
Part II

Highlights of Research

Because of the complexity of the history of the development of the John Curtin
School over the period 1948 to 1998 and our wish to give credit to the support staff
as well as academics, it has been impossible to give more than passing reference to
the great variety of scientific studies were carried out during those fifty years.  We
have tried to supply a flavour of this research by asking a large number of members
of the academic staff, past and present, to prepare short essays which describe some
of the their work.  Some of these essays are masterly summaries of studies that have
gone on for over twenty years, others are ‘snapshots’ of discoveries which turned out
in time to be highly significant.  To keep the book a reasonable length we have edited
and often shortened some of the essays, but have tried to keep something of the char-
acter of the writer as well as the nature of the work.  As in Part I, we have provided
photographs with biographical legends for all authors except those who have already
been pictured in Part I, and for other staff who participated in the work described.
Where possible, we have arranged for a close colleague to produce essays on the
work of distinguished staff members who had died before this book was begun.  We
have also included a few essays on matters other than laboratory research: two on
work with the World Health Organization, one on the interaction with the hospitals
that accompanied the establishment of the Department of Clinical Medicine, and one
on human ecology.

Although we realize that molecular biology and cell biology play major roles in all
laboratory-based biomedical science, for convenience we have grouped the essays
under a number of headings that reflect the segment of biomedical science into which
they best fit: Biochemistry, Cell Biology, Clinical Science, Human Genetics,
Immunology, Medical Chemistry, Microbiology and Neuroscience.  Four essays
which do not fit readily in any of these categories are classed as Integrative Biology
(two essays) and Contributions to International Health (two essays).
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9
Biochemistry

Biochemistry has been an integral part of the School since the appointment in August
1948 of the first staff member to the School, Hugh Ennor, as Professor of Biochem-
istry, and it has always been explicitly recognized in the titles of the administrative
units in the School, as the Departments of Biochemistry and of Physical Biochem-
istry, and in the divisional structure, the Division of Biochemistry and Molecular
Biology.  The ten essays which follow span 50 years, starting with an account of
Hugh Ennor’s research on lombricine, written by one of his early colleagues, John
Morrison, and ending with an essay on proteomics and bioinformatics by Jill Gready.

Studies on Lombricine: Early W ork by Ennor ’s Group

by John Morrison

In 1954, two French researchers isolated
from the earthworm, Lumbricus terrestris a
compound which they called lombricine and
which they concluded was a mixed phos-
phodiester of serine and guanidinoethanol.
The amount of material isolated was small
and the structure of lombricine was not con-
firmed by chemical synthesis.  At the time,
Ennor’s group (Iva Beatty, Hugh Ennor,
Tom Gaffney, David Griffiths, David
Magrath, John Morrison, Harry Rosenberg,
Jeffry  Rossiter and Sadaki Sugai) was
engaged in extensive studies on phospha-
gens, which are N-phosphorylated guani-
dino compounds that act as energy stores for
the biosynthesis of ATP for muscular con-
traction.  As lombricine was reported to
contain a guanidino moiety, it was possible
that phospholombricine was important for
muscle contraction in annelids. Ennor (see
p. 37) therefore shifted some of the research
effort of his group towards confirmation of

the chemical structure of lombricine as well
as elucidation of its biosynthesis and role as
an earthworm phosphagen.

The French group indicated that earth-
worms contain relatively small amounts of
lombricine.  As it was essential to obtain the
naturally occurring compound in sufficient
quantities for comparative studies with
chemically synthesised material, large num-
bers of earthworms were required.  The
problem of collection was overcome by
placing an advertisement for earthworms in
The Canberra Timesand offering to pay for
them at the rate of £1 ($2) per pound.  For
the next few days, the lines of small boys
outside the JCSMR seemed never-ending
and the low temperature room within the
Department was over-filled with frozen
earthworms.  A procedure was developed
for the isolation of lombricine in good
yields and as an analytically pure, crys-
talline material.  Degradation studies



showed that lombricine was the O-phospho-
diester of guanidinoethanol and serine.  This
conclusion was confirmed by the prepara-
tion of lombricine by unequivocal synthetic
routes.

The structure of lombricine suggested
that the corresponding amine, 2-aminoethyl
2-amino-2-carboxyethyl hydrogen phos-
phate (serine ethanolamine phosphate, SEP)
might be the biological precursor of lom-
bricine.  SEP was demonstrated to be pres-
ent in earthworms by isolating the material
in crystalline form and comparing its prop-
erties with those of an authentic sample of
chemically synthesised SEP.  This was only
the second report of the presence of SEP in
animal tissues.  Guanylation of isolated SEP
yielded a product whose behaviour was sim-
ilar to that of natural lombricine.  Under in
vivo conditions, it was demonstrated that
the synthesis occurs via a transamidination
reaction involving arginine.

It had been assumed that the serine moi-
ety of naturally occurring lombricine would
be the commonly occurring L-enan-
tiomorph.  But the serine obtained in pure,
crystalline form after hydrolysis of natural
lombricine had properties identical with
those of D-serine.  This finding constituted
the first occasion on which a D-amino acid
had been shown unequivocally to exist in
animal tissues.  Subsequently, it was
demonstrated that D-serine exists in the
amino acid pool of earthworms and that it is
incorporated into SEP directly.  Thus in vivo
experiments with labelled D- and L- serine
showed that both enantiomorphs were
incorporated as the D- form.

Studies on the distribution of SEP
revealed that this compound also occurs in
fish, birds, amphibians and reptiles.  How-
ever, in contrast to SEP from earthworms,
that present in these four groups had the L-
configuration.  During the distribution stud-
ies, a hitherto unknown phosphodiester was
found in fish tissues.  It was identified as L-
threonine ethanolamine phoshodiester.  It
was found that, in all species containing
SEP, there is present a phosphodiesterase
that hydrolyses SEP to serine and
ethanolamine phosphate.  As might have

been expected, the enzyme from earth-
worms acts on D-SEP while that from
chicken kidney hydrolyses L-SEP.  Chicken
kidney was also used to elucidate the path-
way for the biosynthesis of SEP.  Investiga-
tions with a microsomal fraction suggested
the presence of enzymes that are responsible
for the conversion of ethanolamine to cyti-
dine diphosphate ethanolamine, which then
undergoes reaction with serine to yield SEP.

The earlier suggestion that phospholom-
bricine may be the phosphagen of annelids
was confirmed by isolation of the com-
pound in pure form from earthworms.  A
comparison of the properties of the naturally
occurring phosphagen with those of the
chemically synthesised material indicated
that the two compounds were identical.  The
enzyme responsible for the biosynthesis of
phospholombricine, by transferring the ter-
minal phosphoryl group of ATP to lom-
bricine, was isolated in highly purified form
from earthworms.  It was shown to possess
properties similar to those of other phospho-
transferases that had been investigated in
the Ennor laboratory.  But an unexpected
finding was the lack of substrate specificity
for the guanidino substrate.  Thus the
enzyme was capable of phosphorylating
taurocyamine as well as both D- and L-lom-
bricine that had been prepared by chemical
synthesis.

The work on phospholombricine marked
the end of a long period of research on N-
phosphorylated guanidines (phosphagens)
and their associated phosphotransferases.
These investigations began in 1951 when
Harry Rosenberg came to the Department of
Biochemistry as a graduate student to work
under Ennor’s supervision.  They began
their phosphagen studies with phosphocrea-
tine and the work involved the isolation and
chemical synthesis of the compound, the
estimation of creatine  and the characterisa-
tion of the enzyme, creatine kinase, that is
responsible for biosynthesis of phosphocre-
atine from creatine and adenosine triphos-
phate.  Similar extensive studies were
undertaken on the invertebrate phospha-
gens, phosphoarginine and phophotauro-
cyamine and for this work, Ennor and
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Rosenberg were joined for a limited time by
John Morrison (see p. 234).  The studies
were facilitated by the finding that the pro-
cedure for the estimation of creatine could
be modified so that its sensitivity for the
estimation of arginine and taurocyamine
was greatly enhanced.  After working for
about 15 years in the phosphagen field,
Harry Rosenberg moved on to the inde-
pendent study of phosphonates and subse-

quently to the uptake of ions by bacterial
cells.  It was largely due to his efforts that
such progress was made in the understand-
ing of phosphagens and phosphoryl group
transfer.

The contributions to knowledge by the
Ennor group through their elucidation of the
structure, biosynthesis, degradation and bio-
logical role of lombricine must be regarded
as a very significant achievement.

Further Reading

Ennor, A.H. and Morrison, J.F. (1958). Biochemistry of the phosphagens and related guanidines.
Physiological Reviews,38, 631-674.

Ennor, A.H. and Morrison, J.F. (1960). N-phosphorylated guanidines. The Enzymes, Vol II, 89-109.
Academic Press, New York.

Beatty, I.M., Ennor, A.H., Rosenberg, H. and Magrath, D.A. (1961). The configuration of the serine
moiety of lombricine and reptilian serine ethanolamine phosphodiester. Journal of Biological
Chemistry, 236, 1028-1031.

Harry Rosenberg (1923–1995) was born in
Poland and deported to Siberia in 1940, where in
spite of many difficulties he managed to
matriculate.  He migrated to Australia in 1947.  He
graduated BSc(Hons) at the University of
Melbourne in 1951, with exhibitions in every
subject in his two final years.  He then spent two
years as a research assistant in the Department
of Biochemistry of the JCSMR (then located at the
Commonwealth Serum Laboratories, Melbourne)
before taking up an ANU PhD scholarship,
receiving his degree in May 1956.  He was
appointed a Research Fellow in the Department
in November 1955 and in 1956 was awarded an
ANU Travelling Fellowship to work in the
Department of Biochemistry, University of Oxford.
On his return in 1957 was appointed a Fellow and
promoted to Senior Fellow in 1961.  In 1970 he
was awarded the degree of DSc by the University
of Melbourne.  His early work, with Hugh Ennor,
was concerned with the metabolism of
phosphagens and related compounds but he later
moved to the study of uptake systems for
phosphate and iron in Escherichia coli.  He was
active in community life and served on many
committees in the School, being particularly
concerned with radiation safety.  
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In the 1960s dihydrofolate reductase
achieved considerable prominence as the
target for anti-cancer drugs.  In the presence
of reduced nicotinamide adenine dinu-
cleotide phosphate (NADPH), the enzyme
catalyses the essentially irreversible conver-
sion of folate to dihydrofolate (DHF) as
well its subsequent conversion to tetrahy-
drofolate (THF).  The latter compound is of
metabolic importance because of its
involvement in the biosynthesis of
deoxythymidylate, which is one of the four
bases that go to form DNA.  Several of the
folate analogues that were under investiga-
tion as chemotherapeutic agents functioned
as tight-binding inhibitors, i.e., they exerted
their inhibitory effect on the dihydrofolate
reductase reaction at a concentration com-
parable to that of the enzyme.  Conse-
quently, for the analysis of inhibition data
allowance must be made for the reduction in
the concentration of free inhibitor as a result
of it undergoing reaction with one or more
forms of the enzyme.  At that time this point
was not generally appreciated, and there had
been only limited development of the
kinetic theory for tight-binding inhibition.
Thus values for the strength of interaction of
dihydrofolate reductase with tight-binding
folate analogues were not determined, and
the problems associated with assays of
enzyme activity were ignored.  Further, no
information was available about the kinetic
and chemical mechanisms of the reaction
catalysed by dihydrofolate reductase.

The investigations by the Morrison
group (over varying periods of time: Ronald
Duggleby, Julian Rood, Margaret Sneddon,
Michael Sculley, Stuart Stone, Elizabeth
Williams and Jeffrey Williams) began with
the development of a steady-state rate equa-
tion that described in quantitative terms the
behaviour of tight-binding inhibitors.  The
fitting to this equation, by a least squares fit-
ting procedure, of steady-state inhibition
data for a range of folate analogues yielded

values for the strength of their binding to
dihydrofolate reductase as well as for the
concentration of the enzyme.  The equation
came to be used widely by institutions
involved with drug research.  

The kinetic mechanism of an enzyme-
catalysed reaction refers to the order that the
substrates add to, and products are released
from, the enzyme.  The initial studies on the
kinetic mechanism of the dihydrofolate
reductase reaction were made with the
enzyme from Escherichia coli that had been
cloned to elevate the yield by 30-fold.  Sub-
sequently, the enzyme from human sources
was used.  But as there were only quantita-
tive differences between the results obtained
with the two dihydrofolate reductases, no
further references will be made to the source
of the enzyme.  The results of initial veloc-
ity, product inhibition and dead-end inhibi-
tion studies showed that, for the reaction
catalysed by dihydrofolate reductase with
NADPH and DHF as substrates, there is a
random addition of the substrates to the
enzyme.  That is, at the active site of the
enzyme there is a sub-site for the binding of
DHF and another for the binding of
NADPH.  A consequence of this situation is
that there is also the formation of a dead-end
enzyme-NADP-DHF complex that has one
product and one substrate bound to the
enzyme.  Quantitative analysis of the kinetic
data indicated that, while there is random
addition of substrates to the enzyme, the
reaction is not of the rapid equilibrium type.
The chemical step, involving protonation
and the transfer of hydride from NADPH to
DHF, to form THF, is not the slow step of
the reaction.  Rather, it is the release of THF
from the enzyme which follows the ordered
and rapid release of NADP.  This conclusion
was confirmed by the results of viscosity
studies and deuterium isotope effects for
which NADPH is replaced by NAPDD.

The elucidation of the ionising amino
acid residues at the active site of an enzyme

Dihydrofolate Reductase

by John Morrison



that are involved with either the binding of
substrate or catalysis or both is important in
connection with the understanding of the
chemical mechanism for an enzyme-catal-
ysed reaction.  Such information can be
obtained from measurements of the varia-
tion of kinetic parameters as function of pH.
It was recognised that the ionic strength of a
single buffer can vary considerably over its
useful pH range, and that for pH studies it is
essential to run reactions under conditions
of constant ionic strength.  The initial
approach to this problem was to use two
buffers with appropriate pKa values, as well
as charges on their conjugate bases, and
then calculate the amount of inert elec-
trolyte required to bring solutions at differ-
ent pH values to the same ionic strength.  It
was observed that, with certain buffer mix-
tures, there is essentially no change in ionic
strength throughout the useful buffer range.
This finding, which removed the need to
add electrolyte, was shown to be in accord
with the theory that was developed.  The
general theory for two-buffer systems was
also applicable to three-buffer systems and
composition tables for two-and three buffer
systems, that could be useful over a wide
range of pH values, were published.  These
buffer systems have been used successfully
to obtain good pH profiles in the Morrison
and other laboratories.

Measurements of the variation with pH
of the apparent first order rate constants for
the interaction of DHF with the enzyme-
NADPH complex showed the presence of
only a single ionising group at the active site
of dihydrofolate reductase.  The group
exhibited a pKa value of 8.1 and had to be
protonated to give the maximum rate of
interaction.  As a similar pH profile was
obtained for the variation with pH of the
maximum velocity of the reaction, it could
be concluded that the ionising group was
involved with catalysis rather with the bind-
ing of substrate.  But it could not be
assumed that the pKavalue of 8.1 was a true
value.  Fortuitously, the ionising group
involved with catalysis was involved with
the binding inhibitory folate analogues at
the active site of the enzyme.  The pH pro-

file for one of these analogues indicated that
the true pKa value for the ionising group
was 6.7 and comparable to the value of 6.3
obtained from fluorescence quenching stud-
ies for its binding to the free enzyme.  The
results of the pH studies were in agreement
with X-ray crystallographic data that
showed that dihydrofolate reductase has a
single aspartate residue at its active site and
that it resides in a hydrophobic environ-
ment.  Such an environment could be
expected to raise the pKa value of the car-
boxyl group of aspartate above a normal
value of about 4.5.  The requirement that the
aspartate residue at the active site must be
protonated for the reaction to occur at a
maximum rate suggested that, in its acid
form, aspartate is the source of the proton
for protonation of the N-5 nitrogen of DHF.
Analysis of the pH profiles obtained with
NADPD yielded results which suggested
that, during the chemical reaction, protona-
tion of DHF precedes and facilitates the
hydride transfer from the reduced pyridine
nucleotide for the formation of THF.  Other
researchers demonstrated that a mutant form
of dihydrofolate reductase, which lacks an
aspartate residue at its active, is inactive at
neutral pH, but becomes active at low pH
where DHF could be chemically protonated. 

Although it had been recognised that
methotrexate and other folate analogues are
potent inhibitors of dihydrofolate reductase,
detailed kinetic investigations of the inhibi-
tion had not been undertaken.  Investiga-
tions showed that methotrexate acts as a
tight-binding inhibitor and that the inhibi-
tion is time-dependent.  Analysis of the data
indicated that there is an initial rapid forma-
tion of a collision complex involving the
enzyme and the inhibitor and that this com-
plex undergoes a relatively slow isomerisa-
tion reaction, or conformational change, to
form a more thermodynamiclly stable com-
plex.  It is the isomerisation reaction that
enhances the potency of the inhibitor and
produces a complex from which the
inhibitor dissociates at a rate that is inde-
pendent of the substrate concentration.
Drugs exhibiting these properties act as very
effective inhibitors of their target enzymes.
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As the inhibition of dihydrofolate reductase
by methotrexate and other folate analogues
occurs at concentrations comparable to that
of the enzyme, and is time-dependent, they
were referred to as a slow, tight-binding
inhibitors.  Not all inhibitors of dihydrofo-
late reductase that fell into this class brought
about their effects through a two-stage
inhibitory mechanism.  For some, the time-
dependency was due simply to the barriers
encountered in the formation of the initial
enzyme-inhibitor complex.  There were also
inhibitory analogues of folate that acted in a
time-dependent manner viaa two-stage
mechanism, but under conditions where the
inhibitor concentration was much greater
than that of the enzyme.  These were classi-
fied as slow-binding inhibitors.

The studies undertaken in the Morrison
laboratory on dihydrofolate reductase
became prototypes for investigations on the
kinetic and chemical mechanisms of
enzyme-catalysed reactions as well as for
the inhibition of enzymes by slow-binding
and slow, tight-binding inhibitors.  Impor-
tant contributions to the research of the
Morrison Group were made by Wallace Cle-
land of the Institute for Enzyme Research,
University of Wisconsin, Madison (analysis
of kinetic data), John Montgomery of the
Southern Research Institute, Birmingham,
Alabama (preparation of folate analogues),
Christopher Walsh of the Department of
Chemistry, Massachusetts Institute of Tech-
nology (chemical aspects of slow- and tight-
binding inhibition of enzymes).

Further Reading

Morrison, J.F. (1991). Dihydrofolate reductase. In A Study of Enzymes,(S. A. Kuby, ed.), CRC
Press, Vol. II, pp. 193–226.

Morrison, J.F. and Walsh C.T. (1988). The behavior and significance of slow-binding inhibitors.
Advances in Enzymology, 61, 201–301.

John Francis Morrison (1925–) graduated
BSc(Hons) at the University of Sydney in 1946,
then, while Lecturer in Biochemistry there, MSc at
the University of Queensland in 1949.  After
spending 1950–51 as a research assistant with
Professor Ennor in Melbourne, he took a DPhil at
the University of Oxford in 1954, as an ANU
Overseas Scholar.  Returning to the Department
of Biochemistry at JCSMR in 1954 as a Research
Fellow, he rose through the ranks to become a
Professorial Fellow in 1968.  Since retiring as an
Emeritus Professor in 1990 he has been a Visiting
Fellow in the Division of Biochemistry and
Molecular Biology.  He was awarded a DSc by the
ANU in 1972, was National Science Foundation
Senior Foreign Scientist Fellow, Oklahoma State
University, and was awarded LKB Medal of the
Australian Biochemical Society in 1969, became
an Honorary Member of the American Society of
Biological Chemists in 1981, was Arthur D Little
Lecturer in Biological Sciences, Massachusetts
Institute  of Technology in 1983 and received the
Lemberg Medal of the Australian Biochemical
Society  in 1987.
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Of the variety of research projects carried
out in the Department of Biochemistry and
later in the Division of Biochemistry and
Molecular Biology, the longest running was
the study of oxidative phosphorylation  It
spanned more than a quarter of a century
and changed the course of research in the
area.

Oxidative phosphorylation is the means
by which the energy released by the
enzymic oxidation of foodstuffs by oxygen
is channeled into the formation of adenosine
triphosphate (ATP), which is the source of
energy in all cells.  The role of ATP in
metabolism and its synthesis in the mito-
chondria of higher organisms was discov-
ered in the early 1930s and attracted the
attention of some of the most prominent
biochemical research groups.  By the late
1960s it had been determined that the
enzyme complex synthesizing ATP (ATP
synthase) consisted of two distinct portions.
One of these, F1, is a protein complex of
five subunits (a,b,g,d and e) on the surface
of the mitochondrial membranes which
hydrolyzes ATP (ATPase activity).  The sec-
ond, essential for ATP synthesis, called Fo,
is embedded in the membrane.  Its structure

was unknown with the exception of a ‘pro-
teolipid’, later named the c-subunit, a small
polypeptide soluble only in chloroform-
methanol.  Figure 1 is a diagram of the
presently known subunit structure of the
ATP synthase of Escherichia coli.

The bacterium E. coli was being used in
the Department of Biochemistry in the late
1960s in combined biochemical and genetic
studies on the biosynthesis and function of
aromatic amino acids and vitamins.  In the
course of these studies a method was
devised to obtain mutants affected in respi-
ration.  This took advantage of the fact that
E. coli is a facultative anaerobe, i.e., it will
grow either using oxygen or by fermenta-
tion in the absence of oxygen if provided
with a fermentable carbon source such as
glucose.  However, if provided with a non-
fermentable carbon source such as succi-
nate, strains affected in aerobic respiration
will not grow.  A strain of E. coliwas treated
with mutagen, plated on succinate medium
and incubated.  Strains with normal respira-
tion grew and the colonies were marked.
The addition of glucose and further incuba-
tion allowed possible respiratory mutants to
grow by fermentation.  Among the strains
examined in the initial experiments two
were examined and found to lack mem-
brane-bound ATPase activity, although elec-
tron microscopy showed that F1-like objects
could be seen on the cytoplasmic mem-
branes.  Very little was known about the E.
coli ATPase at the time but, by analogy with
the mitochondria, it seemed that the mutants
could have defects in the membrane ATPase
complex and therefore in the process of
oxidative phosphorylation.  Further exami-
nation of the two ATPase deficient mutants
showed that they lacked the ability to carry
out oxidative phosphorylation.  The map-
ping of the mutant genes on the E. coli
chromosome was straight forward and
showed that they both mapped about minute

Studies on Oxidative Phosphorylation

by Frank Gibson

1. Subunit structure of the ATP synthase of E. coli.



83 and the genes concerned were given the
designation unc.  The paper describing the
first unc mutant (uncA-) was published in
1971 and the Introduction to that paper read
in part  ‘The use of bacteria with their sim-
pler cellular organization than eucaryotic
cells, and ofEscherichia coliin particular,
seems a promising experimental system for
a combined genetic and biochemical
approach to the problem of coupling of
phosphorylation to electron transport.’  This
prospect stimulated Frank Gibson (see p.
76) to carry out further experiments and
more mutants which were unable to carry
out oxidative phosphorylation were isolated
and examined.

It was shown that the mutants could be
divided into two groups, those with ATPase
activity and those without.  The latter were
presumed to be affected in the Fo and this
was confirmed by membrane fractionation
and reconstitution experiments.  The muta-
tion in the first Fo mutant was designated

uncB.  The mutations all mapped in the
same region of the chromosome and this,
together with the similarity of the phenotype
of all of the mutants, made the characteriza-
tion of the genes coding for different pro-
teins in the ATP synthase difficult.
However this problem was largely over-
come by the development of genetic com-
plementation tests using plasmids carrying
various mutant uncgenes.  In this way three
further uncgenes (C, D and E) were charac-
terized.

The five distinct unc mutations all
mapped in the same region of the chromo-
some and seemed likely that they were part
of an operon.  Experiments using the muta-
tor phage Mu showed that this was indeed
the case and in combination with the results
of further genetic and biochemical experi-
ments made it possible to complete the
order of the genes coding for the ATP syn-
thase  (Figure 3).  Gene-polypeptide rela-
tionships were also determined by
gel-electrophoresis, protein sequencing  and
in vitro protein synthesis to give the results
shown in Figure 3.  Much of the work car-
ried out in the 1970s was reviewed in 1979.

During the 1980s a number of different
aspects of oxidative phosphorylation were
studied, including the assembly of ATP syn-
thase, mutational studies on the structure
and function of various  subunits of the
complex and the proposal that rotation of
subunits was involved in the enzyme mech-
anism.  For example, while examining the
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2.  A typical scene in Frank Gibson’s laboratory.
PhD student Graham Woodrow selecting mutants
of Escherichia coli.

3.  Gene-polypeptide relationships in the ATP
synthase of E. coli showing the direction of
transcription of the operon from uncB to uncC.  (A
mutation affecting the uncH gene was not isolated
until 1983 but the gene and its related polypeptide
were obvious following the DNA sequencing of
the unc operon in 1981 by two overseas groups).
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protein composition of membranes from
various mutants it was observed that the
assembly of Fo was dependent on the for-
mation of particular F1 subunits.  It was
therefore postulated that the formation of
the ATP synthase complex is not simply the
combination of preformed Fo and F1 por-
tions but an integrated process involving the
sequential addition of subunits.  A pathway
of assembly was suggested in 1987, but no
further work seems to have been done on
this aspect of ATP synthase in E. coli.

A hypothesis was advanced in 1984 and
revised in 1986 in which the minor subunits
of the F1 rotated within a fixed complex of
3 a- and 3 b- of the F1 being energized by
the passage of protons through the a- and c-
subunits of the Fo.  It was based on a num-
ber of observations including the probable
structure of subunits, the known enzymol-
ogy of the ATP synthase, the effects of
mutations and by analogy with flagellar
motion.  While this proposition was initially
not well received, it became generally
accepted in principle, and in 1997 Yoshida
and his colleagues, in Japan, actually
demonstrated the rotation of the g-subunit
during catalysis.

Work on ATP synthase continued on into
the 1990s, particularly using mutants to
obtain evidence about  the  secondary struc-
ture of the a-subunit and the pathway of

proton transport through the Fo. The over-
expression and purification of subunits
allowed the determination of the structure of
the e-subunit by collaboration with X-ray
crystallographers.  This work is being con-
tinued elsewhere by ex-members of the
Membrane Biochemistry Group.   However
the emphasis of the work of the Group
changed and the experience gained in study-
ing ATP synthase was used to study other
transport systems including phosphate,
Drosophilaeye pigments, cytochrome syn-
thesis, viral ion channels and the mam-
malian GABA-A receptor.  All work in the
JCSMSR on the ATP synthase system
essentially finished by the end of the cen-
tury.

It is not practicable to acknowledge the
individual contributions of the many
involved in the ATP synthase work extend-
ing over 30 years but those members of the
JCSMR, including  students and Visiting
Fellows who authored papers, include: G.R.
Ash, M. Becker, M. Cleeter, G.B. Cox, F.L.
Crane, B.A. Cromer, J.A. Downie, D.R.H.
Fayle, A.L. Fimmel, F. Gibson, L. Hatch,
S.M. Howitt, L. James, D.A. Jans, P. Jeffrey,
R.N. Lightowlers, Z-H. Lin, L. McCann, A.
Munn, J. Radik, A.J.W. Rodgers, A.E.
Senior, R.G. Solomon, D.C. Webb, C.
Yanofsky.

Further Reading

Cox, G.B. and Gibson, F. (1987). The assembly of F1Fo-ATPase inEscherichia coli.  Current
Topics in Bioenergetics, 15, 162-175.
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The way in which microorganisms and
plants synthesize aromatic compounds from
non-aromatic precursors has long been of
biochemical interest.  By the early 1960s,
the common aromatic pathway (shikimate
pathway) and the branch point compound
(chorismate) leading to the aromatic amino
acids phenylalanine, tyrosine and trypto-
phan had been elucidated.  However, there
was still little known about the biosynthesis
of a group of compounds made in trace
amounts, the aromatic ‘vitamins’.  These
comprise folate (vitamin B12),  enteroche-
lin, ubiquinone (coenzyme Q) and
menaquinone (vitamin K).  

Research into the biosynthesis and func-
tion of the aromatic vitamins began in the
JCSMR Department of Biochemistry in

1967 and continued until about 1980.  The
major approach used to unravel the biosyn-
thetic pathways was to isolate mutants
which were ‘blocked’ in individual reac-
tions of the pathways.  This required identi-
fication of a phenotype resulting from loss
of the end product and so biosynthesis and
function were always closely linked.
Biosynthetic intermediates accumulated by
the mutants were then characterised by
NMR and mass spectrometry, the genes
mapped and enzymes of the system identi-
fied.  In many cases the enzymic reactions
were studied using partially purified
enzyme preparations.  The research was car-
ried out using the bacterium Escherichia
coli which gave access to sophisticated gene
mapping and genetic analysis techniques.

Graeme Barry Cox (1939–) graduated BSc (1962)
and PhD (1967) from the Department of
Microbiology of the University of Melbourne.  In
1967 he moved to the JCSMR Department of
Biochemistry as a Research Fellow (1967–70)
with his former supervisor, Frank Gibson.  Initially
he worked closely with Gibson on ATPase and
subsequently broadened his interests to include
investigations of ion channels, transporters and
membrane-associated enzymes.  He was
promoted to Fellow (1970–78), Senior Fellow
(1978–93) and Professor (1993).  From 1989–99
he was Leader of the Membrane Biochemistry
Group in the Division of Biochemistry and
Molecular Biology.  He was elected a Fellow of the
Australian Academy of Science in 1990 and was
awarded the Lemberg Medal of the Australian
Society for Biochemistry and Molecular Biology in
1993.  He resigned in 1999 and was appointed a
Visiting Fellow.

Biosynthesis and Function of the Aromatic V itamins

by Ian Young (see p. 136)



The availability of mutants deficient in the
aromatic vitamins allowed the research to
be extended into the determination of the
roles of these compounds in cellular
processes.

Following on from the characterization
of chorismate as the branch point compound
in aromatic biosynthesis by Margaret and
Frank Gibson in 1964 there was great inter-
est in defining all of the pathways leading
from chorismate.  My own research in the
Department of Biochemistry began in 1967
as a PhD student in Frank Gibson’s Labora-
tory studying the biosynthesis of 2,3-dihy-
droxybenzoate, a bacterial growth factor.
The two non-aromatic intermediates of the
pathway leading from chorismate were
characterized.  The end-product of the 2,3-
dihydroxybenzoate pathway is enterochelin,
whose structure was shown by Ian O’Brien
to be a cyclic trimer of 2,3-dihydroxyben-
zoylserine.  Enterochelin is a powerful
chelator of iron which is virtually unavail-
able to microorganisms at physiological
pHs due to its insolubility.  The enterochelin
system of iron transport is used by E. coli
and other enteric bacteria to scavenge and
solubilize iron for vital cellular processes.  

The genetic and biochemical analysis of
mutants unable to grow on iron-deficient
medium by Lyndall Hatch, Graeme
Woodrow and Alan Laird, together with
iron  uptake studies by Harry Rosenberg,
identified nine genes involved with the ente-
rochelin system of iron transport.  The
genes not only encoded the enzymes of
enterochelin biosynthesis but also a perme-
ase for iron uptake and an esterase for iron
release.  The ent genes were shown to be
clustered into several transcription units by
transposon mutagenesis.  The individual
enzymic reactions were demonstrated with
partially purified preparations and the genes
of the system cloned in vitro.  The expres-
sion of the entgenes showed the interesting
feature of being regulated by the iron levels
in the medium.

In parallel studies carried out between
1969 and 1978, the mutant approach was
also applied to the elucidation of the biosyn-
thetic pathways leading to ubiquinone and

menaquinone.  These two quinones carry
octaprenyl sidechains which anchors them
in the membrane and gives them the ability
to serve as mobile electron carriers.
Graeme Cox (see p. 238) showed that
ubiquinone-deficient mutants were unable
to grow on succinate as sole carbon source
due to a deficiency in aerobic respiration.
This gave a phenotype which was used for
large scale screening of mutants.  Leslie
McCann and Paul Stroobant characterized
many of the mutants and their accumulated
intermediates and Ray Leppik, Ken Alexan-
der and Barry Shineberg studied a number
of the enzymatic reactions involved.  It was
shown that the isoprenoid sidechain was
added to 4-hydroxybenzoate in the second
step of the pathway and therefore subse-
quent intermediates are membrane-bound.
The pathway to ubiquinone was elucidated
and eight genes encoding the enzymes of
ubiquinone synthesis identified and
mapped.  The screening for ubiquinone
mutants by chromatography of lipid extracts
resulted in an unexpected bonus.  Several
menaquinone-deficient mutants were also
isolated.  Study of these mutants led to the
identification of two biosynthetic intermedi-
ates and the elucidation of the menaquinone
pathway. 

The quinone-deficient mutants were
used by Brian Wallace to demonstrate the
essential role of the quinones in linking the
various dehydrogenases to the terminal
electron transport systems under aerobic
and anaerobic conditions.  They have subse-
quently been used by a number of laborato-
ries to define the role of electron transport in
various cellular processes.  Our work then
turned to the molecular biology of two res-
piratory dehydrogenases which utilize the
quinones as cofactors.  These key mem-
brane-bound enzymes are present in small
amounts and are therefore difficult to isolate
and characterize.  We were able to use
recombinant DNA techniques to clone the
genes encoding NADH and D-lactate dehy-
drogenases and hence determine their pro-
tein sequences via DNA sequencing.  It also
proved possible to amplify the membrane
levels of the dehydrogenases considerably
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by increasing the number of gene copies and
using strong promoters to increase their
expression.  The NADH dehydrogenase
gene was cloned in 1978 and the membrane
levels of the enzyme were amplified over
50-fold.  This enabled Anthony Jaworowski
and Hugh Campbell to solubilize and char-
acterize the enzyme.  The DNA sequence of
the gene, combined with N-terminal protein
sequencing and in vitro synthesis of the

enzyme by Maria Poulis, established that
the gene used the unusual initiation codon
UUG.  Similar approaches were used to
clone and sequence the D-lactate dehydro-
genase gene.  The work on the molecular
biology of the respiratory dehydrogenases
continued into the early 1980s but was grad-
ually wound down in favour of the group’s
new interest in cytokines regulating blood
cell formation.
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Why Milk Proteins?

by Hugh McKenzie

Bearing in mind that the foundation Depart-
ment of Physical Biochemistry (biophysical
chemistry) would be concerned with
research, scholarship and graduate teaching
in this discipline and that my area would be
protein chemistry, I felt that I should pay
prime attention to one group of proteins,
namely milk proteins (see p. 131).  Indeed,
the word protein, meaning ‘of the first
rank’, was first applied to the milk protein,
casein, by Berzelius in 1838.

Production of milk is a specific mam-
malian adaptation, and milk is unique in
being an almost complete natural food.
Under natural conditions milk passes

directly from mother to offspring.  The
capacity for lactation may be more variable
in humans than in other mammals because
in recent times successful lactation has not
been necessary for the survival of human
infants.  Nowadays milk substitutes are
readily available when a mother cannot or
will not breast feed.  The most widely used
substitute for human milk is cow’s milk.
However, numerous problems may arise in
its use, such as allergenicity reactions and
lactose intolerance.

Earlier work in various laboratories had
concentrated primarily on the proteins of
cow’s milk, very little being known about



individual human milk proteins.  Because
lactation is common to all mammals it
seemed to us that it was important to study
the proteins for a range, not only of eutherian
mammals, but also of metatheria and pro-
totheria.  Fortunately, with the assistance of
scientists in the CSIRO Division of Wildlife
Research, it was possible to have access to a
range of milk samples in Canberra.  Thus, we
were able to show that the bovine milk pro-
teins were not a paradigm for milk proteins
of other mammals in general.

Milk proteins that we have studied
intensively include b-lactoglobulin, a-lac-
talbumin, lysozyme, lactoferrin, k-casein,
as-casein and b-casein.  By the late 1960s
progress of our studies was sufficiently
rapid that I considered the time was ripe for
a major review of the milk proteins.  This
was a landmark publication that was a major
determinant in the direction of studies of the
chemistry of milk proteins for the next three
decades.  This view is confirmed by the
choice of this article in 1981 for inclusion in
Contemporary Classics in the Life Sciences,
the Molecules of Life.

Although I believed that the unique sig-
nificance of milk proteins in nutrition and
the protection of the newborn alone justified
their study, they possess physico-chemical
properties that make them of great impor-
tance in protein chemistry.  Their interac-
tions pose particular problems.  The
methods we developed for solution studies
of their conformation and interactions by
optical rotatory dispersion, circular dichro-
ism, and analytical ultracentrifugation were
not only valuable for studying them but use-
ful for studies of a range of biological
macromolecules. 

The occurrence of b-lactoglobulin in
ruminant milks has long been known.  The
b-lactoglobulins have many common prop-
erties but some of the individual genetic
variants have unique properties.  Although
crystals of b-lactoglobulin AB were among
the earliest to be subjected to x-ray diffrac-
tion studies, it was only at the close of the
twentieth century that its 3-dimensional
structure was determined by a British group;
it is still the subject of some controversy.

Our studies showed that there is little or no
b-lactoglobulin in human milk and, despite
our early conclusions, there are unique vari-
ants in porcine and equine milk.  All of
these observations have implications for
allergenicity reactions and sudden infant
death syndrome (SIDS).

Studies of a-lactalbumin and lysozyme
in a variety of mammals, including
monotremes and marsupials, have led to
important observations on their evolution.
Although our studies have not been con-
cerned directly with applied work, they
have had considerable implications for the
milk and cheese industries, which are now
directly concerned with processing of milk
with known protein genetic variants.
CSIRO have applied some of them.  What
will it apply when the stock of my basic dis-
coveries is exhausted?  Very important to
this processing is the need for an under-
standing of the role of water, as we now
briefly discuss.

It has been said that a dry protein is a
dead protein.  Indeed, the relation of water
to proteins has been and still is one of the
major problems in protein structural chem-
istry.  This is not made any easier by the fact
that the structure of water itself is one of
great complexity and it is not fully under-
stood.  Thus, in studying this problem of
water in proteins I realised that it would
need to be studied in a much broader range
of proteins than that of milk proteins alone,
despite the unusual relation of water in cer-
tain milk proteins, particularly caseins.

From a study of the limited number of x-
ray crystallographic studies of enzymes and
proteins available in the early 1980s in which
satisfactory attempts had been made to locate
water molecules, J.T. Edsall and I proposed a
classification of water molecules at the protein
surface.  With the myriad of data available
since then we believe that this classification
has been justified; the article has been cited
over 350 times in theliterature.

Thus, the various facets of these physic-
ochemical investigations of milk proteins
have been integrated into a valuable picture
of biological function and structure that
apply to proteins in general.
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John Tileston Edsall (1902–) is one of the world’s
foremost biochemists.  He graduated AB at
Harvard University in 1923 and MD in 1928.  After
postdoctoral studies at the University of
Cambridge in 1924–26, he has spent the rest of
his long career at Harvard, rising from Tutor in
Biochemical Science in 1928 to Professor of
Biological Chemistry in 1951, and retiring as
Emeritus Professor in 1973.  His research
covered a wide range, from blood and muscle
proteins and enzymes to Raman spectra.  He has
received numerous honours and awards.  He was
a Visiting Fellow at the Department of Physical
Biochemistry in 1970 and has maintained an
active interest in Hugh McKenzie’s research and
authorship of major books.
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Shortly after Lawrence Nichol (p. 81)
became Head of the Department of Physical
Biochemistry at the end of 1970, I joined
him with the idea that we would form the
nucleus of a group studying protein interac-
tions by applying to them the theoretical and
instrumental techniques of physical chem-
istry.  This began a collaboration that lasted
until Nichol left the Department to become
Vice-Chancellor of the University of New
England in 1984.  Together we co-super-
vised a number of PhD students, including
Phillip Kuchel, Bruce Milthorpe and Alan
Mark, and were joint authors on 25 scien-
tific articles.

A dominant technique for studying pro-
teins in solution during this era was sedi-
mentation in the analytical ultracentrifuge,
mainly using sedimentation equilibrium,
occasionally sedimentation velocity.  The
equilibrium method has the advantage of
giving absolute molecular weights of large
molecules in solution without complications
due to their shapes and is particularly suited
to studying interactions, as it does not per-
turb equilibria. 

One interacting protein we studied
experimentally under a variety of conditions
was insulin, following an interest I retained
from my days as a PhD student.   Insulin is
involved in a complex set of equilibria in
solution, and by a combination of new the-
ory and sedimentation equilibrium studies
we were able to formulate a scheme which
describes in thermodynamic terms exactly
what insulin species were present in solu-
tion under any conditions, from pH 2 to 10
and at any insulin concentration.  This
information is vital for interpreting how
insulin acts biologically and in formulations
used therapeutically.  Later work on insulins
with PhD student Amanda Nourse included
sequencing and synthesising platypus
insulin which turns out to differ from human

in 11 residues of the 51 in the hormone.
Physicochemical studies on the synthetic
platypus insulin led us to make a modified
platypus insulin twice as potent as human
insulin with therapeutically-desirable non-
aggregation properties.

During the course of this work we
devised a number of new theoretical
approaches to analyzing data from sedimen-
tation experiments, including one in collab-
oration with PhD student Bruce Milthorpe
which is still standard software in the new
generation of analytical ultracentrifuges.
Another PhD student, Phillip Kuchel, co-
supervised by Nichol and me, collaborated
in writing theory to describe the kinetics of
consecutive enzyme catalyzed reactions,
which was applied to the urea cycle enzyme
system to demonstrate the potential of this
sort of approach to identify the source of
specific inborn errors of metabolism.

Hemocyanin, the respiratory protein
from crustaceans, was also a major interest
of mine, largely as an example of an impor-
tant biological molecule which had a num-
ber of well-defined quaternary states.  I
thought that the study of the mode of assem-
bly, the architecture and the significance to
its oxygen binding behaviour of these com-
plex structures would reveal important prin-
ciples of protein self-assembly and
cooperative binding behaviour.   This even-
tually proved to be the case. 

I studied the hemocyanin from a local
freshwater crayfish, Cherax destructor,
using sedimentation velocity and equilib-
rium, gel electrophoresis and binding tech-
niques.  A number of international groups,
especially in France and Germany, were
involved in parallel studies with the corre-
sponding proteins from other crustaceans,
such as crabs, spiders, and scorpions.  The
combination of species and techniques,
which also included electron microcopy,

Studies of Protein Interactions

by Peter Jeffrey (see p. 175)
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immunology and chemical cross-linking,
finally succeeded in providing a satisfactory
picture of the structures, relationships and
cooperative oxygen binding behaviour of
this group of blue copper-based proteins
which evidently evolved quite separately
from the hemoglobins to do the same job in
a different group of animals.

Experimental studies of the aminoacyl
tRNA synthetases made with Elaine Walker
and Kathy Tymms, a rheumatologist, and
directed at exploring whether these proteins,

an integral component of the protein syn-
thetic machinery of the cell, or some of
them, occurred as a complex, yielded some
interesting results.  There isevidence of a
complex of some of the 20 proteins and
even more intriguingly, the presence of anti-
bodies to some of these proteins in the sera
of patients suffering autoimmune diseases
such as polymyositis and lupus.  Unfortu-
nately this work had to be terminated at an
interesting stage due to lack of funds and
personnel to continue it.
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Chromatin Architecture and its Contribution to Regulating Gene Expression

by David Tremethick

A fundamental unanswered question in biol-
ogy is how, at the molecular level, different
cells within a multicellular organism
develop, carrying out different functions,
when every cell within an organism con-
tains exactly the same genes?  It is clear that
different genes are expressed in different
cell types, and that this differential gene
expression is principally controlled at the
level of transcription, i.e., a subset of genes
is expressed, determining what function a
cell will perform, when transcription factors
bind to one gene but not another.  With the
use of in vivo footprinting, it has been
shown that the promoter regions of inactive
genes are not occupied by transcription fac-
tors in spite of their presence in the nucleus.
This observation argues that the accessibil-
ity of a promoter to transcription factors

may play an important role in determining
which subset of genes are transcribed in a
specific cell type.

Remarkably, a typical eukaryotic cell
contains approximately two meters of DNA
which can be squeezed into a nucleus of
about 20 µm in diameter.  This packaging of
DNA is achieved by a hierarchical scheme
of folding and compaction into a protein-
DNA ensemble called chromatin.  At the
first level of organisation, approximately
two superhelical turns of DNA is wrapped
around a protein complex consisting of
eight histone molecules.  This complete
unit, the nucleosome, forms the basic build-
ing block of chromatin and is further organ-
ised into a regular array to form a chromatin
fibre.  How this fibre subsequently folds
into higher order structures is not known.
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This protein-induced folding of DNA into a
complex three dimensional structure has
profound implications with respect to
understanding how transcription factors
gain access to important regulatory regions.

It is clear that compaction of a gene into
chromatin impedes the transcription
process.  This nucleosome-mediated repres-
sion of transcription may be one important
mechanism by which a large number of
genes can remain repressed in a eukaryotic
nucleus in the presence of general transcrip-
tion factors and RNA polymerase II.  Acti-
vation of transcription therefore requires the
removal or disruption of nuclesomes cover-
ing a gene.  Structural studies of specific
genes in natural chromatin have revealed at
least three mechanisms that modify chro-
matin structure, nucleosome exclusion,
nucleosome displacement, and the reposi-
tioning of nucleosome.  A fundamental
challenge was to reconstruct these in vivo
processes in vitro in order to understand, at
the molecular level, the mechanisms that
establish and maintain the differential states
of transcriptional activity that occur during
development. This required the develop-
ment of an in vitro assembly system that can
assemble authentic chromatin.  Such an
assembly system would also shed light on
the complex mechanism by which DNA is
assembled into chromatin. 

Using Xenopus laevisoocytes as a

source of biochemical material, we devel-
oped such an assembly system.  The assem-
bly of chromatin in vitro, which mimicked
the in vivo process, was found to bea
sequential process occurring in at least four
steps.  First, histones H3 and H4 bind to
DNA to form a subnucleosomal tetramer
particle.  Next, histones H2A and H2B bind
to complete the assembly of the nucleo-
some.  Following this, a novel ATP-depend-
ent nucleosome spacing activity was
identidied which induces nucleosomes to
slide and reorganise to generate a regular
array.  The final step involves the binding of
histone H1 to yield mature chromatin.  This
assembly system provided two important
pieces of information with regards to under-
standing how a gene is activated when cov-
ered with nuclesomes.  First, during DNA
replication, when daughter DNA is assem-
bled into chromatin, the sequential nature of
the chromatin assembly process provides a
‘window of opportunity’ by which tran-
scription factors can bind to important regu-
latory DNA regions prior to the completion
of the assembly process.  Second, these
nuclear activities that use energy to mobilise
nucleosomes are important to modify chro-
matin after the completion of the assembly
reaction by enabling certain transcription
factor to push nucleosomes out of the way
thereby exposing their DNA recognition
sites. 

Further Reading
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Eukaryotic cells possess a nucleus in which
the genetic information, the DNA, is stored
in isolation from the rest of the cell.  Protein
synthesis occurs in the cytoplasm, so that
proteins which are required in the nucleus
need to be specifically transported from the
cytoplasm into the nucleus.  Generally
speaking, these proteins require specific tar-
geting signals called nuclear localization
sequences (NLSs) in order to be able to
interact with the cellular nuclear transport
machinery and localize in the nucleus.  Spe-
cific proteins, the importins or karyopherins
(the NLS ‘receptors’), recognize the nuclear
targeting signals, and mediate their ‘dock-
ing’ at the nuclear pore.  They subsequently
mediate interaction with other cellular fac-
tors to effect energy-dependent transloca-

tion through the pore and into the nucleus.
The regulation of protein transport to the
nucleus relates to many important cellular
processes such as differentiation, transfor-
mation, signal transduction, and the regula-
tion of transcription and cell metabolism.
The nuclear import of proteins such as those
controlling transcription (transcription fac-
tors – TFs) or growth (e.g., cancer-related
viral proteins or oncogene products) is a key
event in the control of gene expression. 

When I returned to JCSMR in 1993 to
set up a laboratory to work on nuclear trans-
port, it was clear that on the small scale at
which we would be operating compared
with the competition in the United States
and Europe, our only choice was to concen-
trate on questions other laboratories would

David John Tremethick (1959–) graduated BSc
(Hons) at the University of Sydney in 1982 and
PhD in 1988, the latter while working at the
CSIRO Division of Biomolecular Engineering at
North Ryde.  In 1987–89 he worked as a
postdoctoral fellow in the Department of Biology,
University of Rochester, USA, returning to
Australia as a research officer at the Kanematsu
Laboratories at the Royal Prince Alfred Hospital,
Sydney.  In 1991 he was appointed a Research
Fellow at the JCSMR ad promoted Fellow in
1997.  He received the Howard Florey Young
Investigator Award in 1993, and is currently Head
of the Chromatin and Transcriptional Regulation
Group in the Division of Biochemistry and
Molecular Biology.

Nuclear T ransport into the New Millennium

by David Jans



not attempt, and to utilize our unique
expertise in using confocal laser scanning
microscopy in a quantitative fashion.  The
importance of the regulation of nuclear
import to eukaryotic cell function, and the
fact that its study requires dynamic, quanti-
tative systems, led us to attempt to deter-
mine the mechanisms by which the cell
might regulate nuclear protein import.

While at the Max Planck-Institute for
Biophysics at Frankfurt am Main, we had
already demonstrated that nuclear transport
was not only dependent on targeting signals
(i.e., NLSs), but also could be regulated by
phosphorylation (the covalent attachment of
phosphate groups to proteins), and so we set
out to determine the mechanism.  In the case
of the nuclear localizing simian virus SV40
large tumour antigen (T-ag), we found that
phosphorylation by protein kinase CK2
(CK2) close to the NLS enhanced the rate of
transport about 50-fold.  Based on some
indirect evidence, our hypothesis was that
phosphorylation might operate at the level
of the initial step of NLS recognition/dock-
ing at the nuclear pore.  Our first step, build-
ing on previous work, was to develop
reconstituted in vitro systems to analyze
nuclear protein transport at the single cell
level, and to attempt to examine the initial
step of nuclear transport (of NLS recogni-
tion by the importins) using direct binding
assays.  Stefan Hübner, a Postdoctoral Fel-
low who joined the laboratory from Ger-
many in November 1994, was able to show
that the mechanism by which this occurred
was indeed through phosphorylation modu-
lating the initial step of NLS recognition by
the importin (importin alpha); the phospho-
rylated CK2 site increased the affinity of
recognition of the T-ag NLS by about 100-
fold.  Apart from being consistent with our
hypothesis, this proved to be the first deter-
mination of the mechanism of regulation by
phosphorylation of NLS-dependent nuclear
protein import.  In other experiments using
site-directed mutagenesis, we demonstrated
a direct correlation between nuclear import
and importin binding affinity, which showed
that the importin recognition step is rate-
limiting in nuclear transport.

We showed that this had wider signifi-
cance in several ways, one being to apply
our techniques to examine another protein
where phosphorylation enhances nuclear
import, the Drosophila TF Dorsal which
plays a critical role in fly development.  We
found that as in Drosophila, a cAMP-
dependent protein kinase (PK-A) site near
the Dorsal NLS enhances Dorsal nuclear
import, through increasing the affinity of the
interaction with importin (importin alpha),
in similar fashion to the CK2 site in the case
of T-ag.  In collaboration with David Stein
at the Albert Einstein College of Medicine
(New York), we demonstrated the in vivo
relevance of this finding, by showing that
mutations preventing PK-A phosphoryla-
tion resulted in lethality, indicating that the
enhancement of Dorsal nuclear import by
PK-A is essential to Drosophila develop-
ment.

Specific phosphorylation can thus
enhance or indeed, as we and others showed
for other TFs, inhibit NLS-dependent
nuclear transport; hormonal/growth
factor/cytokine signals modulate gene
expression through regulating phosphoryla-
tion at such sites, thereby specifically con-
trolling the nuclear entry of particular TFs.
We also showed that it is possible to change
the phosphorylation sites regulating NLS-
dependent nuclear import, and thereby alter
the signals which are then able to induce or
inhibit TF nuclear entry.  The present chal-
lenge is to demonstrate how this may work
in the context of the whole cell, which har-
bours a myriad of other nuclear transport
substrates and pathways (see below) com-
peting with one another for access to the
nucleus.  Clearly, in this context a phospho-
rylation switch to generate high affinity
interaction with the nuclear import machin-
ery may be critical in the face of the impos-
ing volume of proteins and other molecules
required constitutively in large amounts in
the nucleus, such as ribosomal subunits,
snRNP splicing factors and mRNA binding
proteins such as hnRNPs.

When I was doing my PhD in the
Department of Biochemistry at the JCSMR
in the early 1980s, one felt very far away

247

9. Biochemistry



248

JCSMR - The First Fifty Years

from the rest of the world, one of the major
problems being that most of the scientific
journals arrived in the library some 6-9
months after their publication.  Distance
from the rest of the scientific world in
Europe and the United States seems much
less of a problem today through advances
like electronic mail, fax and the internet.
The access to published and other informa-
tion is thus no longer a real problem; rather,
the difficulty is to process so much new
information efficiently and know how to use
it.  In some sense, this development is
symptomatic of biomedical research in the
new millennium where the human genome
has now been sequenced, and with microar-

ray, proteomic and other technologies mak-
ing ‘global’, whole cell/organism analysis
more feasible.  Thus, we find ourselves in a
situation where all of the ‘players’ impor-
tant for nuclear transport are actually known
(e.g., sequencing of the human genome
indicates that there are something like 24
different importin molecules).  We must
now come to terms with this information in
the more global context of the whole
cell/organism, the way forward being to ask
specific, hard questions, and proceed exper-
imentally in as quantitative a fashion as pos-
sible, using the powerful new microarray
and imaging techniques at hand.

Further Reading

Jans, D.A. and Hübner, S. (1996). Regulation of protein transport to the nucleus - the central role of
phosphorylation. Physiological Reviews,76, 651-685.

Jans, D.A., Lam, M.H.C. and Xiao, C-Y. (2000). Nuclear targeting signal recognition: central
control point of nuclear protein transport ?  BioEssays,22, 532-544.

David Andrew Jans (1958–). After graduating
(BSc. Hons) at the University of Melbourne in
1980, Jans joined the Department  of
Biochemistry at the JCSMR to carry out his Ph.D.
studies with Graeme Cox and Frank Gibson on
bacterial ATPase (completed 1984).  He then took
up a research scientist position at the Friedrich
Miescher Institut in Basel (Switzerland), followed
by a visiting fellowship at the Max Planck Institut
für Biophysik in Frankfurt am Main (Germany),
working in the area of phosphorylation and signal
transduction in mammalian cells.  In 1990, he
became a Senior Scientist at the Institut für
Medizinische Physik und Biophysik, Westfälische
Wilhelms-Universität in Münster (Germany),
turning his focus to the use of microscopic
techniques to transport processes.  He returned in
1993 to the JCSMR (Division of Biochemistry and
Molecular Biology), initially as a Fellow, to
establish the Nuclear Signalling Laboratory, with a
strong focus on the processes of transport into
the nucleus.  He was promoted to Senior Fellow
in 1998, and also holds a conjoint teaching
appointment (Associate Professor) at the James
Cook University of North Queensland.
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In the late 1970s the development of recom-
binant DNA techniques enabled genes to be
isolated, characterised and expressed read-
ily from higher organisms, creating new and
exciting opportunities for the study of gene
function in mammals.  Our first work using
recombinant DNA techniques involved the
molecular cloning and amplification of res-
piratory dehydrogenases in Escherichia
coli. Subsequently in 1979–80, I joined
Fred Sanger and his group at the MRC Lab-
oratory of Molecular Biology in Cambridge,
England, and worked on the cloning and
sequencing of human and bovine mitochon-
drial DNA.  This project was a forerunner of
the human genome project.  It yielded the
very interesting finding that mitochondria
use a different genetic code.

On my return to the John Curtin School,
my group began our long-term studies on
the molecular biology of interleukin-3 (IL-
3) and interleukin-5 (IL-5), two cytokines
which regulate blood cell development and
function.  Blood cell formation is regulated
by a number of haemopoietic growth factors
or cytokines.  These hormone-like proteins
interact with receptors on the surface of pro-
genitor cells and stimulate them to undergo
cell division and differentiation leading to
the formation of the different classes of
mature blood cells.  In the early 1980s, the
major challenge was to isolate and charac-
terize the genes encoding the regulatory
cytokines enabling the powerful new tech-
niques of molecular biology to be used by to
study their regulation and function.  Our
group, in collaboration with Andrew Hapel
from the Department of Medicine and Clin-
ical Science (see p. 262), carried out the first
cloning of a haemopoietic growth factor
gene, that for mouse IL-3.  By today’s stan-
dards, the cloning strategy used by Ming-
Chiu Fung to obtain the IL-3 cDNA was
quite complex.  IL-3 mRNA was assayed by
microinjection into Xenopusoocytes and

IL-3 cDNA clones identified by hybrid-
release translation.  The IL-3 clone was
used to show that autocrine expression of
IL-3 had the potential to cause leukemia.
Related to this, Sanie Ymer showed that
constitutive expression of IL-3 by a
leukemia line was caused by retroviral
insertion near the IL-3 gene.  The chromo-
somal mouse and rat IL-3 genes were char-
acterized by Hugh Campbell and Donna
Cohen respectively.  Expression of IL-3
gave sufficient material for biological stud-
ies and allowed an improved definition of
its biology.

To give new emphasis to mammalian
molecular biology in the John Curtin School
my group was formed into the Medical Mol-
ecular Biology Unit in 1984.  A further col-
laborative study was carried out with Colin
Sanderson of the National Institute for Med-
ical Research at Mill Hill, London, on
another haemopoietic growth factor,
eosinophil differentiation factor (inter-
leukin-5) and Hugh Campbell successfully
cloned the human and mouse IL-5 genes.
IL-5 was shown to be a selective regulator
of eosinophil growth and activation.

Characterization of the chromosomal
genes for mouse and human IL-3 and IL-5
revealed strong similarities in gene structure
to several other related cytokines such as
IL-4 and GM-CSF and gene mapping stud-
ies by Janet Lee and Barbara van Leeuwen
showed that these genes formed a cytokine
gene cluster in mice and humans.  This sug-
gested that they may have arisen by ances-
tral gene duplication and subsequent studies
have shown great structural similarities
between them.  IL-3 and IL-5 are involved
in the regulation of white blood cells and are
predominantly expressed by T lymphocytes
as part of an immune response.  They there-
fore appear to be primarily involved in spe-
cific responses to infection.  We have
therefore also studied how their gene

Cytokine Molecular Biology and Signalling

by Ian Young
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expression is regulated in T cells following
antigenic stimulation.

In the early 1990s, gene targeting
became available (see p. 462).  This tech-
nique enables the production of a mouse in
which a specific gene has been inactivated
or modified.  To study the function of IL-5
in a whole animal we set out to create an IL-
5 deficient mouse.  This was done in collab-
oration with Klaus Matthaei in the John
Curtin School and Manfred Kopf and
Georges Köhler in Freiburg.  The properties
of the mouse showed a specific and obliga-
tory role for IL-5 in the generation of
eosinophilia.  The IL-5 deficient mouse has
subsequently proved very valuable in stud-
ies of the biological role of eosinophils
which have been undertaken with a number
of different collaborators.  For example, in
collaboration with Paul Foster’s Laboratory
a major role for eosinophils has been shown
in the pathogenesis of allergic asthma in
mice (see p. 338).

Cytokines bind to their cell surface

receptors with remarkable specificity and
strength to induce receptor activation and
signalling.  Both IL-3 and IL-5 share a
receptor subunit, the beta common receptor,
and also have their own specific receptors.
In recent years, we have been trying to gain
an understanding of the structural basis of
IL-3 and IL-5 receptor signalling.  Early
studies on the IL-5 receptor were carried out
by Evan Ingley and Chong Loh.  More
recently we have used X-ray crystallogra-
phy to determine the structure of the recep-
tors and their cytokine complexes.  Our first
structure, that of the beta common receptor,
was determined in collaboration with Paul
Carr and David Ollis of the Research School
of Chemistry, ANU, and reported recently.
The structure turned out to be novel and
quite unexpected, indicating that many sur-
prises may yet be in store as we continue
with studies of the molecular biology of this
interesting receptor system and its role reg-
ulating blood cell development.
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The increasing importance of molecular-
level approaches to biological and biomed-
ical science was recognized by the ANU in
the early 1990s by the setting up of a cam-
pus-wide interdisciplinary centre, the Cen-
tre for Molecular Structure and Function
(CMSF).  The CMSF aimed to introduce
experimental and computer-based research
in structural biology, protein theory and
simulation, and bioinformatics to the ANU,
and to facilitate, by collaboration, its appli-
cation within research programs in JCSMR,
the Research School of Biological Sciences
(RSBS), the Research School of Chemistry
and the Faculty of Science.  The CMSF ini-
tiative was more than timely.  It followed
major experimental advances in the 1980s
in x-ray crystallography and NMR instru-
mentation and structure solution, in large-
scale protein production using new cloning
and chromatographic techniques, and in the
large-scale determination of protein and
DNA sequences.  Critical to these develop-
ments were concurrent advances in comput-
ing.  The rapidly increasing power of
computers enabled the large-scale computa-
tion and data handling necessary for tack-
ling protein and DNA problems, and
fostered the development of new computer-
based research areas in simulation, structure
prediction and modelling and drug design.
These areas complement and extend the
information which can be gained from the
experimental approaches, and together they
provide the basis for a molecular-level defi-
nition of biochemical phenomena such as
enzyme mechanisms, receptor activation
and specificity, and tandem adaptation of
protein structure and function.

This was the context for my appoint-
ment to JCSMR in 1995 to head a new
group, the Computational Biology and Drug
Design Group, in the Division of Biochem-
istry and Molecular Biology.  A grant from

the Institute’s Strategic Development Fund
made possible rapid establishment of the
Group, which had an ambitious mission.
Firstly, to carry out its own research pro-
gram in several significant areas not being
then pursued at the ANU — in drug design,
biomolecular recognition, enzymic mecha-
nisms and protein structure prediction.  And
secondly, to establish the core of expertise
necessary for fruitful collaborations with
experimental projects in JCSMR and else-
where in the ANU.  As doctoral and post-
doctoral training in these computer-based
areas was very underdeveloped in Australia,
both aims required training new staff and
students from a variety of backgrounds —
chemistry, biochemistry and physics.
Development of the Unit also required
building links with the ANU Supercomputer
Facility (ANUSF) so that we could take
advantage of their excellent high-perform-
ance computing and visualization facilities,
and could collaborate on the development of
new methods and computationally efficient
software.

Several of our studies and collaborations
undertaken since 1995 illustrate how these
difficult goals have been met, and especially
how our research fits into wider biomedical
science and is organized to rapidly exploit
computing advances.  As my research, and
that of many experimentalists, aims to
understand how the structure and function
of proteins have evolved together, we wish
to know how the molecular details — their
structure, interactions, energetics and
dynamics — enable proteins to perform
their functions.  We also wish to know how
the DNA and protein sequence ‘program’
the protein’s structure and function, and to
use this knowledge to predict the structure
and function of related proteins.  Many
aspects of these complex biomolecular
problems cannot be addressed wholly by

Computation and Informatics in Biomedical Science

by Jill Gready
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experiment.  Also, theoretical approaches
and computational analysis can ‘value-add’
experimental results and information in bio-
logical databases.

In collaboration with Chris Parish’s
group, we have predicted the structure and
probable enzymic mechanism for
heparanase, and these predictions have been
confirmed experimentally (see p. 268).
Heparanase is an endoglycosidase which
cleaves heparan sulfate (HS) off HS proteo-
glycans of cell membranes and the extracel-
lular matrix, and is a target for development
of anti-tumour agents against cancer metas-
tasis, including by the Parish group.
Although the Parish group — and now
another five groups who have since cloned
and expressed the enzyme — failed to find
a match to other proteins with simple
searches of the protein sequence database,
we were able to identify similarities
between heparanase and members of several
glycosyl hydrolase families using more
sophisticated sequence searches.  After
obtaining further support for this identifica-
tion using structural database and enzyme
mechanistic information, we predicted the

structure as an (a/b)8 TIM-barrel fold, and
that two glutamate (Glu) residues were the
likely proton donor and nucleophile
residues in the active site.  Experiments
with alanine mutants of these two Glus and
several other ‘control’ Glu and Asp residues
confirmed that only the predicted Glus are
essential for activity.  This structural model
for the enzyme active-site and associated
ligand-binding regions is now being used in
several ways by the Parish group. These
include designing inhibitor analogues or
other ways of inhibiting the enzyme, and
predicting how to ‘trim’ the protein to
obtain crystallizable protein suitable for x-
ray structural analysis.

In molecular dynamics simulations on
prion protein (PrP) we have shown that the
presence of the two N-glycans on the C-ter-
minal region affects the stability of the pro-
tein, especially critical helical regions.  This
is significant as this is the region associated
with PrP diseases, such as BSE and
Creutzfeldt-Jacob disease, which are widely
believed to involve a conformational change
from a ‘normal’ form, PrPC, to a ‘scrapie’
form, PrPSc.  But, even more significantly,
our simulations indicated that the presence

Mapping of human heparanase mutated and basic amino acids onto the structure of the glycosyl
hydrolase, xylanase. (A) side view and (B) top view of the TIM barrel as black ß-sheets and white a-
helices. The catalytic proton donor and nucleophile are Glus E225 and E343, respectively.  Glus E378
and E396, and Asp D367 were mutated as controls.  Pos-I, Pos-II and Pos-III are clusters of positively
charged amino acids close to the active site which probably assist binding of the negatively charged
substrates.  (From Hulett et al. (2000), with permission.)



253

9. Biochemistry

of the two N-glycans dramatically changes
the electrostatic field of the protein surface.
This affects the potential for other proteins
or ligands to approach and bind to PrP, as
proposed for its (unknown) function and
conformational change.  The protein and
sugar models for the simulations were built
from experimental data, including an NMR
structure for PrP obtained using non-glyco-
sylated recombinant protein.  Interpretations
of biological data, such as stabilities of dis-
ease-associated mutants or residues
involved in the interspecies transmission of
disease, made with the non-glycosylated
NMR structure and with the properly glyco-
sylated model differ greatly, as do predic-
tions for further experiments based on them.
The routine use of non-glycosylated recom-
binant proteins in high-resolution structural
studies presents an unrealistic view of many
extracellular proteins in the structural data-
base, a deficiency that modelling and simu-
lation can redress before attempting
structural interpretations and predictions.  

In long-term research we have success-
fully designed and tested new classes of
pteridine-cofactor analogues as inhibitors of
the enzyme dihydrofolate reductase
(DHFR).  DHFR is required for DNA
biosynthesis and is an established target for
cytotoxic drugs, such as anticancer, antibac-
terial and antimalarial agents.  While our
inhibitors are based on our predicted mech-
anism for the, secondary, DHFR-catalyzed
reduction of folate, experimental definition
of the DHFR mechanism has eluded inves-
tigators for more than 40 years.  This is
because there is only one potential proton
donor in the DHFR active site, a conserved
Glu or Asp residue, but it is on the wrong
side, away from the substrate pteridine-ring
nitrogens of folate (N8) and dihydrofolate
(DHF, N5) which need to be protonated.
Although various authors have proposed
proton hopping mechanisms from proto-
nated Glu/Asp to N5 of DHF, there is no
possible hopping pathway to N8 of folate,
which anyway does not protonate on N8 in
solution but on N1.

In 1980 I had proposed that the require-
ments for catalyzing both reductions, com-

pounded with the well-known difficulties of
any sort of chemistry on the pteridine ring
(see p. 356), may have required Nature to
find an unusual solution to facilitate the
reactions.  The oddly placed Glu/Asp was
the apparent key, but how?  Since 1995 we
have undertaken large-scale computation on
the ANUSF supercomputers using a battery
of different computational methods —
quantum mechanical, molecular mechanical
and dynamical and combinations of these —
to tackle this problem.  Under a contract
with Fujitsu Japan, the computer programs
have been optimized in collaboration with
ANUSF computational chemists, Alistair
Rendell and Andrey Bliznyuk, to make the
computations feasible.  The intriguing solu-
tion appears to be that a conserved water
molecule that is hydrogen bonded to both an
oxygen atom of the carboxyl sidechain of
Glu/Asp and oxygen O4 of the pterin or
dihydropterin rings acts to direct protona-
tion to the correct sites (N8 for folate, N5
for DHF) of the enzyme-bound substrates.
This water molecule is observed in all
DHFR crystal structures (now >50 of them)
and is effectively part of the genetic code!
The key to the mechanism thus appears to
be the organized H-bonded network of
Glu/Asp and the water molecule which
increases the effective basicities of the cor-
rect nitrogens of both substrates, as well as
suppressing protonation of other potentially
protonatable groups of the substrates.  For-
tunately our inhibitor design strategy is con-
sistent with this, and they probably bind and
block DHFR as predicted.  Thus computa-
tion now offers a means to study the roles of
ionizable groups and water molecules in
enzyme reactions, although such studies are
intractable experimentally.   
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Jill Elizabeth Gready (1950–) graduated BSc
(1973) and PhD in theoretical chemistry (1978) at
the University of Sydney, then held Nuffield
Foundation and Beit Memorial Fellowships at
Oxford University and a Fulbright Fellowship at
Scripps Research Institute.  In 1981 she returned
to the Biochemistry Department at the University
of Sydney, where she held QEII and NH&MRC
Principal Research Fellowships.  She was also
Director of the interdisciplinary Centre for Human
Aspects of Science and Technology.  In 1995 she
was appointed a Senior Fellow and Head of the
Computational Molecular Biology and Drug
Design Group in JCSMR.  A Fellow of the Royal
Australian Chemical Institute, she has played a
major role in fostering the growth of biomolecular
simulation and protein bioinformatics in Australia
as co-developer of the annual series of Molecular
Modelling Workshops (see p. 213) and convenor
of the Australian Society for Biochemistry and
Molecular Biology Special Interest Group in
Bioinformatics.
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