded” chromosome
remain in the germ line configuration, without the necessary
rearrangement of the DNA. In others, they d.o not; the
cell simplg' uses one of several methods at abortive rearran-
gement.2 In this kind of rearrangement, an €rror 1§
deliberately introduced so as to make the the gene segment
« useless”. The situation is analogous to that of the sex
chromosomes in a woman: although there are two X chro-
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mosomes, only one functions in each cell; the other is inacti-
vated.

This much is clear: That in cells which express immu-
noglobulin genes, there is effective rearrangement in only
one of the two chromosomes. In cells that do not produce
antibody, the Ig genes remain in the germ line configuration
and are not “ activated”. It also follows from this that
the events we described as the “class switch” occur on only
one chromosome.

One last problem for mention. We said earlier that
Ig molecules also  serve as cell membrane structures, in
which context they are receptors for antigen. It was always
thought that secreted antibody and membrane surface Ig
were identical.  Well, in 1978, we started building some
models, using computer, on how different Ig structures
would fold into a spatial configuration., One problem
became apparent quickly: that the interaction between
the carboxyterminal end of secreted Ig (whose structure
we knew) and the cell membrane that was supposed to
anchor it would not be stable. This is because the mem-
brane anchor is hydrophobic (water-not-loving) while the
carboxy end of secreted Ig is hydrophilic (water loving).
Unable to come up with a suitable enough mode of co-
existence between our Ig and the plasma membrane, we
reluctantly came to the conclusion that secreted Ig and mem-
brane Ig are of different forms. This, I must emphasize, was
based purely on theoretical model building. We then went
into the laboratory to confirm our suspicion. Using two
lines of evidence - products of hybrid cells we had con-
structed for the occasion and CNBr fragmentation pattern
of membrane Ig - we showed that there was a difference
between the secreted and membrane forms of Ig. By late
1979, we were able to locate the differences to within the
last 50 or so residues of the molecule.
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These observations have now been confirmed. Besides
it has recently been shownzzl that the same stretch of
DNA is used for these two different molecules. How doFs
the cell do it? It simply splices the same piece of DNA in
two different fashions: one for secreted Ig; the otl?er
for surface Ig. That way, you have two different proteins
from the same “gene”. Benzer’s “one gene, one po.ly-
peptide chain” has been a good reflection of the situation
as we know it, until now. It is now more u§eful to talk
of transcription units and replication units. With w}?at 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 into th.e
molecular mechanisms of the life of B cells has led to deci-
sive impacts on eukaryotic cell biology. . It hz'ls 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.
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Bishop Wilberforce might have posed a §light1y'd1ffcrent
question to Huxley: That, since mitochondria and .rlbosomes
travel with ova, might Huxley not agree that hig (’iessen—:
from the apes was more likely to be from'the mother s'sxdef.
Today, however, a much different question sug'ge?sts itself.
Sequences; DNA; cloning; hybridon"fa; 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 thfe way(s)
immunoglobulin genes are spliced about to f:or‘urlbute to
our “ Health for All by the Year 20007, or is it about to
bring closer a cure for the common cold? Is the study of
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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 hiological knowledge
can still powerfully affect progress 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
mutations.23  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 remarksble homology are inesca-
pable. It now becomes possible to raiivalise 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 pancreases to 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. E.coli, that enteric pathogen,
may yet turn out to be man’s best friend!

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-
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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 hitherto 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 programmes aimed at its eradication (aerial 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 a2 more
dangerous problem. It would seem like we need more than
eradication programmes.25 .

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 c01.11d
be along this line: isolate the transcription unit correspondmg
to a protective” antigen protein; package this into E.col,
which should oblige with synthesis of the antigen; purify
-enough of the antigen 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 disease 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 haemoglobin; 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
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from thc human present, and this, mainly F\ec:\.usc of man’s
spirited explorations along biology’s frontiers. Our .fu.tt.lre
evolution will probably be mostly cu]tural. and artn’lqal-
senetic. We should have to assume some godlike prcro;zat.wcs
;xs we become self-annointed trustecs of our own evolution.

IV

The aim of science is the acquisitio? of knm.:l(‘dg(‘. "}.'hc
goal of science is, according to physicist J(‘??lri ! c.rn?:‘h]”t,(:
'éxplain the complicated visible by some S”np-k‘.;m;“",\, t(;
The goal of modern biology is the reduction ol u'cn ()g,\; to
causation. We have scen how apparently complex pn;ccja"c.,
of the B lymphocyte can be underst(md'nt [))(‘\Tnln \;\r
(genetic) level, in simple terms of the various l)L':A. 1.mc ,L:r
nism: mutation; deletion; splicing; rearrangeme‘nt;Jonung. O
course, we all know that genes arc mac'ic oI‘DNA. whose
molecular configuration is known in detail. It is known how
four fairly small chemical bases (A, T, G, C) are strung 0n<
two paired strands of DNA and how t'hc arrangon‘}?r}t makes
for accurate copying during replication. Many'lnc S proce-
sses are now explainable in exquisite detail, starting from the
gene.

As an example, to explain sickle cell anacmm,}xx\tc;my
start from the gene. In DNA, the sec?nd 1ette:r_o[ t 1; t rec£
letter code word that is used for tl’].f_: sixth posn{or? 0 lor:c (;_
the protein chains of hgemoglobin is altgred: Sl;kle 1a:i:?0n
globin thereby carries the amino a.c1d v'ahnc in t. at po\ncon-
in its protein, rather than glutamic acid. T_h1< B nof
servative replacement which alters the cm.1f lgtxratlon of the
haemoglobin molecule, especially when it is not tcfw‘lt';\;x:g
oxygen. These configuration changfes are known 0 5 1
resolution.28 If there are enough sickle haemorlobin mole-
cules that are not combined with oxygen, these molecullvs
tend to stick together. They form a sickle polymer, 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 tissues of oxygen, allowing for more
haemoglobin 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 antigen-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 of the organism, no
laws outside of those of physics and chemistry are required,
The basic sequences and structures of life’s processes follow
from 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 to survive within the genome. This it
fulfils very well, within certain limits of tolerance.

DNA molecules have little else to do but to joust with
each other to 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 organismal 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 nathing to the life of the cell. Such DNA is truly
prasitic27 besides, many of these species are capable of
interchromo$omal movement,
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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 functionallyzs. 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 themselves neutral and occur in
a stochastic manner, Therefore, the important distinction
about life is mot that it is complex or that it is different
in its governance from inanimate matter. The distinction 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 eyolved in the
cell and act together in such harmony in a process we call
life.

All evolutionary changes result from hereditable changes
im DNA molecules. We have seen how some of these have
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come abol-xt. Ironically, Queen Victoria, the supreme h
.Bm}l)lop Wilberforce’s church, was carrying such a mu::?i;nf
In her genes., She faithfully passed 3
the mutant gene for the an}t’ihr;emop}(l)ir]liatco fi::ofescgﬁdanFs
anoth{irf more profound irony, however. . e
€ 1s a process. The study of the
..study o.f a changing structure, Li},e is rtxl(;t :;ua::lr::cb: o
ing, as is neatly c?rried out in the geometrical scaffoldinopzf.
? dead crystal. Life is an evolutionary process, which mogves
orward bﬁcal.lSC there are accidents or errors in the DNA
copy. Once In a while, one of these errors is successful
;r}l:;l:gi; to bc:1 1n.corpo;;1ted as another step in the progression
evolution. Essentially th i
t.hfz cyclical nature of life, the zme?des;];fdft::) ;e:: (:;31 . “;
Iivn;g for,r’ns. We li've, grow old and die from %drisea;): gr
tioo d aghe . Agemg Is an accumulation of these errors, muta-
ns, the same kind of errors that are responsible for th
progression of evolution, the same quantum effects that ‘
essential to explain the uniqueness of a living form A;ei:r ;
::1 c:r:;l)atc of the cyc'lica.l (as opposed to the evoiutionafy:
.the pen) process of life is an accumulation of mutations,
accumulation of these errors ultimately leading to ’
cellular catastrophe - cell death. And this is the gir 2"
The errors which destroy the individual are also the vign
o; spec;els. Thc::efore the nature of life is expressed ?:glltz
gf if:?;r orse'volunon - 1t 1s the succession (and the success)
In physics, it is commonplace to think o i
l':xody as an arrangement of a large number of atizlr;y:;;;l;l
in some regular manner, and to explain its prop’ertics and
behaviour by going back to its basic units. We can build the
same .modcl 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, represented by the
living cell, a product of a manifest design? Is there a)['ﬂace
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for vitalism in biological explanation?

Vitalism is a persistent belief which holds that the
laws of inanimate physics, or, rather, the kinds of la\ys
operative in inanimate physics, will not suffice to explain
the phenomena of life. Vitalists 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 laws2?, for example Walter Elsasser’s

“biotonic laws”. Bilingbroke, early in the eighteenth century,
similarly ascribes this function of higher co-ordination to

God. Also, vitaiists note the apparent direction of evolution
in time, that evolution is usually towards complexity and 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.3®, William Paley, Henry St. John
and Mscount Bolingbroke 1n 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
that living forms are not mere machines. In order to do
this, living forms are compared with a typical machine,
namely, a watch. It is them 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:
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Man, thercfore, is not a machine because he (like the pur.
poseful watch) is also a ‘machine that is not a machine! I do
not intend to belabour this point, '

Onc of the more frustrating experiences I have had here
in Ife as a tecacher of medical bioiogy has been to get my
students to even consider that evolution may not have been
designed to {ulfil a designer’s purpose of bigger and better
things anthropocentric. And that there is no evidence that
“fitness™ is ever maximised; this incidentally constitutes
serious disagreement between us and the optimalist schools
of sociobiolory. To most students around, life is a purpose to
be fulfilled, and its molecules are under the direction of an
all-wise cvolutor, who probably understands the Second
Law of Thermodynamics and the Laws of Chance much
better than we do. This variant of prime movement is
paramount in cveryday thinking, and is irrational.

The direction of evolution, which can be traced for
threc  thousand million years, is consistent, and gives it the
appearance of a planned program. It may appear to conform
to a master plan, some plan larger than the laws of physics.
In a history of three billion years, evolution has not run
backwards. Is it possible to have such a mechanism that is
not planned? Or, how can cisorder 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. 3} First, in physics, in the evolution of chemical
elements, a process that does not require the intervention
of selective forces. the chemical elements are built up in
ditfferent stars, step by step: hydrogen to helium to carbon,
and on to higher elements. The encounter of two hydroeen
nuclei makes helium. Each helium nucleus, which is stable, is
now used as raw matenial to build up higher elements. The
wildly imrrobable encounter of three helium nuclei builds
carbon. The more complex stratum is built on simpler ones.



The more complex stratum is built on simpler ones.

Similarly, the levels of order in a cell may be enume-
rated as atoms, bases and amino acids, nucleic acids and
proteins, genes, €tc. With genes, there is another hierarchy,
another set of levels of order. Each level is made up of
stable structures. And the cell itself is stable as a topological
structure in space and time. Cells build up tissues, organs,
organisms.

Natural selection establishes the stability of €ach level of
order. Each level of order is built upon the next lower level.
If a back mutation occurs, it may be inappropriate if it does
not fit into the level of stability which the system has already
reached. For this reason, it does not reverse the direction of
evolution.

One last question that some vitalists may hold on to
is this: Does the interaction of genes on the same or on
different chromosomes require any kind of master law?
It is true that there are what we call *supergenes ”: genes
that control the expression of other genes. There are other
master genes which control groups of other genes by making
them all more mutable or more stable. Recently, the inter:
action between certain genes, for examples between the
cro and lambda repressor genes32, has been explained
in detail at the molecular level. These interactions follow
the simple rules of physics and chemistry. There is no
reason to suspect that gene action will need other kinds of
laws to explain. Indeed, no special powers or acts intervene,
no laws outside of those of inanimate physics operate in
life’s processes. There is no place for vitalism in the analysis
of the cell.

Scientific study of the cell and of cellular processes will
no doubt continue to unravel the mysteries of life. It is
however pertinent to ask if there are any limits to such
explanation. For example, can molecular studies of the
pervous system ever resolve the mind-matter paradox?
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Can there be a molecuiar mechanism for '

a very pnva'tc expex.'iencc? Is the brain cap(;?)rl]csccl)%u;?;\sris(i?:
an explanation for itself? We should leave this as a questi f
We s}}ou_ld also stress that this question cannot be a loo l:(());l.
flor.vn.allsm. There may be limits to human undcrstarf)din 4
¥1m1ts fmposcd by the level of evolution of human structur 2
fncludmg the processes of the brain. We should also c i
Jecture that should our own brains solve the mind-br:?-
problem,. then the barriers between the social sciences ang‘
the physical sciences, and indeed between all the branch
of knowledge, would have withered away!34 -

Ile-Ife, May, 1981
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