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Synopsis

This third year report describes the last series of studies carried out by Marco Bocci, the research
student funded by the British Liver Trust, and aimed at generating engineered forms of the polypep-
tide growth factor HGF/SF for therapeutic applications in liver disease. This latest work includes fur-
ther experiments with mutants of full length HGF/SF as well as new studies with mutants of NK1,
the receptor-binding fragments of HGF/SF.These two lines of work will be summarised separately.

HGF/SF mutants

Marco Bocci's initial studies, reported in the fIrst and second year reports, focused on second genera-
tion mutants of full length HGF/SF. These experiments built on earlier work from the laboratory
which demonstrated that mutant forms of HGF/SF with reduced binding to heparan sulphate proteo-
glycans (HSPG), such as the triple reverse charge mutant HPI (R73E:R76E:R93RE), resulted in a
protein with increased ability to stimulate DNA synthesis in intact liver in vivo [Hartmann et al
1998]. The HPI mutant binds heparin and HSPG with affinity approximately 50 fold lower than
wild type HGF/SF,a result attributable largely to a change in the reaction onrate (k"n)[Hartmann et
al1998].
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The early work carried out by Marco Bocci led to the generation and characterisation of a number of
new HGF/SF variants which contained mutations at extra-sites in the vicinity of R73 and R76 with
the view to explore if a further decrease in the binding affinity for HSPG would lead to a correspon-
ding increase in biological activity. Among the 9 mutants initially produced and tested, four (HP1I,
HP12, HPl8 and HP19) were stable and could be expressed in amounts useful for physico-chemical
and biological analysis.

The ability of these proteins to stimulate DNA synthesis in intact mouse liver was studied and com-
pared with wild-type HGF/SF and the results shown in Fig 1clearly indicate that the double mutant

HPII (R73E:R76E) and the triple mutant
HP19 (K60E:R73E:R76E) have the highest
activity.

Fig. 1 Stimulation of DNA synthesis in intact mouse
liver by HGFISF and several HGF/SF mutants
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Although these experiments did not involve
extensive and direct comparisons with the ear-
lier HPl mutant, the latter had activity 2-3
fold higher than HGF/SF [Hartmann et al
1998]. Therefore the conclusion of this work
is that the triple mutant HP19 has activity
comparable to that of the earlier mutant HPI
but that the double mutant HPII has the high-
est activity (- 5 times higher than HGF/SF).
This result was unexpected and very interest-
ing from the point of view of clinical applica-
tions because it shows that two reverse
charge mutations sufficed in order to produce
the most potent variant of HGF/SF currently
known, namely HPII.



These results, however, also raised the question of whether both the R73E and R76E reverse muta-
tions of HPII are required for the enhanced activity and this has led to the need for new experiments,
currently in progress, in which the activities of the single mutants R73E and R76E and the double
mutant R73E:R76E (HPll) are compared.

Because we have extensive mutagenesis and crystallography data demonstrating a pivotal role of R73
in heparin and HSPO binding, it appears likely that the best activity will reside either with the single
mutant R73E or with the double mutant R73E:R76E (HPU) although it will be important to com-
plete the studies in progress in order to obtain an accurate and final ranking of these three proteins
ahead of clinical studies.

In 2001 we solved the crystal structure of NKl, the receptor-binding fragment of HOF/SF in com-
plex with heparin [Lietha et al, 2001]. Unlike full length HOF/SF, NKI has an absolute requirement
for HSPOs for activity and it was hoped that the crystal structure of the NKI-heparin complex would
shed some light on NKI activity. The structure showed that heparin binds predominantly to the N-
terminal (N) domain, where it makes contact predominantly with R73 (see above) but, unexpectedly,
it also showed some contacts with the kringle (K) domain. NKI mutants, such as lKl, in which the
kringle contact with heparin was abolished through reverse charge mutations of kringle residues, had
higher activity on cells in culture but further
development of these mutants was delayed by the
difficulty in understanding the basis for such
increased activity.

We still do not have a crystal structure of the lKl
mutant in complex with heparin but recent physi-
co-chemical analysis has provided important clues
to the activity of lKI. Although the intrinsic
affinities of NK1 and IK1 for heparin measured
by isothermal calorimetry are comparable (Fig 2a
and b), the behaviour of NKl-heparin and lKl-
heparin complexes in analytical ultracentrifuga-
tion experiments is very different when heparin
fragments of 4, 6 and 8mer in length are used (Fig
2c and d). This suggests that NKI and lKl may
bind HSPO differently with HSPO mediating con-
tacts between the N and K domains in the case of
NKI and between N and N domains in the case of the lKl mutant.

fact that the lKl protein can be effectively produced in yeast cells,
of lKl in vivo and its prospects for therapy.

NKI mutants

Fig. 2 Isothermal calorimetric analysis of the
interaction betweenNKI or lKI and heparin
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These results, together with the
raised new interest in the activity

Fig. 3 below shows the ability of wild-type NKI and the lKl mutant to stimulate DNA synthesis in
intact mouse liver and a comparison with full length HOF/SF.The results show that, while the natu-
ral splice variant NKI is hardly active, the lKl mutant is as active as full length HOF/SF. Thus the
two reverse charge mutations of lKl (K132E:R134E) are sufficient in order to convert NKI into a
full receptor agonist.

HOF/SF however, not only promotes growth and differentiation of liver cells. It is also essential for
hepatocyte survival during liver development (Schmidt et al. 1995). We decided therefore to explore
the activity of NKI and lKl in the mouse model of acute liver injury which we had already used for
characterisation of the full length mutants of HOF/SF.
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Fig. 3 Stimulation of DNA synthesis in intact mouse
liver by NKI and lKl and comparison with HGF/SF
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Adult Balb/c mice were treated with doses of N-
Acetyl-p-aminophenol (APAP) which caused
death in 80-90% of the animals (details of the
protocol were given in the 2nd year report) and
the effect of NKI and lKl was assessed and
compared with full length, wild-type HGF/SF.

The APAP model of liver injury results in a
rapid and massive rise in liver enzymes in serum
(Fig 4f shows the data for SGPT) and leads to
massive necrosis and hemolTagewithin 24 hours
from treatment (Fig 4b whereas a control,
untreated liver is shown in Fig 4a). This results
in the death of the majority of the animals with-
in 24 hours (Fig 4g).

As shown in earlier experiments full length
HGF/SF has little effect on liver histology (Fig
4c) , liver enzymes (Fig 4f) and mortality (Fig
4g). NKI is more active than HGF/SF (Fig 4d,
4f and 4g) but the highest protection was shown

by lK I (Fig 4e, 4f and 4g). In fact, in this model of liver injury, IKl appeared to be at least as active
and possibly more active than the best full length mutant studied so far, namely HPII.

ControlI'IGflsr NKl IKI

Because the acute necrosis which characterises the APAP model leads to death in the vast majority of
the animals before liver regeneration occurs, we conclude from these experiments that the mecha-
nism by which lKI protects
mice from acute liver failure

induced by APAP must involve a
block of the pathways which
trigger apoptosis or necrosis fol-
lowing chemical injury to the
hepatocytes.

Conclusions

Two complementary lines of
work have led to the production
of mutants of full length HGF/SF
and NKI which exhibit much
increased activity in terms of
DNA synthesis in vivo and liver
protection from acute chemical
damage when compared to full
length, wild-type HGF/SF.
Because lKI protein can be pro-
duced in yeast in large quantities
and at a fraction of the cost, this
NKI mutant should be cUlTently
regarded as the lead therapeutic
for acute liver failure.

Fig. 4 Liver histology, serum enzymes and survival rates of Raible
mice after administration of a lethal dose of N-Acetyl-p-aminophenol
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With respect to applications in chronic liver disease, however, the relative activity of the NKI and
full length mutant proteins remain to be studied. A critical application of molecules such as lKl and
HPII in chronic liver disease clearly involves treatment in the acute or post-acute phase before self-
perpetuating mechanisms of tissue damage come into place. It is conceivable that even in this sce-
nario the strong anti-apoptotic and/or anti-necrotic activity of lKl might lead to major therapeutic
results but it is equally conceivable that the greater activity of HPII in terms of stimulation of DNA
synthesis (compare Fig 1 and Fig 2) may tip the balance in favour of the full length mutant.

A thorough, pre-clinical analysis of the activity of these proteins in chronic liver disease may require
the development of new transgenic mouse models in which the onset of tissue damage may be con-
trolled via a tight genetic switch. This will require further and considerable effort but the striking
activity of the proteins which we have produced in models of acute liver damage more than justify
the additional effort and, potentially, broad application in liver disease.
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