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The discovery by Landsteiner and others
during the early years of the 20th Century
that human red cells carried surface antigens
which were incompatible with serum from
some, but not all, other people was an event
which made possible safe blood transfusion.
It led also to an understanding of how the
different blood types were inherited, and
resulted in the refinement of serological
tests leading to the discovery of many other
red cell antigen systems.  Not all of these
have immediate relevance in medical prac-
tice; the so-called rhesus blood group (Rh)
system is an exception.  Certain rhesus
incompatibilities between mother and foe-
tus may result in severe damage to the foe-
tus unless steps are taken to monitor
maternal antibody levels or to desensitise
the mother before pregnancy occurs. 

By the end of the First World War it had

been found that the frequency of the ABO
blood types varied among populations from
different countries; this laid the foundation of
modern population genetics.  A new era of
population genetic studies began in the late
1950s by the discovery that proteins in blood
serum could be separated by electrophoresis
in starch gel.  Staining with specific sub-
strates enabled several classes of protein to
be visualised, and variants under simple
genetic control were soon documented.
Among the first such systems investigated
were the haemoglobin-binding protein, or
haptoglobin (Hp), and transferrin (Tf), the
iron-binding protein.  I was one of the first in
Australia to initiate studies of blood samples
using electrophoretic methods, and my 1968
monograph gave frequencies for haptoglo-
bins in various world populations 

Such studies led to the further search for
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genetically controlled variation in other
blood serum or blood cell components, as
well as in other body tissues.  Variations
using either electrophoretic or serological
techniques were found in lipoproteins,
cholinesterases, protease inhibitors, alkaline
phosphatases, glucose-6-phosphate dehy-
drogenase (G6PD), the immunoglobulins
and also in haemoglobin (Hb), the main pro-
tein constituent of red blood cells, as well as
the human leucocyte antigens (HLA).
Some of the variants are uncommon, in
some cases limited to a single family, whilst
others achieve polymorphic frequencies in
one or more populations.  Some of these
variants are associated with specific dis-
eases, such as HbS and sickle cell anaemia,
or abnormal production of HbA2 leading to
thalassaemia.

Early Population Genetic Studies in
JCSMR

By the early 1960s laboratories in many
countries were giving prominent place to
studies of clear-cut inherited variations, not
only because they helped to elucidate fac-
tors controlling specific diseases of simple
aetiology, but also to see if specific genes
were associated with diseases of more com-
plex aetiology.  It became clear also that
multivariate statistical analysis of gene fre-
quencies could be valuable in the study of
human population relationships and of
human evolution.

Such studies in JCSMR began in 1967
with my arrival (see p. 73).  I was joined in
the same year by a Technical Officer, Max
Blake, who began developing starch gel
electrophoretic techniques for large scale
population genetic investigations.  After the
establishment of the Department of Human
Biology the staff was augmented at various
times.  Michael McDermid joined in 1969,
Aloke Kumar Ghosh in 1975, Sue Ser-
jeantson in 1976, Phil Board in 1977, Yao-
Sheng Teng in 1978, Graham Jones in 1979
and Kim Summers in 1983.  In addition a
succession of Visiting Fellows brought
experience from overseas: Ghosh and P.K.
Shrivastiva from India, Michael Hobart
from the United Kingdom, Robert Jantz and

Michael Crawford from the United States,
Keichi Omoto from Japan and Nilmani Saha
from Singapore.  Valuable assistance was
provided by other Technical Officers and
Research Assistants, particularly Marjorie
Coggan and Pamela Ranford as well as
through the continuing expertise of Max
Blake, who received his Ph.D. in 1979 and
became a Research Officer in that year.
Finally, the Department guided a series of
Ph.D. scholars both from Australia and
overseas.  Many of these graduated with
distinction and are now occupying impor-
tant posts in this country or overseas.  The
contributions of all these people, together
with that of technicians and secretarial staff,
enabled work in the Department to continu-
ally extend its horizons and to become
recognised for its many contributions to the
world literature.

The potential for large scale population
genetic studies was stimulated when, at the
end of 1967, C.R. Rao, Director of the Indian
Statistical Institute in Calcutta, invited me to
advise him on establishing a human genetics
laboratory at his Institute.  Visits there over
several years led to valuable contacts with
geneticists in many parts of India, contacts
which lasted over the next twenty years.  It
resulted also in a number of young scientists
from India and Pakistan studying for their
Ph.D. degrees in the JCSMR.

In India two areas were of particular
importance.  In South India I had already
established that the abnormal HbS gene was
present at high frequency, particularly
among the Soliga of the B.R. Hills, south of
Bangalore.  Sickle cell anaemia is a serious
problem among the Soliga and in related
groups.  At JCSMR a portable elec-
trophoretic system was constructed to
enable the detection of the carriers of the
abnormal HbS gene under field conditions.
This was of great benefit to Dr H. Sudar-
shan, a dedicated Bangalore medical gradu-
ate, in managing patients with the disease. 

The Western Pacific

Human populations in the Western Pacific,
either in Polynesia, Micronesia or Melane-
sia, are highly diverse physically, linguisti-
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cally and also in their experience of diseases
such as malaria and mature onset diabetes,
among many others.  Studies carried out
from JCSMR covered a wide geographical
area, and through collaboration with work-
ers in many other institutions detailed stud-
ies of disease-related and linguistic
differentiation were published.

Studies in the western Pacific and partic-
ularly in New Guinea continued in collabora-
tion with Carleton Gajdusek and were greatly
assisted when Sue Serjeantson and Phil
Board joined the department.  Sue Ser-
jeantson had been attached to the Institute for
Medical Research in Goroka and her knowl-
edge of the country was of great help in
analysing results from the genetic studies, as
well as initiating HLA studies in the depart-
ment (see p. 298).  Phil Board’s expertise
with biochemical techniques enabled
detailed analysis of the distribution of several
specific genetic markers, particularly vari-
ants of G6PD.  Our surveys revealed that an
unusual number of G6PD variants occur in
New Guinea.  Since studies elsewhere have
linked G6PD deficiency with protection
against malaria it suggests that such variants
were playing a similar role in New Guinea
and that selection pressure in highly malari-
ous areas had allowed these variants to
achieve significant frequencies in some New
Guinea populations.

New Guinea is also of great interest
because of its ethnic and linguistic diversity;
as well until about 8,000 years ago it had a
land connection with Australia, thus raising
interesting questions about possible genetic
relationships between New Guinea popula-
tions and pre-European inhabitants of Aus-
tralia.  Two major linguistic groups are
present in New Guinea.  The Austronesian
(AN) languages are spoken in coastal areas
and in many other Western Pacific island
populations.  Non-Austronesian, or NAN
languages, on the other hand, are restricted
mainly to Highland populations in Papua
New Guinea as well as much of Irian Jaya;
these languages are highly diverse both in
origins and relationships with one another.

Collaborative studies between the
Department and other workers resulted in a

number of significant publications. Many of
these were summarised by me in 1989 in a
review, which concluded that although it is
possible to distinguish genetically in broad
terms between AN- and NAN-speaking
peoples in the island world of Melanesia,
the differences are related mainly to differ-
ing geographical distributions of these two
culturally distinctive groups.

Australia

Extensive studies based on samples col-
lected over many years led to similar analy-
ses in Australia.  Typical was that for groups
in Arnhem Land and in central Australia.
The former groups were clearly distinct
from those in the centre, whilst Tiwi
islanders, separated by sea from the rest of
the mainland groups, are genetically very
distinct.

Several genetic characteristics of Abo-
rigines have important medical implica-
tions.  One is the absence of the Rh-ve gene
in Aborigines with no European ancestry;
this means that haemolytic disease of the
newborn is unlikely in Aboriginal popula-
tions.  The other is related to the presence of
an unusual antigen discovered first by
Baruch Blumberg in serum which I supplied
to him from Aborigines in Western Aus-
tralia.  Called by Blumberg the ‘Australia
antigen’, he later identified the antigen as
persistent fragments of the hepatitis B virus,
a finding for which he shared the 1976
Nobel Prize for Medicine.  Subsequent sur-
veys revealed that the Australia antigen is
present in a significant number of Aborig-
ines in Australia as well as in many other
populations.

Rare Genetic Markers

During the course of our studies a number
of distinctive genetic variants were identi-
fied, some relatively common, others rare.
The former include Transferrin D1 (TfD1),
which was found not only in Australian
Aborigines but was widely distributed in
Papuan language speakers in New Guinea
and also in black Africans.  However our
studies did not found it in intervening
groups in South and South East Asia,
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including the so-called ‘Australoid’ popula-
tions of South India and Sri Lanka.

Another rare variant of interest was
found during our studies of genetic suscep-
tibility to oesophageal cancer.  This rapidly
fatal cancer has a high prevalence in north-
ern Iran and through central Asia to China.
The marker found is a variant of the Super-
oxide Dismutase (SOD) gene.  An identical
variant had been found first in the Orkney
Islands, suggesting that it may have been
brought there earlier by Viking invaders.
Swedish investigations revealed that the
SOD2 gene had a high frequency in northern
Scandinavia.  Historically, Vikings were
intrepid travellers; in addition to crossing to
the British Isles and further to Greenland
and north America they also travelled down
the Volga, settling in coastal areas around
the Caspian Sea.  Almost certainly these
were the ancestors who contributed the
SOD2 gene found in our oesophageal cancer
surveys.

Other Disease Association Studies 

The oesophageal cancer study referred to
above ended abruptly when the Iranian rev-
olution deposed the Shah, killing and
imprisoning many of our collaborating Iran-
ian workers.  However, other disease associ-
ation studies were already in progress in the
Department.  One of these was a study of
genetic association with Type II, mature
onset diabetes (MOD).  Family and twin
studies show a strong genetic component in
susceptibility to MOD, and certain popula-
tions, particularly some Amerindians in the
United States and the traditional population
of Nauru, show a very high prevalence of
the disease.  As well there was evidence
from South Africa that this was true also for
persons of Indian origin.

Through collaboration with Paul Zim-
met, Director of the International Diabetes
Research Institute in Melbourne, a series of
genetic marker studies were undertaken in
Nauru.  While Sue Serjeantson studied the
HLA profiles of those who developed MOD
compared to those who remained healthy
(see p. 300), I, through my Indian connec-

tions, provided liaison with Professor
Viswanathan and his colleagues at the Dia-
betes Research Centre in Madras.  The
prevalence of MOD among Indians in
Madras is very high, confirming the obser-
vations made among persons of Indian ori-
gin in South Africa.  In Madras, in addition
to the genetic marker studies, extensive
family records were being collected.  This
work was continuing at the time of my
retirement at the end of 1985.

Genetic Distance Analysis

During the period that population genetic
studies in JCSMR were expanding several
multivariate statistical techniques were
being used to combine the varying frequen-
cies of genes in different populations so that
their evolutionary relationships could be
investigated.

The origin of the pre-European popula-
tions of Australia has long been a topic of
speculation.  The JCSMR database enabled
phylogenetic trees to be constructed and
some time-scales imposed.  Whilst these
must be interpreted with caution, our results
indicated the longest period of separation
(300,000+ years) was between populations
in Africa and those in New Guinea High-
lands and central Australia.  In contrast, the
time of separation between New Guinea
Highland populations and central Australia
was of the order of 165,000 years, a figure
somewhat less than that separating African
from European populations.

Epilogue

During the fifteen years since my retirement
there has been a rapid development of tech-
niques which have an important bearing on
population genetics.  The first has been the
study of variation of the structure of mito-
chondrial DNA.  Now, however, the base
sequences of the entire human genome have
been determined, and rapid sequencing
techniques are being applied to the DNA
from persons with diseases of both simple
and complex aetiology.  The same tech-
niques are being used also to help refine
estimates of population relationships.
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When I joined the John Curtin School of
Medical Research in 1976, Jean Dausset in
Paris was already on track to receive the
Nobel Prize for Physiology or Medicine (in
1980) for his pioneering work characteriz-
ing the human major histocompatibility
gene complex (MHC).  The MHC, which
encompasses the human leukocyte antigen
(HLA) system, was poorly understood at
that time, but was of intense interest
because it was known to play an important
role in the outcome of organ transplantation.

The Department of Human Biology, as it
was then, had a well-deserved international
reputation in characterization of human
genetic variability in red blood cell enzymes
and in serum proteins.  For the Head of
Department, Robert Kirk, addition of the
very polymorphic HLA system to the
Department’s genetic repertoire was a high
priority, especially given the keen interest in
the murine MHC in the Department of
Microbiology, where Peter Doherty and
Rolf Zinkernagel had already demonstrated
MHC-restricted T-cell cytotoxicity in the
mouse (see p. 319 and 323).

I had some experience in red blood cell
serology (blood grouping) so was easily
convinced that HLA testing (white blood
cell serology) should be established in the
Department (see p. 168).  Further, the HLA

system was already known to be highly
polymorphic (a geneticist’s dream!) and
early studies suggested HLA allele associa-
tions with some diseases, such as ankylos-
ing spondylitis.  By 1976, three HLA genes
that encode the HLA-A, -B and -C surface
antigens were known.  These antigens are
called ‘class I’ and are expressed on the
cells of virtually all tissues.  Less well
known were the HLA class II antigens that
are expressed mainly on B lymphocytes,
macrophages and activated T cells.  The
class II antigens are collectively known as
the HLA-D antigens and at that time were
crudely defined by mixed lymphocyte cul-
ture.

The challenge, then, was to establish an
accurate and efficient method for character-
izing HLA-D antigens, which was suffi -
ciently robust to take into the field and
capable of high through-put, to deal with the
large numbers of samples required in popu-
lation genetic and disease association stud-
ies.  In a bid to leap-frog the intense
international competition in characterizing
HLA-D antigens, I was much interested in
Chris Parish’s findings that Ia antigens (the
murine equivalent of HLA-D antigens) were
present in the sera of mice in both a
dialysable form and a high molecular
weight form.  Chris had been able to exploit
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this finding by producing rabbit-derived
anti-Ia sera.

Technician Anne Thompson and I pro-
duced rabbit anti-human B cell antisera that
did not recognize antigens on T-cells, was
inhibited by whole serum, and detected a
polymorphism on the surface of B cells, so
the work seemed promising.  However, by
1977 I concluded that the low molecular
weight antigens found in human serum and
on B lymphocyte membranes were compo-
nents of the fourth component of comple-
ment (C4), with C4a, the dialysable
component, determining at least one genetic
variant of human C4 known as the Chido
blood group.  The gene for C4 maps
between the loci encoding HLA class I and
class II antigens on the short arm of chro-
mosome 6.  Genetic variation at C4 corre-
lated roughly with variation at HLA-D due
to linkage disequilibrium.

This false start was a disappointment but
within a decade we were leaders in the
genetics of HLA, through the application of
molecular genetic techniques.  In the mean-
time, we did become serious players in the
field by using proven approaches to build up
our HLA-typing capability.  We screened
sera from pregnant women in Canberra,
over a period of years, to test for HLA anti-
bodies.  All who consult a doctor or health
clinic have a blood sample taken early in
pregnancy to test for anti-Rhesus antibod-
ies, and these samples we tested for HLA
antibodies by screening against a panel of
lymphocytes from patients with chronic
lymphocytic leukaemia.  These patients had
a high proportion of B lymphocytes, so
these white cells expressed HLA-D, as well
as HLA-A, -B and -C antigens.  Perhaps one
pregnant donor in one hundred had a strong
antibody, so finding a good antiserum was
like striking gold!  We would ask the donor
for additional blood samples.

For HLA-typing, we needed a repertoire
of 180 different sera.  Compare this with
typing the ABO blood group, where one
needs test only two antisera, anti-A and
anti-B, to identify A, B, AB and O blood
types.  In HLA-typing, the sera were so pre-
cious that only 1µl was used in each cyto-

toxicity assay.  Once we had a few HLA
antisera to exchange, Kirk approved my
around-the-world trip in 1978 to visit inter-
national HLA laboratories.  The purpose
was to trade anti-sera, rather as one would
swap stamps, and to establish good relation-
ships for future trading of reagents.  I
needed to come back with 180 different
antisera.

This trip took in Turin, Paris, Leiden,
Copenhagen, Oslo, Oxford, Cambridge,
Boston, New York and Washington.  Boston
proved a bonanza.  A colleague at the Syd-
ney Red Cross Blood Bank had suggested
that I plan my visit to Boston to coincide
with an HLA scientific meeting she had
heard was being organized by Bernie Car-
penter.  I telephoned Bernie from Canberra
to establish the details, and turned up at the
Boston Hotel Sheraton on the due date.
There was no conference.  I had turned up
one year early!  Everyone thought it was a
great joke and I was passed from lab to lab,
entertained in grand style, and gifted with
generous donations of freeze-dried HLA
antisera.

By 1979 our HLA protocols were in
place for typing HLA-A, -B, -C and -DR.
By then, it was known that certain HLA
class I types were associated with certain
autoimmune disorders and the race was on
to define the role of HLA-DR in these dis-
eases.  In keeping with studies in progress
elsewhere, we found a high relative risk of
developing insulin-dependent diabetes mel-
litus (IDDM) in Australians with the het-
erozygote combination of HLA-DR3,DR4
and an apparent protective effect in people
with HLA-DR2.

The HLA studies were extended in two
ways, into other autoimmune diseases, par-
ticularly connective tissue disorders (in col-
laboration with Paul Gatenby, of the
Canberra Clinical School of the University
of Sydney), and into populations of the
Western Pacific (in collaboration with Paul
Zimmet).  It was a logistical challenge to
take the HLA lab into field situations, but we
had successful expeditions to New Caledo-
nia (with Research Assistant Pam Ranford)
in 1979 and to Fiji (with Research Assistant
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Diane Ryan, later a PhD student, and Anne
Thompson) in 1980 for studies of people
with non-insulin dependent diabetes mellitus
(NIDDM).  We were finding new patterns of
reactivity with our antisera and finding new
HLA alleles.  In 1981 Anne and I returned to
New Caledonia for studies of HLA in lep-
rosy patients.  This work was contributed to
the Second Asia-Oceania Histocompatibility
Workshop and gave us the opportunity to
compare serological patterns with col-
leagues from Japan, China, Thailand and the
Philippines.  It was clear that the HLA sys-
tem was much more polymorphic than had
previously been thought, and that there were
HLA alleles in Asia-Oceania that had not
been described in European populations.
Population differences in linkage relation-
ships between alleles at various loci within
the MHC would prove a powerful tool not
only in identifying specific disease genes but
also in anthropology.

The clustering of HLA loci means that
similarities in HLA allele clusters can be
sought in different populations for evidence
of ancestral affinities.  There is an inevitable
rate of decay in the strength of the clusters,
but in some instances, judging by the rate of
recombination between loci, they may per-
sist for more than 10,000 years.  In the
1980s, the HLA population data provided
stories about the colonization of the Pacific
that were received with some interest, and
in some cases, with surprise.  For instance,
Micronesians and Polynesians were similar
in appearance, but we found no evidence
that the early Polynesians had island-
hopped through Micronesia en route to the
Eastern Pacific.  Rather, they had swept
along the north coast of New Guinea, leav-
ing a light trace of genes behind and acquir-
ing a touch of Melanesia. 

In 1982, Pam Ranford and I accompa-
nied Paul Zimmet and his diabetes team to
Nauru, for HLA studies in Micronesia.  By
now, we were using antisera derived from a
number of population groups, including sera
provided by pregnant women in New Cale-
donia and elsewhere.  The very first person
I typed in Nauru had an unmistakable
African HLA haplotype!  I made discreet

enquiries and discovered that the donor was
descended from an American black sailor
who had left his ship when it visited Nauru
in the last century.  From then on I was on
the alert for population admixture and found
that Nauruans with European HLA admix-
ture were far less likely to have NIDDM
than those without.  These data suggested a
strong genetic component in NIDDM in
Nauru, although the genetic determinant(s)
was not related to HLA.

One of the first human genes to be
cloned was the insulin gene, so I was keen
to examine NIDDM in Nauru, where it
affects about 40% of the adult population,
for any changes in the gene for insulin.
David Owerbach in Copenhagen had
reported an association between NIDDM
and insulin gene restriction fragment length
polymorphisms (RFLPs) in another popula-
tion, and agreed to collaborate.  I took lym-
phocyte samples to Copenhagen in 1982, to
test the association and to learn molecular
genetic techniques.  The insulin gene was
not implicated in NIDDM in Nauru, but it
was clear to me that a powerful new tech-
nique was emerging that would have huge
implications for HLA typing.  In particular,
molecular techniques would give us access
to remote populations where it was not fea-
sible to set up a field laboratory and would
give us access to the thousands of samples
collected by Kirk and me over the past
decade and stored in the JCSMR freezers.

Cloned HLA-D genes were reported in
1983 and we were quick to seize on these
for establishing molecular genetic protocols
for routine HLA-DR typing.  Technicians
Michelle Reid and Kim Farrant played key
roles in adding molecular techniques to the
repertoire of routine skills in place in the
laboratory.  Maija Kohonen-Corish joined
the lab as a PhD student in 1984 and we
searched for a restriction enzyme that would
generate RFLPs that correlated with HLA-
DR specificities.  We found TaqI RFLPs
correlated with HLA-DR serology and this
was a world first, a technique that was to be
adopted by many blood banks around the
world to improve the matching of donors
and recipients in transplantation.  Maija
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went on to use the molecular genetic HLA-
DR and -DQ protocols in Asia-Pacific pop-
ulations and found that they held in other
ethnic groups, albeit with some different
DR,DQ linkage arrangements.  

Transplantation outcomes in Aboriginal
Australians were at that time notoriously
poor.  In 1989 we were able to test popula-
tions from Western Australia and from
Queensland for HLA-D genotypes using
molecular genetic techniques.  Nearly all of
the HLA-DR genes found in Aborigines
occur rarely, if at all, in white Australians.
This study revealed hitherto unsuspected
genetic variants in transplantation antigens
in Aborigines.  Sequencing the DNA of
HLA-DR genes in Aborigines became a
high priority if we were to advance under-
standing of improved matching for organ
transplantation in a population with an
exceptionally high rate of end-stage renal
disease.  The work advanced rapidly when
Xiaojiang Gao took up his PhD scholarship
in 1990.  Gao was an experienced

researcher who had earlier helped develop
HLA class II typing by sequence specific
oligonucleotides while in Texas.  PCR frag-
ments were hybridized with radio-labelled
sequence specific oligonucleotides.  Gao
devised a highly productive arrangement for
screening DNA amassed from thousands of
donors and could readily identify reaction
patterns that indicated new HLA alleles for
DNA sequencing.  Novel alleles with point
mutations were found, but the extraordinary
discovery of two common HLA-DR alleles
in the Kimberley that were quite unlike any
other helped explain why organ transplanta-
tion outcomes were poor.  One allele appar-
ently arose by intra-exonic recombination
and the other from gene conversion.

In the year 2000, the people who con-
tributed to the success of the HLA program
at JCSMR are scattered around the world
and continue to make significant advances
in medical research through their under-
standing of human genetics.
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When I took over the Human Genetics
Group from Sue Serjeantson in 1994 the
study of human genetics was in the early
stages of a period of enormous growth and
transformation.  Major changes were under-
way but even greater ones were on the hori-
zon.   The human genome project was in
progress.  Australia’s inappropriately mod-
est contribution meant that nationally we
were slow to appreciate the full implications
of this initiative.  We watched from a dis-
tance.  Three things were important about
the project aside from the results that it gen-
erated.  The first was its scale.  It paved the
way for ‘big science’ biology.  Secondly, it
heralded the arrival of a global, collabora-
tive research culture — the days of ‘cottage
industry’ genetics were numbered.  Finally
it attracted public and industry attention to
biology in a way that had not happened
before — it made biology important.

The Human Genome project also stimu-
lated technical advances.  Many routine
forms of molecular genetic analysis, such as
nucleotide sequencing and genotyping,
became automated.  High throughput analy-
sis had arrived.  Competitive advantage was
becoming difficult in the absence of indus-
trial-scale laboratory facilities.

Bioinformatics was emerging as a strong
new research area.  It had arisen in the early
1990s from an intellectual tradition going
back to Emile Zuckerkandl and Linus Paul-
ing’s 1962 seminal work entitled ‘Molecular
disease, evolution and genic heterogeneity’.
This title reflected their insight that biologi-
cal understanding could be achieved
through comparative analysis of DNA and
proteins sequences, an idea that gave rise to
the field of molecular evolution.  It gained
much wider currency as sequences became
available on a large scale, and in the
process, biology began to be infused with
people and ideas from information science,
mathematics and statistics.  The rise of
bioinformatics was associated with the rapid

increase in computing power that made pos-
sible the new forms of analysis needed to
tackle quantitative aspects of complex bio-
logical problems.

The molecular basis of genetic disease
was being revealed at an extraordinary rate.
Attention was starting to be directed to dis-
eases with complex etiology involving the
interactive effects of environment and
genome.  The capacity for efficient screen-
ing of genetic variation in many genes and
in large numbers of people, and the devel-
opment of analytical methods for complex
genetic analysis meant that there was a real
prospect of progress in this difficult area.
This shift of emphasis anticipated a move
from family-based to population-based
analysis; a move that we had already made
through our investigation of HLA variation
in autoimmune diseases (see p. 299).

My task as the new Head of the Human
Genetics Group was to adapt to the rapid
pace of change in a way that built on the
strengths established by my predecessors.  I
had to achieve this with a modest budget
and within the then isolated and fragmented
research culture of the John Curtin School.
My plan was to hire in people with quanti-
tative skills, to establish good collaborative
links across disciplines, particularly with
researchers outside the School, and to
broaden the scope of the Group’s research
activities.

We continued to work on the molecular
genetics of HLA.  With Sue Wilson, an
applied statistician in the School of Mathe-
matical Sciences, I set up a joint supervisory
arrangement for a PhD student, Ingrid
Jakobsen, to investigate quantitative aspects
of HLA sequence variation.  Ingrid devel-
oped a new statistical framework for
analysing the dynamics of sequence change.
Her methods have applications well beyond
the complex problems posed by HLA genes.
After graduating Ingrid left for a position at
the Australian National Genome Informa-

The Transformation of Human Genetics, 1994–1999

by Simon Easteal



tion Service in 1997.
The link with Sue Wilson was of lasting

importance.  When I received funding for a
postdoctoral appointment as part of the
School’s Medical Genome Centre initiative,
I decided to build on our collaboration by
including Sue as a supervisor.  We recruited
Gavin Huttley from the National Cancer
Institute in 1998.  Gavin brought with him
experience of genome-scale analysis that
had a substantial impact on the Group’s
research.  With his quantitative skills he also
proved the ideal link with the School of
Mathematical Sciences, which was later for-
malised through the establishment of the
Centre for Bioinformation Science.

In 1994 I recruited Gareth Chel-
vanayagam from the Swiss Federal Institute
of Technology in Zurich.  Gareth’s back-
ground was in physics, computer science
and theoretical structural biology.  Bringing
Gareth’s expertise to bear on our investiga-
tions of HLA variation produced real inno-
vation.  He developed ‘roadmaps’ of
peptide specificity that relate sequence vari-
ation to protein structure, providing a theo-
retical framework for predicting the
relationship between HLA variation and
peptide binding.  In 1998 Gareth was
awarded an ARC postdoctoral fellowship
and expanded his interest in protein struc-
ture beyond the problems posed by HLA,
developing a number of substantial collabo-
rations in the process.

Xioajiang Gao, appointed as a Research
Fellow in the Group in 1993, continued to
investigate HLA sequence variation in pop-
ulations from the Asia-Pacific region until
he left in 1998 to take up a position in the
laboratory of Genome Diversity at the
National Cancer Institute in Frederick,
Maryland.  Gao’s work on populations in
Papua New Guinea was part of a larger proj-
ect on genome diversity on the island of
New Guinea.  The project was a collabora-
tion with Michael Alpers, Director of the
PNG Institute of Medical Research, Robert
Attenborough from the Department of
Anthropology, and Kuldeep Bhatia, a for-
mer PNG IMR researcher and student of
Bob Kirk.  Nerida Harley was involved in

the project as a PhD student.  The study was
an important link between the Group’s
strong history of investigating human
genetic diversity in linguistic, archeological
and socio-cultural context, and new techno-
logical and analytical developments
enabling genetic diversity to be investigated
on a genome-wide basis. 

The departure of Gao, Gareth and Ingrid
brought to an end the Group’s long involve-
ment in the study of HLA variation started
by Sue Serjeantson.  While the HLA work
was winding down, I was exploring opportu-
nities to broaden the scope of our analysis of
complex diseases.  It seemed clear that an
epidemiological, rather than a strictly
genetic approach was needed, and I was
keen to build on our experience with popula-
tion-based approaches to genetic analysis.
An excellent opportunity arose through dis-
cussions with the Scott Henderson, Director
of the then Social Psychiatry Research Unit
(later Psychiatric Epidemiology Research
Centre and now Centre for Mental Health
Research).  The Centre was involved in an
investigation of cognitive decline in the eld-
erly.  An association between Apolipopro-
tein E variation and Alzheimer’s disease had
recently been reported.  At the time the asso-
ciation and the relative risks of Apolipopro-
tein E alleles were estimated from clinical
studies.  With funding from the Rotary
Health Research Fund we were able to col-
lect DNA from a population sample of the
elderly, avoiding the ascertainment bias that
confounds the interpretation of clinically-
based studies.  We were able to show that the
risk of developing Alzheimer’s disease asso-
ciated with the Apolipoprotein E 4 allele had
been overestimated.

This study turned out to be a basis for a
much more extensive collaboration with
Scott, his successor Tony Jorm and the other
researchers at the Centre for Mental Health
Research.  We went on to collect DNAs
from thousands of Canberrans as part of the
Health-and-Wellbeing and Path-Through-
Life projects.  Tony and I also teamed up
with Margo Prior and the other members of
the Australian Temperament Study based in
Melbourne to collect DNAs from a cohort
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of teenagers whose psychological profiles
had been studied since birth.  These studies,
still in their early stages, are aimed at iden-
tifying the genetic effects, and the genotype-
environment interactions associated with
personality predictors of common forms of
mental illness.  We focus on allelic forms of
genes encoding components of neurotrans-
mission systems with a demonstrated in
vitro effect on biochemical function. 

Paralleling our work on human genome
diversity and disease, we had a vigorous
research program focussed on comparative
sequence analysis and evolutionary
genomics.  In 1995 Lars Jermiin joined the
Group from the University of Ottawa.  Lars,
whose background was in evolutionary
sequence analysis, was given the brief of
developing the Group’s work on compara-
tive genomics.  He focussed his work on the
mitochondrial genome and made a number
of important methodological contributions
before leaving 1998 for a position at the
University of Sydney.  Three students
worked in this area.  Dan Andrews, who
went on to the National Institute of Genetics

in Japan, found a coordinated increase in
evolutionary rate of primate mitochondrial
genes.  Genevieve Herbert conducted an
extensive analysis of evolutionary rates of
nuclear genes in primates.  Cheryl Wise,
who left to take up a position at The Uni-
versity of Sydney, identified anomalies in
the levels of nuclear and mitochondrial
genomes in humans and chimpanzees, and a
pattern indicating the action of natural
selection on the mitochondrial genome dur-
ing human evolution.

As the end of the 20th century
approached, the work of the Human Genet-
ics Group had a solid quantitative base.
Major cross-disciplinary collaborative links
were in place with researchers ranging from
statisticians to psychiatrists and from
pathologists to anthropologists.  Progress on
several fronts, particularly in understanding
the relationship between genome diversity
and disease and in comparative genomics
was laying the foundations for the Group’s
involvement in 21st century information-
based integrative biology. 

Further Reading
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Left Simon Easteal  (1952–) was born in Hatton, Sri Lanka and educated at Fettes College, Edinburgh.
He obtained a BSc (Hons) in Zoology at the  University of St Andrews in 1975, at which time he migrated
to Queensland.  He studied for a PhD degree at Griffith University in Brisbane, graduating in 1982 for a
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Right Gareth Chelvanayagam (1965–) was born in Perth and received his early education at local state
schools.  He graduated BSc(Hons) in physics and computer science at the University of Western
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Rechnen (Swiss Federal Institute of Technology), in Zurich, Switzerland, he joined the Human Genetics
Group in JCSMR as a Postdoctoral Fellow in 1995 and was promoted to Research Fellow in 1996 and
Fellow in 1999.  In 1998 he was honoured with the Howard Florey Young Investigators Award.  In July
2000 he moved back to the University of Western Australia as Associate Professor in the Department of
Computer Science and Software Engineering.
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Throughout evolution, living cells and
organisms have been forced to defend them-
selves against the toxic effects of oxygen
and an increasingly complex array of bio-
chemical toxins produced by other cells and
organisms.  As a result of this evolutionary
process, humans utilize a variety of
enzymes and transport pathways for the
metabolism and disposition of toxins and
mutagens.  Fortunately these pathways have
the capacity to metabolize many therapeutic
drugs and xenobiotic compounds not nor-
mally seen in nature.  Genetic polymor-
phisms in the component enzymes of these
protective pathways can have a dramatic
impact on the efficacy and toxicity of med-
ications and in the disposition of mutagens
and carcinogens in particular individuals.
The tripeptide glutathione (g glutamyl-cys-
tenyl-glycine) is found in all aerobic cells,
and, as a co-factor in numerous enzymatic
reactions, plays a central role in the protec-
tion of cells against oxidative damage and
against damage to essential macromolecules
by a range of electrophilic xenobiotics.
Many of these glutathione-dependent reac-
tions are catalyzed by members of the glu-
tathione transferase (GST) gene family.  

Under the leadership of Robert Kirk the
Department had a strong record in human
population genetics and the characterization
of populations and their relationships by the
electrophoretic analysis of isoenzyme and
protein variations (see p. 295).  Work on the
GSTs in the JCSMR started after the
appointment of Philip Board (see p. 199) as
a Research Fellow in the Department of
Human Biology in 1979.  He worked with
research assistant Marjorie Coggan to
develop electrophoretic procedures that
identified genetic polymorphisms in a range
of previously unstudied enzymes including
the GSTs.  Prior studies in several other lab-
oratories had indicated the presence of mul-
tiple GSTs in rat and human liver but there
was no understanding of the interrelation-

ship between the different isoforms.  The
development of an electrophoretic tech-
nique for the separation and identification of
GSTs allowed the rapid comparison of mul-
tiple samples from a range of tissues and a
range of individuals.  These studies were
published by Board in 1981, and provided
the first genetic explanation for the multi-
plicity of human GSTs.  This study demon-
strated that the GSTs were the product of at
least three distinct gene loci.  One of the
loci, GST1, (now termed GSTM1) appeared
to be highly polymorphic with several
allelic variants that contributed to the indi-
vidual heterogeneity that characterized GST
expression in humans.  This study also iden-
tified a common ‘null’ allele that resulted in
the complete deficiency of GSTM1 in
approximately 50% of Australian Euro-
peans and occurs in most ethnic groups at a
similar frequency.  The deficiency of
GSTM1 results from the complete deletion
of the gene.  Over 200 subsequent studies
from a range of laboratories have implicated
GSTM1 deficiency in a wide range of disor-
ders from increased susceptibility to lung
cancer in smokers, to cataract, and to the
efficacy of chemotherapy in childhood
acute lymphoblastic leukemia.  Subsequent
studies in collaboration with Taka Suzuki
identified additional GST genes that have
been widely studied.

Following a sabbatical leave taken in the
laboratory of Professor George Brownlee in
the Sir William Dunn School of Pathology
at Oxford in 1984, Board adopted a range of
molecular techniques for the further study
of the GSTs.  The cloning of cDNAs encod-
ing human GSTs allowed the elucidation of
their amino acid sequences and the charac-
terization of their genes. Graham Webb, an
experienced cytogeneticist, joined the labo-
ratory in 1987 and used the cDNA clones to
locate the GST genes on specific chromo-
somes.

In 1987, Board’s laboratory was the first

Glutathione T ransferases

by Philip Board
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to report the successful expression of a
functional recombinant GST in Escherichia
coli. This advance allowed the production
of large quantities of pure enzyme and
opened the door for a wide range of struc-
tural and functional studies.  Board initially
collaborated with Professors Bengt Man-
nervik and Alwyn Jones at the University of
Uppsala to crystalize and solve the crystal
structure of the Alpha class enzyme
GSTA1-1 and identify its active site
residues by site-directed mutagenesis.  Sub-

sequent collaborations with crystallogra-
phers Dr Michael Parker at St Vincent’s
Medical Research Institute, Melbourne, and
Dr Jay Pandit, Pfizer Central Research, Gro-
ton, resulted in the solution of crystal struc-
tures for Delta, Theta, Omega and Zeta class
GSTs.  These studies were integrated with
mutagenic analysis at the JCSMR to charac-
terize significant differences in the active
site of each class that contribute to the
observed differences in substrate specificity
that occur between the different isoen-
zymes.

In the late 1990s Board exploited the
burgeoning human DNA sequence data-
bases to identify a range of genes that
encoded proteins with weak but detectable
similarity to the previously well character-
ized GSTs.  These studies resulted in the
extension of the GST family to include the
Zeta and Omega classes.  With the partici-
pation of colleagues Gareth Chel-
vanayagam, Lars Jermiin and Anneke
Blackburn, Board’s laboratory further
developed the database mining approach to
identify polymorphisms in GST genes.  This
approach has considerable utility and can be
readily applied to other gene families, par-
ticularly those involved in the metabolism
of pharmacological agents where genetic
variation can impact significantly on their
toxicity and efficacy.

A schematic representation of the human GSTZ1
monomer showing the bound GSH and sulphate
ion, and the positions of the polymorphic residues
in ball and stick format. (From Polekhina et al.,
2001, with permission).
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The intracellular concentration of any pro-
tein is determined by a balance between its
rate of synthesis (gene expression) and
removal (proteolysis, secretion).  Protein
half-lives range from seconds to several
days, and a rapid rate of degradation is an
intrinsic property of many regulatory pro-
teins.  This feature, in combination with the
control of gene expression, allows the cell
to fine tune the concentration of regulatory
proteins, and thus ‘regulate the regulators’.
To many of us, proteins are synthesised, do
their job, and then ‘get degraded’.  But how
does a cell pick and choose substrates for
proteolysis, and how is this regulated?

This story actually begins with the labo-
ratory of Philip Board and glutathione S-
transferases (GSTs) – enzymes that detoxify
chemicals and carcinogens by conjugating

glutathione to them, which makes them
more soluble, and targets them for excretion
by membrane pumps specific for such con-
jugates (see p. 306).  Fresh from the first
Honours cohort from the University of New
South Wales officially specialising in the
new discipline of molecular biology, Rohan
Baker was attracted to Philip Board’s labo-
ratory in 1985 to begin a project to clone
human GST enzymes.  A few months into
the project, he discovered that the most
promising clone isolated actually contained
a human ubiquitin gene.  At the time, when
nothing was known of the structure of ubiq-
uitin genes from any organism, Baker’s dis-
covery revealed that the ubiquitin gene had
a novel, head-to-tail, tandem repeat struc-
ture, which encoded three direct repeats of
ubiquitin.  The ubiquitin protein had been

Marjorie Ann Coggan (1951–) was educated in
New South Wales and moved to Canberra to
complete a BSc (Hons) degree in Genetics at
ANU in 1973.  She commenced employment at
JCSMR in the Human Genetics Group of the
Department of Human Biology in January 1974.
After working with Robert Kirk and Max Blake
studying human population variation until 1979,
she commenced working with Philip Board on
clotting factor FXIII and the glutathione
transferase gene family.  This led to co-authorship
of 29 papers.  During this period of changing
duties Marjorie was promoted to Senior Technical
Officer I (1983) then to STO III in 1990.  In 1996
Marjorie was awarded a Council Medal for
General Staff Excellence, and in 1994 she joined
the Campus Advisory Sub-Committee to
represent the interests of JCSMR staff and
students on campus issues, particularly as they
relate to their workplace environment.

Ubiquitin-Dependent Protein Degradation

by Rohan Baker
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sequenced ten years earlier and described to
have immunopoietic hormonal properties
but paradoxically ubiquitous tissue and
species distribution, hence its original name
UBIP (ubiquitous immunopoietic polypep-
tide).  The initial reports of immunopoietic
hormone activity and its presence in
prokaryotes have not been confirmed, but
the protein, renamed ‘ubiquitin’, has been
detected in every eukaryotic organism stud-
ied, and remains evolution’s most conserved
protein so far discovered, its sequence being
identical in all animal species. 

Given the novelty revealed by this
serendipitous discovery, Philip Board and
Robert Kirk (Head of the Human Genetics
Department) were willing to let Rohan
Baker switch projects and follow the ubiq-
uitin lead, an example of one of the
strengths of the JCSMR, the ability to pur-
sue novel scientific discoveries.  Baker’s
PhD research revealed that ubiquitin, the
first human gene cloned at the JCSMR, is

encoded by a large gene family in humans,
and he went on to clone six other members
of the gene family, and to reveal that ubiq-
uitin is always synthesised as a precursor.
While some genes encode polyubiquitin
fusions, other genes encode a single ubiqui-
tin moiety fused to one of two ribosomal
proteins.  Several pseudogenes - inactive
copies of functional genes - were also
cloned.  This work, combined with work of
others at the time, revealed similar gene
family structures in other organisms.  The
requirement that ubiquitin must always be
cleaved from precursor proteins introduced
a requirement for deubiquitinating enzymes
to perform this task – a central theme of
later work (see below).

The ubiquitin-dependent proteolytic
pathway is responsible for the turnover of
most of the short-lived proteins in the cyto-
plasm and nucleus.  The way this is accom-
plished has been unravelled by studies in
many laboratories worldwide, which can be

Figure 1. The ubiquitin cycle.  Ubiquitin (black tadpole shape) is cleaved from its precursors by
deubiquitinating enzymes, and becomes conjugated to internal lysine (K) residues of substrate proteins by
the action of three enzymes; Ub-activating enzyme; Ub-conjugating enzyme; and Ub-protein ligase.
Conjugation of multiple ubiquitins to form a chain targets a substrate for degradation by the proteasome,
producing small peptides, and ubiquitin is recycled, again by the action of deubiquitinating enzymes.  Chain
length, and thus proteasome binding and degradation, can be regulated by deubiquitinating enzymes.
(From Baker, R.T. (1999) Australian Biochemist, 30(1), 3-6, with permission.)
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described as the ubiquitin cycle (Figure 1)
and can be summarised as: (i) selecting a
target protein for ubiquitination; (ii) cova-
lently conjugating multiple ubiquitin moi-
eties, the first to the side-chain of a lysine
residue in the target protein, the rest sequen-
tially to a lysine residue of the preceding
ubiquitin; (iii) binding of the ubiquitin chain
to the proteasome, a 26-S, multi-subunit
protease; (iv) unfolding of the target protein
to which the ubiquitin chain is attached by
ATPase subunits of the proteasome; (v)
translocating the unfolded protein into a
pore in the cylindrical ‘core’ of the protea-
some, to expose the peptide backbone to the
protease active sites located on the inside of
the cylinder; and (vi), release and recycling
of the ubiquitin chain, to free the protea-
some to bind a new chain-bearing protein.

Baker left the JCSMR in 1988 to under-
take postdoctoral research in the laboratory
of Alexander Varshavsky in the Department
of Biology, Massachusetts Institute of Tech-
nology, USA, who was using yeast as a
model organism to investigate the ubiquitin
system.  Here he learned yeast genetics, and
identified enzymes involved in selecting
substrates for ubiquitination.  In his last year
there he cloned the first two members of
what turned out to be a large family of deu-
biquitinating enzymes, i.e., enzymes that
can cleave ubiquitin from the linear fusions
described above, and also from the post-
translationally formed, branched ubiquitin
conjugates that target proteins for degrada-
tion by the proteasome.  This latter activity
suggests that deubiquitinating enzymes can
actually regulate proteolysis by controlling
the length of a ubiquitin chain attached to a
substrate, and thus its efficiency as a target-
ing signal for proteasome binding; it is
known that chains of four or more ubiqui-
tins bind efficiently, while three or fewer are
not bound sufficiently for subsequent prote-

olysis to occur. 
Returning to the JCSMR in late 1991,

Baker introduced yeast as a model organ-
ism, and continued this work on the deubiq-
uitinating enzymes, initially cloning
additional enzymes from yeast, and then
identifying homologous enzymes in higher
eukaryotes (flies and mammals).  Both of
these approaches were greatly enhanced by
sequences accumulating in sequence data-
bases, most notably the completion of the
yeast genome sequence in 1995, and the
rapidly increasing mouse and human
sequence data.  Selected homologs were
chosen for functional studies, including a
Drosophilaenzyme fat facets, which regu-
lates photo-receptor cell development in the
fly eye, and was shown by his lab to be a
functional deubiquitinating enzyme.
Another example, which is a focus of con-
tinuing research, is a mouse oncoprotein
(i.e., a cancer-causing protein when over-
produced) termed Unp, that again was
shown to be a functional deubiquitinating
enzyme, and was also shown to interact
with the retinoblastoma tumour suppressor
protein pRb, which regulates the cell cycle.
The oncogenic function of Unp, while still
mechanistically unclear, indicates an impor-
tant role for the ubiquitin pathway, and deu-
biquitinating enzymes in particular, in
regulating cell growth.  His work on yeast
has also revealed unexpected results in the
area of multiple-drug resistance, an area of
relevance to human cancer chemotherapy.
One yeast deubiquitinating enzyme can reg-
ulate the function of the yeast drug trans-
porters, controlling multiple-drug resistance
in this organism.  Humans have a close
homolog of this yeast deubiquitinating
enzyme, and these studies are being extrap-
olated to human cells, with the goal of con-
trolling multi-drug resistance in cancer
chemotherapy.

Further Reading
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The Medical Genome Centre (see pp. 201
and 204) was officially opened in 1997 as a
John Curtin School initiative in functional
genomics focussing on defining medically
important genes and pathways by genome-
wide mutagenesis in the laboratory mouse.
Mammalian genetics moves at a slow repli-
cation cycle compared to bacteria or flies,
and the mutagenesis program is only now in
high gear after several years building a pro-
gram from scratch.  This essay describes the
background and events that led to the for-
mation of the Medical Genome Centre.

Genetic tools to dissect immune
regulation: a personal perspective.

Immune regulation, like neurobiology,
requires an organism-scale synthesis of
many precise events occurring at cell and
molecular levels, but it is experimentally

more tractable because of the mobile nature
of immune cells and the ability to transfer
them from one animal to another.  It is also
of practical importance because of the need
to solve autoimmune diseases and allergy,
and to enhance the immune response to
many pathogenic organisms and to cancer
cells.  

The advent of monoclonal antibodies
and molecular biology began to yield the
necessary tools to dissect immune regula-
tion and self tolerance during the early
1980s.  Cloning of the immunoglobulin (Ig)
and T cell receptor (TCR) genes answered
the longstanding question of how immune
cells recognize an unlimited range of anti-
gens.  In turn, these advances made it possi-
ble to create Ig- or TCR-gene transgenic
mice, where the frequency of specific
clones was elevated so that their in vivoreg-

Rohan Thomas Baker (1962–). Born in
Townsville, Queensland, Baker graduated with
BSc(Hons) in Biochemistry from the University of
New South Wales in 1984 and commenced his
PhD research in the JCSMR in 1985, initially on
glutathione S-transferases, but soon switched to
the study of human ubiquitin genes.  His PhD in
1988 was awarded the University’s Crawford
Prize for Academic Excellence.  From 1988, he
undertook postdoctoral studies into the yeast
ubiquitin system as a Fulbright Fellow in the
Department of Biology, Massachusetts Institute of
Technology, returning to the JCSMR as a
Research Fellow in 1991.  There he continued his
work on ubiquitin, being promoted to Fellow in
1996.

Establishment of the Medical Genome Centre

by Christopher Goodnow



ulation could finally be tracked. 
Between 1985 and 1988, starting at the

Walter and Eliza Hall Institute and with the
bulk of work at Sydney University, I con-
structed an immunoglobulin/hen egg
lysozyme double transgenic mouse model to
tackle the question of the fate of self-reac-
tive B cells.  In the very first tubes of dou-
ble-transgenic spleen cells we ran on the
cell sorter we immediately saw two things
with dazzling clarity.  One was a vindication
of Burnet and Nossal’s concepts of clonal
anergy and deletion.  The other was a world
of B and T cell regulation that had no prece-
dent or explanation.  Eventually this use of
mouse molecular genetics allowed us to
explain the systemic state of self-tolerance
in terms of what the self-reactive cells were
doing.

When I started my own laboratory at
Stanford University in 1990, I set out to
bring a combination of loss-of-function
mutants and biochemical analysis to bear on
our transgenic cell response assays.  The
initial idea was for genome-wide mutagene-
sis in embryonic stem (ES) cells that carried
the immunoglobulin transgene, using retro-
viruses as the mutagen, and B cells that
were formed from the ES cells in chimeric
animals for the functional screen.  However,
it was soon clear that retroviral mutagenesis
and ES cells were not going to come close
to the mutation rates, throughput, and repro-
ducibility that were needed for genome-
wide screens.

We then made use of the small number
of mouse mutants with defects in self-toler-
ance that were available through the Jack-
son Laboratory.  The recessive Mendelian
mouse mutations, lymphoproliferation (lpr),
generalized lymphadenopathy(gld), and
motheaten viable(mev) had been discovered
during normal inbreeding as a result of
externally visible manifestations.  We there-
fore bred these mutations into our trans-
genic mouse assay, to define which cellular
tolerance processes depended upon the nor-
mal products of these genes.  This revealed
unanticipated processes such as helper T
cells killing autoreactive B cells and the
importance of tuning antigen receptor sig-

nalling thresholds.  In the case of lpr, the
defective gene that disrupted one tolerance
checkpoint in our transgenic mouse assay
was soon found by others to be defective in
people with a rare inherited systemic
autoantibody disease, autoimmune lympho-
proliferative syndrome.

The ideal mouse ranch.

By 1995 gene-knockouts were a routine
technology in mice (see p. 462), but that
approach limited one’s study to the small
subset of genes that were already implicated
in immune regulation.  It had already been
discovered that ethylnitrosourea (ENU) was
a supermutagen in mouse spermatogonial
stem cells.  However, ENU was a mixed
blessing because it produces point muta-
tions which, although they yield the most
informative alleles by creating lesions in
discrete protein domains, single base-pair
DNA changes are difficult to find.  Two
events encouraged me to believe that the lat-
ter limitation would be overcome, the pro-
duction of microsatellite maps of the mouse
genome and the Human Genome Project
and associated mouse Expressed Sequence
Tag (EST) projects.  The only trouble here
was that the human genome sequencing
project wasn’t scheduled for completion
until 2005, and the mouse genome sequence
– which would be most valuable - wasn’t
even a serious agenda item.  We knew that
mutagenesis would also take time, however,
and so in 1995 it seemed time to get started.
Plans to do this at Stanford were frustrated
by a tripling of the cost to house mice in
1994–95.  After looking around the world
and talking with Kevin Lafferty during the
1994 Australian Society of Immunology
meeting in Sydney and at subsequent meet-
ings, Kevin sold me on the idea of coming
to Canberra.  In mid 1995 I wrote a detailed
Strategic Initiative proposal to the Institute
Planning Committee, which Kevin success-
fully defended and won.  With this stable
base of funding, and a mouse facility under
construction, I agreed in early 1996 to leave
the advantages of a Howard Hughes posi-
tion at Stanford to start a wild adventure in
the bush capital.  

312

JCSMR - The First Fifty Years



Hard yards

Construction of the mouse facility - to hold
40,000 mice under specific pathogen-free
conditions at capacity - began early in 1996.
The space was the third floor of Wing F, half
of which was then a lawn and the other half
dilapidated labs and feral rat-infested mouse
holding rooms.  

The School’s budget for the facility fell
short of what was needed, so with the help
of Bill Doe, Chris Parish and other cancer
researchers in the School and Hospital I put
together a grant proposal to the Australian
Cancer Research Foundation.  Some months
later I received a wonderful call from Sir
Peter Abeles (see p. 205) telling me that the
Australian Cancer Research Foundation
Genetics Laboratory within the Medical
Genome Centre would be created thanks to
their $1 million grant.

To coordinate the preparations for mov-
ing, I began travelling back and forth
between California and Canberra on a
monthly schedule, eventually becoming
fortnightly when my family moved out in
August 1996.  The laboratory at Stanford
was still going full steam, trying to wind up
experiments before the final curtain in July
1997, and I was spending half my time there
living at a hotel in downtown Palo Alto for
2-3 week stints.

The infrastructure behind laboratories
and mouse facilities was something I had
always taken for granted, and the period of
1996–98 was a steep learning curve.
Thankfully, Adrienne McKenzie, who had
experience in laboratory management and
transgenic mouse production at St Vincent’s
Medical Research Institute in Melbourne,
joined me as Manager of the Medical
Genome Centre facility.  Katherine Sullivan
joined the team as our first laboratory ani-
mal technician and Richard Friend took
over the reigns as Head of Technical Ser-
vices in the School.  Alan Hughes joined us
part-time from Sydney as a consultant engi-
neer with specialised expertise in mouse
facilities.

There were lots of problems to solve: the
cage-washer needed more steam and hot
water, the hot-water supply needed wider

gas pipes, the steam output was insufficient
because the impeller had been installed
backwards, the boiler was too heavy for the
concrete slab and threatened to come
hurtling down through the roof, the new air
handling units needed all sorts of nursing,
the air conditioning had various electrical
glitches, the goods hoist failed weekly
because the shaft was 6 inches too short and
eventually was replaced, rats were moving
up the ventilation shaft and into air plenums
in the roof of the renovated mouse rooms.
Top of the list of dramas was our vacuum
autoclave, tangled for two years in the fall-
out of supplier bankruptcy.

We also had to put in place equipment
and standard operating procedures to allow
the facility to run efficiently once it reached
full steam.  Everything had to be done on
what I found, after my experience in the
United States, was a shoestring budget.  We
designed and built an automatic water filler,
stackable water bottle baskets, laminar flow
cabinets for each room that were a trade-off
between containment and cost, demountable
trolleys that could go through the cage-
washer, a vacuum bedding disposal unit,
and endless other little things that keep
work moving smoothly.  We drafted and
redrafted operating procedures to cover
everything from gowning and overalls to
floor cleaning.  The scientific goal of
genome-wide mutagenesis seemed awfully
far away.

I had also not anticipated the scale of
problems we would face with record keep-
ing in genome-wide mouse mutagenesis,
but thankfully Greg Quinn (see p. 142)
developed a remarkable mouse database
program that turned out to be vital.  The pri-
mary impetus for this project was our need
to stop bits of paper, carrying breeding
records and results of DNA and blood tests,
moving back and forth between mouse
rooms and labs against the operating proce-
dures that maintain a disease-free colony.  It
was clearly time to make these transactions
electronic using the internet, but no such
thing existed.  Greg was working three days
a week as Head of the Computer Services
Unit and agreed to advise me on examining
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tenders for external contractors to develop a
custom web-enabled program to manage
our mouse data.  As we worked on this, it
became clear that it would be hard to man-
age an external contract where the brief
involved so much new programming design
that needed to liaise closely with the people
looking after the mice.  So Greg decided
he’d take on the job himself, working in his
two remaining days per week for the
Genome Centre.  Greg’s program evolved
with the mouse colony and our staff, so that
by the time we were at full capacity he had
completely revolutionized the keeping and
tracking of data in mouse molecular genet-
ics.

Cracking the first bottle of
supermutagen.

Our mouse colony from Stanford was
imported in a large Noah’s Ark shipment in
May 1997.  I shepherded the 16 crates of
hand-picked mice every step of the way, and
the colony started out in one room of the
Genome Centre, and by February 1998 we
were ready to turn the tap on mutagenesis
and really large-scale breeding.  

With the facility, infrastructure, and peo-
ple in place, the feasibility of the project
now hinged on four chief unanswered ques-
tions:  

1.  Was there a dose of ENU that would
yield a high rate of mutations in C57BL/6
mice but not render them sterile?  All our
transgenics were C57BL/6, and we had
been told that ENU did not work with this
strain.  However, other experts were more
encouraging, and we began the ENU1 series
as a pilot study using a range of doses, and
thankfully identified an optimal dose during
the following year.

2.  Would there be so many mutations that
we would get no live mice or terribly com-
plex compound phenotypes that failed to
breed true?  Again, this was a potential bar-
rier raised often by knowledgeable people.
Previous mutagenic screens had focussed on
specific regions by breeding against a chro-
mosomal deletion.  We wanted to go
genome-wide, and we reasoned that most of
the mutated genes we wished to identify

would be recessives and only show up in
adult animals.  That meant a three genera-
tion cross and keeping large numbers of
third generation offspring.  The estimates
were that each of these offspring would be
homozygous for twelve loss-of-function
mutations, so it was easy to imagine that the
burden of lethal mutations would preclude
any mice reaching adulthood, and the phe-
notypes in the animals being a compound of
several different mutant genes.  However,
we bit the bullet and as it turned out, almost
all the mutants bred true as simple
Mendelian traits.

3.  Was it logistically feasible to track
and screen such large numbers of mutage-
nized mice for immunological traits?  How-
ever, ten years earlier, Eric Wieschaus and
Jannie Nusslein-Vollhard at Princeton had
pioneered a nearly genome-wide mutagene-
sis screen in fruitflies, focussing on early
embryonic lethality - a trait that researchers
had long held would be impractical and yield
little of value.  They did it any way, and were
able to distinguish interesting from trivial
phenotypes and in so doing revealed the
mechanism of embryonic patterning.  The
key was only to score traits that had less than
five percent false positives, otherwise you
would spend all your time breeding and
chasing red herrings.  For the pilot in ENU1
we focussed on lymphocyte development
and homeostasis, measured by FACS analy-
sis of blood, because we knew this trait was
robust with few false positives and should
yield specific mutants.  We screened several
thousand mice in 185 pedigrees in 1999.  A
crew of expert mouse bleeders flew up for a
week at a time from the Walter and Eliza
Hall Institute to train our staff and send a
fraction of the blood to Melbourne where it
was screened for general haematological
abnormalities.  Lauren Wilson and Adele
Loy in my lab set up the methods and organ-
ised all hands on deck to screen 300-400
blood samples per day through three differ-
ent antibody stains by FACS.  Shirine
Chaudhry headed the daunting task of curat-
ing and breeding hundreds of complex indi-
vidual strains.  The effort was successful; we
identified many mutants and they bred true!
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Proof of concept, and the future.

By the end of 1999, it was clear that the idea
of genome-wide mutagenesis in mice was
feasible and worked as well as our best
hopes.  We were awash with fascinating
new mutant mouse strains derived from the
ENU1 project, including more than twenty
with immunological disorders, four with
predisposition to cancer, two with obesity,
one with kidney disease, seven with neuro-
logical disease, and so-on.  As part of his
PhD, Peter Papathanasiou set up a chromo-
somal mapping strategy, and by the second
half of 2000 he had taken the first mutant,
Hannibal, all the way through to identifying
the mutant gene.  This was a point mutation
in a DNA-binding finger of a transcription
factor that results in acute leukemia in mice
and in children.  By early 2001 most of the
other mutants had been mapped by a grow-

ing team of students and postdocs, and
many point to new genes and entry points
into biochemical and cellular pathways of
immune regulation.  

It has been a long haul to get to this
point, but after ten years we are at last in a
position to reveal the underlying genes and
biochemical pathways for tolerance and
autoimmunity in a systematic, genome-wide
manner.  The draft human and mouse
genome sequences have just been assem-
bled, the world is now fired up about
genome-wide mutagenesis in mice, and we
are applying this now-proven strategy to our
transgenic tolerance models.  After ten
years preparation, I feel very excited about
the unexpected discoveries that wait for us
on the path ahead, and the prospects of
bridging the gulf between mouse models
and the treatment of human disease. 
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