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Summary. Lysyl oxidase, which cross-links collagen and elastin, was obtained from chick
embryo bone and cartilage and its substrate, elastin, from aorta. The enzyme was studied using
an improved assay which enabled the stability of the substrate to be monitored. The enzyme
was fully inhibited in vivo by S-aminopropionitrile, semicarbazide, thiosemicarbazide and
isoniazid and in vitro by p-aminopropionitrile and semicarbazide but only partially by
thiosemicarbazide and isoniazid. v

Penicillamine, which solubilizes collagen by labilizing Schiff base cross-links in vivo and
which prevents stable cross-link formation in vitro indirectly by binding to aldehyde groups on
collagen, was shown to have no direct inhibitory effect on lysyl oxidase in vivo or in vitro.

Homocysteine, which also solubilizes collagen by a mechanism similar to penicillamine does
not inhibit lysyl oxidase either in vivo or in vitro.

Pyridoxal reversed the inhibition of lysyl oxidase by semicarbazide and isoniazid in vivo but
was unable to reverse that produced by either B-aminopropionitrile or thiosemicarbazide.
These results can be explained by the presence of a sulphydryl group near the active site of lysyl
oxidase, which can form a complex with the nitrile group on f-aminopropionitrile or with the

thiol group on thiosemicarbazide leading to irreversible inhibition.
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Lysyl oxidase (protein lysine 6-oxidase, E.C
1.4.3.13) is responsible for the formation of
important cross-links in collagen and elastin
thus ensuring the integrity and tensile
strength of the connective tissues (Robins
1982). It catalyses the oxidative deamina-
tion of specific lysine and hydroxylysine
residues in tropocollagen and tropoelastin to
form the corresponding aldehyde derivatives
(Pinnell & Martin 1968), which subse-
quently give rise to a variety of covalent

cross-links (Tanzer 1973; Bailey et al. 1974;
Gallop & Paz 1975; Robins 1981). The
presence of the enzyme has been established
in chick embryo cartilage (Siegel et al. 1970;
Stassen 1976), chick aorta (Harris et al.
1974), bovine aorta (Kagan et al. 1979),
turkey aorta (Narayanan et al. 1982), bovine
ligamentum nuchae (Jordan et al. 1977), calf
aortic smooth muscle (Ferrera et al. 1982),
cultured pig aortic endothelium (Levene &
Heslop 1977) and human placenta (Kuva-
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niemi et al. 1984). The presence of the
enzyme is considered to be essential for the
normal development of all tissues containing
collagen or elastin (see Siegel 1979; Kagan
1986). Lysyl oxidase requires copper as one
cofactor (Siegel et al. 1970; Kagan et al.
1974; Harris et al. 1974; Shieh & Yasunobu
1976; Tang et al. 1983) as well as a second
cofactor whose exact nature is still contested
(Levene et al. 1988).

In the collagen molecule, M; 300000,
only two lysine residues are oxidized by lysyl
oxidase (Siegel 1974). These are situated in
the non-helical portions, one in the N-
terminal telopeptide and the other in the C-
terminal telopeptide. The resultant aldehyde
groups on the side-chains then sponta-
neously condense with other vicinal lysine-
derived aldehydes and with e-amino groups
of lysine and hydroxylysine to form the
various intra and inter-molecular cross-links
required for collagen to fulfil its major stress-
bearing function. The enzyme shows a pre-
ference for fibrillar collagen as substrate as
opposed to collagen chains or peptides (Siegel
1979). In elastin, three or four such lysine-
derived aldehydes condense to form the
desmosine family of cross-links specific to
elastin (Partridge et al. 1964, 1966).

The importance of cross-link formation
may be seen in the experimental condition
oesteolathyrism, in which treatment during
early development of the animal with f-
aminopropionitrile (BAPN; the ‘Lathyrus
factor’), results in the irreversible inhibition
of lysyl oxidase followed by the failure of
cross-link formation. The resultant clinical
picture includes severe skeletal deformity,
avulsion of tendons, slipping of epiphyses
and death following aortic rupture, condi-
tions which resemble Marfan’s syndrome of
which osteolathyrism is a phenocopy (Geiger
et al. 1933; Ponseti & Baird 1952; Ponseti &
Shepard 1954; Dasler 1954; Bachhuber &
Lalich 1955; Churchill et al. 1955).

Progress towards a fuller understanding of
lysyl oxidase function has been delayed by
experimental difficulties encountered with
the enzyme and with its assay. The stability
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of the enzyme is limited. Extraction is difficult
because it is almost insoluble in saline buffers
although readily soluble in 4-6 M urea
(Narayanan et al. 1974; Harris et al. 1974;
Stassen 1976; Shieh & Yasunobu 1976;
Siegel & Fu 1976; Jordan et al. 1977). The
assay of lysyl oxidase, first described by
Pinnell and Martin (1968) involves the use
of a particulate substrate, chick embryo
aortic elastin, which has been labelled with
3H-4,5-lysine. This has a limited life due to
spontaneous loss of tritium from the sub-
strate. In an attempt to improve the reliabi-
lity of this method the present study has
incorporated modifications which have per-
mitted a better evaluation of compounds
suspected of preventing the action of lysyl
oxidase.

This present study is therefore concerned
with the effect of lathyrogenic agents on
cross-link formation. Normal cross-link syn-
thesis requires lysyl oxidase, its two cofactors
(copper and a second cofactor not, as yet,
fully identified), as well as the two substrates,
collagen and elastin. Absence of any of these
components results in a failure of cross-
linking which manifests as fragility of the
connective tissues and increased collagen
solubility. To try to elucidate the modes of
action of established lathyrogens we have
examined some of these compounds on the
developing chick embryo.

Materials and methods

Fertile eggs were purchased from Winter Egg
Farm, Thriplow, Cambs, UK. .-4,5-3H-lysine
monohydrochloride (specific activity 3.11
TBq/mmol) was purchased from Amersham
International, Bucks, UK, methylene ami-
noacetonitrile (MAAN) and thiosemicarba-
zide (TSC) from Aldrich Chemical Co., Gill-
ingham, Dorset, UK. All other lathyrogenic
compounds, f-aminopropionitrile monofu-
marate (BAPN), aminoacetonitrile (AAN),
semicarbazide HCI (SC), isoniazid (INAH) as
well as pyridoxal HCl, penicillamine and
homocysteine were standard catalogue
items from Sigma Chemical Co. Ltd, Poole,
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Dorset, UK and were used without further
purification. Emulsifier-Safe liquid scintilla-
tion fluid was purchased from Packard
Instrument, Reading, Berks, UK. All other
reagents were of analytical grade where
possible.

Millipore Ultrafree MC 10000 NMWL
Filter Units were obtained from Millipore UK,
Wembley, Middlesex, UK and Dowex 50W-
X8 from BDH Chemicals Ltd, Poole, UK).

Production of lathyrism in the chick embryo

At least 30 fertile chick eggs were injected at
15 days of incubation with 0.054 mmol of
each lathyrogenic compound dissolved in
0.1 ml distilled water through a pinhole in
the shell of fertile eggs on to the surface
of the chorioallantoic membrane. Controls
received 0.1 ml water. The hole was sealed
with wax and the incubation continued for a
further 48 h. At this time the tibiae and
femora from live embryos only were dis-
sected on ice and the bones freed of muscle
and ligament. The pooled bones and carti-
lages were frozen in liquid nitrogen, pulver-
ized in a steel mortar, and extracted for 24 h
at 4°C with a solution of 6 M urea+0.05 M
(NH4), SO4 (6 Murea), pH 7.6 (4/1 v/w) with
constant shaking. Extracts were separated
from the residue by centrifugation at 20000
g at 4°C in a Microcentrifuge 154 (Ole Dich,
Denmark) and the clear supernatant filtered
in the cold through a fine sintered glass
funnel.

Modifications to the assay

Tritiated water (*H,0) is one of the products
of the oxidative deamination of peptidyl->H-
lysine in the aortic substrate. This fact was
used by Pinnell and Martin (1968) in the
original assay as a measure of the activity
of lysyl oxidase. The *H,O formed in the
reaction was originally separated from the
reaction mixture by distillation. We have
replaced this distillation step by centrifuga-
tion of the deproteinized supernatant
through Millipore Ultrafree MC 10000
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NMWL Filter Units. These filters retain
material of M, greater than 10000. The
filtrate was then passed through a Dowex
50WXS8 cation exchange column (Melet et al.
1977) in order to remove *H-lysine and 3H-
lysine peptides present in the substrate as the
result of non-specific proteolytic or hydro-
lytic activity. Melet et al. (1977) showed that
results obtained by passage of extracts over
Dowex columns were almost identical with
those obtained by distillation of the extracts.
Our control experiments confirmed this
observation. 3H,0 was then eluted from the
column with 5% trichloroacetic acid (TCA)
and its radioactivity measured (see below).

A second difficulty encountered with
this assay was the high background radio-
activity, which rose during storage of the
substrate before use. This increase in back-
ground appeared to be due to tritium
exchange and was successfully overcome by
washing and resuspending the particulate
substrate in fresh phosphate buffered saline
(PBS) immediately before use for as many
times as was necessary to lower the back-
ground to acceptable levels.

Substrate preparation

The radiolabelled ‘elastin’ substrate was pre-
pared from 17-day-old chick embryo aortae
which were incubated for 24 h in Dulbecco’s
Minimal Eagle’s medium together with 0.5
mCi 1-4,5-3H-lysine/48 aortae in the pres-
ence of penicillin (100 ug/ml), streptomycin
(100 pg/ml) and ascorbic acid (150 ug/ml).
The substrate, commonly referred to as
‘elastin’, has been shown to consist of 88%
elastin and 12% collagen, based on elastase
and collagenase digestion (Siegel 1979). To
inhibit endogenous aortic lysyl oxidase, S-
aminopropionitrile fumarate (BAPN, 400
p#M) was added. At the end of the incubation
period, the medium was decanted and the
aortae washed twice with 10 ml PBS to
remove most of the unreacted BAPN and
surplus label. The labelled aortae were then
homogenized in 5 ml of PBS in a Polytron
homogenizer (Kinematika, Switzerland),
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with three bursts of 10 s followed by three
bursts of 15 s in an MSE ultrasonicator to
give a fine particulate suspension. This sus-
pension was centrifuged for 10 min at
20000 g and 4°C and the resulting pellet
resuspended in 5 ml PBS. This procedure was
repeated twice to remove any remaining
BAPN and free label. The final suspension
was adjusted to contain 500000 d.p.m. in
20-50 ul, divided into five or six portions and
stored at —70°C until use. The substrate
remained usable for up to 3 weeks or when
the background radioactivity in blank assay
tubes reached 500 d.p.m. or when additional
washing was ineffective in reducing this
background.

Lysyl oxidase assay

Prior to assay, the urea extracts of bone and
cartilage were dialysed in the cold against
three changes of PBS in order to remove all
traces of urea which interferes with the
assay. Lysyl oxidase was determined by the
release of 3H,0 from the elastin substrate,
which had been radioactively labelled with
4,5-3H-lysine as described above. For each
assay, 0.3 ml of extract together with a
volume of substrate containing approxima-
tely 500000 d.p.m. was made up to 1 ml
with PBS. Six estimations together with six
blanks were performed for each sample.
Blanks contained substrate and PBS but no
enzyme. The mixture was incubated for 2 h
in a shaking water bath at 45°C (Kagan
1986) and the reaction terminated by the
addition of 100 ul 50% TCA.

Precipitated protein was removed by cen-
trifugation at 11000 g for 10 min. The
supernatant was then centrifuged through a
Millipore Ultrafree filter unit for 15 min at
11 000 g (as described above) and 0.3 ml of
the filtrate made up to 1 ml with distilled
water. 100 ul of this diluted filtrate was
counted for radioactivity and the remaining
0.9 ml passed through a 2-cm cation
exchange column (Dowex S50W-X8(H),
200-400 mesh) made up in a long Pasteur
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pipette (i.d. 5Smm), plugged loosely with a
small glass bead. Before use the column was
washed with 1 ml 5% TCA. 3H,0 was eluted
from the column with 1 ml 5% TCA and the
radioactivity counted.

Radioactivity in the Millipore filtrate con-
sists of both *H,0 and non-water tritium
(non-H,0 °H). The radioactivity in the
extract following Dowex treatment is a
measure of 3H,0 only. The difference
between these two figures is therefore a
measure of what is here designated as non-
H,0 *H and represents *H-lysine peptides or
3H-lysine originating from the substrate.

Radioactivity in both the 0.9 ml of eluate
and the 0.1 ml of filtrate was measured by
mixing with 10 ml Emulsifier Safe scintillant
in 20 ml scintillation vials followed by
counting in a Packard liquid scintillation
counter (Tricarb 300) with automatic exter-
nal standardization.

With the radioactively labelled substrate
prepared in the manner described above,
even though it was always diluted to contain
500000 d.p.m. per assay tube, there was a
wide variation in the amount of labelled
product extracted even in the absence of
lathyrogen (control values). This is a com-
monly seen problem and is, in large part, due
to the wide variation in non-substrate
radioactivity following from the binding of
the label to lysine residues that were not
involved in cross-link formation. Neverthe-
less, it was possible to compare control and
treated embryos within each experiment
through the use of the same source of
substrate. It was therefore important to
maintain the uniformity of the enzyme
throughout any experiment which would
involve comparisons between the effects of
several lathyrogens and control. This was
achieved by pooling the extracts from all 30
or more embryos used at any one time. As a
result, s.e.m. values serve only to estimate
the precision of the assay. However, the
results of 5 separate experiments are de-
scribed in Table 1 and are compared by
Student’s paired t-test.
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Table 1. Effect of f-aminopropionitrile treatment on the amounts of tritiated water and non-water tritium
resulting from the action of chick embryo lysyl oxidase from bone and cartilage on aortic elastin substrate

Activity after Dowex

treatment
Activity after Millipore filtration (d.p.m./mg protein)
(d.p.m./mg protein)
Expt. Total 3H 3H,0 Non-H,0 *H
(1) Control 6675 1917* 4758
BAPN-treated 8532 48 8484
(2) Control 10061 2173* 7881
BAPN-treated 4227 69 4208
(3) Control 6514 1149* 5365
BAPN-treated 4063 87 3976
(4) Control 6653 1351* 5284
BAPN-treated 8236 0 8236
(5) Control 2971 940* 2301
BAPN-treated 1206 0 1206

The results of five separate experiments (performed in sextuplicate) on normal
and chick embryos treated with 0.054 mmol of f-aminopropionitrile (BAPN)
showing total radioactivity in protein-free extracts of bone and cartilage after assay
for lysyl oxidase. Extracts were filtered through Millipore Ultrafree Units and then
passed through Dowex 50X-8 columns to remove non-H,0 *H. For details see

Methods.

There was no significant difference in non-H,0 *H between normal and BAPN-

treated embryos.

*Significant difference in each group between normal and BAPN-treated

(P<0.001, by Student’s paired t-test).

determined by the method of Lowry et al.
(1951) and enzyme activity (over 2-hour
incubation period) expressed as d.p.m./mg
protein.

Results

Initial observations in three preliminary
experiments suggested that treatment of
chick embryos with BAPN in vivo increased
by about 30% the amount of non-H,0O 3H
formed during incubation with extracts of
bone whilst completely inhibiting lysyl oxi-
dase. A more comprehensive study was then
undertaken and the results are shown in
Table 1. Bone and cartilage extracts from
normal and BAPN-treated chick embryos
were assayed for lysyl oxidase activity

employing the Millipore filter and Dowex-50
columns to separate non-H,0 3H. No signifi-
cant difference was observed in non-H,0 3H
between control and BAPN treated extracts.
Thus the initial observations could not be
confirmed.

Two other organic nitriles, methylene
aminoacetonitrile (MAAN) and aminoaceto-
nitrile (AAN), had effects similar to BAPN.
Inhibition of lysyl oxidase was complete
when 17-day old chick embryos were treated
2 days previously with 0.054 mmol/egg of
each compound (Fig. 1).

Semicarbazide (SC), isoniazid (INAH) and -
thiosemicarbazide (TSC) all inhibited lysyl
oxidase completely when 17-day-old chick
embryos were treated in vivo 2 days pre-
viously with 0.054 mmol/egg of these com-
pounds (Fig. 1). When two identical and
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Fig. 1. Effect of lathyrogenic compounds on lysyl oxidase activity from chick embryos treated in vivo.
Fifteen-day-old chick embryos were treated with 0.054 mmol of each lathyrogenic compound. Extracts
from bone and cartilage were assayed for lysyl oxidase activity 48 h later. Following Millipore filtration
3H,0 was separated from non-H,0 3H by passage over a Dowex column. Each value represents the
mean +s.e.m. of six separate estimations of the pooled enzyme source per drug treatment or control, that
is, 12 separate homogenates, each from at least 30 normal embryos, were used. O, Normal; &, treated.

separate experiments with TSC as the lathyr-
ogen were performed but using the distilla-
tion method of Pinnell and Martin (1968) to
extract 3H,0, the results were (in d.p.m./mg
protein) control values: 1920 and 1283, and
TSC treated: 220 and 25, respectively.
Preincubation in vitro of extracts from
normal 17-day-old chick embryo bone and
cartilage for 3 h at 37°C with BAPN, SC or
TSC at a concentration of 400 um resulted in
complete inhibition of lysyl oxidase. BAPN
and SC also fully inhibited the enzyme after
preincubation at the lower concentration of

40 M but TSC only partially inhibited the
enzyme at this concentration. INAH only
partially inhibited at both concentrations
(Fig. 2).

TSC fully inhibited lysyl oxidase in vivo
(Fig. 1) but the other sulphur-containing.
compounds, homocysteine and D-penicilla-
mine, had no effect in vivo (Table 2). In vitro,
TSC fully inhibited at 400 um whilst homo-
cysteine and p-penicillamine had no effect at
the lower and little if any at the higher
concentration (Table 3).

Chick embryos were injected with TSC
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Fig. 2. Effect on lysyl oxidase of preincubation of normal chick embryo bone and cartilage extract with
various lathyrogenic compounds in vitro at 40 umM and 400 uM final concentration, expressed as d.p.m./
mg protein. Bone extracts from 17-day-old normal chick embryos were preincubated for 3 h at 37°C with
various lathyrogens at concentrations of 40 and 400 uM and lysyl oxidase activity assayed. Each value
represents the mean +s.e.m. from 6 separate estimations per drug treatment or control from the same
sample of enzyme for each comparison, that is four separate homogenates, each from at least 30 normal

embryos, were used. O, Normal; &, 40; &, 400 um.

(0.054 mmol/egg) on day 15, further
injected with pyridoxal (0.054 mmol/egg)
on day 16, and the bones and cartilages
harvested on day 17. In three experiments,
pyridoxal was shown to be unable to reverse
the total inhibition of lysyl oxidase which
TSC had caused.

Discussion

The results described in Table 1 illustrate
that, after passage through the ion exchange

column to separate *H,0 from non-H,0 °H,
there was virtually no *H,0 produced in the
bone and cartilage extracts from embryos
treated with BAPN, indicating total inhibi-
tion of lysyl oxidase. However, no statistical
difference could be found between the
amounts of non-H,O 3H from control and
treated embryo preparations. These results
therefore failed to support our preliminary
results that seemed to suggest that there was
an increased amount of non-H,0 3H formed
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Table 2. Effect of sulphur-containing compounds
on lysyl oxidase activity in extracts of bone and
cartilage from chick embryos treated in vivo

Lysyl oxidase activity

(d.p.m./mg protein)
Compound
0.054mmMm/egg Control Treated
Thiosemicarbazide @~ 947 +45.6 17+£5.8
Homocysteine 947+45.6 1423161
p-Penicillamine 9474+45.6 1146+52

17-Day-old chick embryos, injected 48 hours
earlier with 0.054 mmol of either compound or
distilled water. Assays included Millipore filtration
and passage over a Dowex column. Each value
represents the mean +s.e.m. of six separate esti-
mations of the pooled enzyme source per drug
treatment or control, that is, four separate homo-
genates, each from at least 30 normal embryos,
were used. The whole experiment was performed
at the same time with the same control group.

during incubation with extracts of bone
although the lysyl oxidase had been com-
pletely inhibited by the dose of BAPN that
had been chosen. As the sole source of non-
H,0 3H was the labelled aortic substrate used
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for the assay of lysyl oxidase, it had seemed
possible that, in addition to inhibiting lysyl
oxidase, BAPN also caused an increase in the
degradation of the substrate leading to an
increase in non-H,0 3H. However, it does not
appear that this hypothesis can be sustained.

The other known lathyrogens tested in
this study were the nitrile compounds,
MAAN and AAN and the non-nitriles, SC,
TSC and INAH. Like BAPN, all these com-
pounds completely inhibited lysyl oxidase in
vivo at a dose of 0.054 mmol/egg. In vitro the
non-nitriles exhibited a spectrum of dimi-
nishing activity; SC inhibited at both concen-
trations used, TSC fully inhibited at the
higher concentration only, whilst INAH par-
tially inhibited at both concentrations tested.
These results obtained here by use of the
more stringent assay technique confirmed
our earlier observations (Carrington et al.
1984; Levene & Carrington 1985).

In this study the effect of penicillamine on
lysyl oxidase has been examined in vivo as
well as in vitro, in which latter case it was
found to cause negligible inhibition even at
400 puM. Penicillamine in vitro has been
reported to inhibit lysyl oxidase partially at a
concentration of 100 um and fully at 10 mm
(Nimni et al. 1972; Misiorowski & Werner

Table 3. Effect of preincubation in vitro with sulphur-containing compounds, on lysyl oxidase activity in
normal extracts of bone and cartilage from chick embryos

Lysyl oxidase —d.p.m./mg protein

Concentration of lathyrogen

Compound

tested Control 40 um 400 um
Thiosemicarbazide 458+25.9 264+19.6 4+2.6
Homocysteine 490+37.9 460+24.6 300+19.2
p-Penicillamine 455+12.5 460430 389+20

Extracts from bones of normal 17-day chick embryos pre-incubated
with compounds at 40 umM and 400 pM final concentration and assayed
for lysyl oxidase. Each value represents the mean +s.e.m. from six
separate estimations per drug treatment or control from the same
sample of enzyme for each comparison, that is, three separate
homogenates, each from at least 30 normal embryos, were used.
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1978). This very weak effect in vitro was
reflected in its lack of inhibition of the
enzyme in vivo. Penicillamine has been suc-
cessfully used in the treatment of Wilson's
disease, albeit with side-effects, in order to
chelate copper which is excessively deposited
in the brain (Walshe 1977). This might
indicate that this chelation of copper could
have led to the inhibition of the copper-
dependent lysyl oxidase but this is clearly not
the case. The major action of penicillamine is
exerted on the collagen itself (see Nimni
1977). It is also used in scleroderma in order
to mobilize collagen which has been depo-
sited in various organs and, in particular, in
the skin. It has been reported to react with
the aldehyde cross-link precursors in colla-
gen (Deshmukh & Nimni 1969) and,
through this effect, may wrongly appear to
inhibit lysyl oxidase. Nimni's studies (1977)
have elucidated the complex effects produced
by penicillamine in the rat in vivo and in vitro.
In vivo, the solubility of neutral salt-soluble
collagen is greatly increased but the alde-
hyde content of this collagen is not, however,
diminished. The increase in collagen solu-
bility is the result of the breaking of pre-
existing Schiff base cross-links (Rojkind &
Juarez 1966; Deshmukh & Nimni 1969).
Although Nimni's studies did not include
measurement of lysyl oxidase in vivo, it is
reasonable to assume from the normal
aldehyde content that lysyl oxidase is not
inhibited by penicillamine in vivo. This is
consistent with the present findings on lysyl
oxidase.

In addition to breaking down pre-existing
cross-links, penicillamine in vivo binds to
aldehyde groups present on collagen to form
a thiazolidine complex between the lysine-
derived cross-link precursor, a-aminoadipic-
J-semialdehyde and penicillamine, thus pre-
venting formation of stable cross-links. The
resulting complex is in equilibrium with its
products and can be completely dissociated
by exhaustive dialysis. L-Cysteine, cystea-
mine and other analogues also bind to free
aldehydes on collagen in vivo in a similar
manner and with similar results (Nimni et al.
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1969). These authors have further shown
that in vitro, the formation of stable cross-
links in normal collagen is also inhibited by
the formation of thiazolidine complexes.

At 40 uMm, homocysteine had no inhibitory
effect on lysyl oxidase in vitro but, at 400 u M,
the activity of the enzyme was reduced to
about 60% of normal. In an earlier study by
Siegel (1975) no support could be found for
the possibility that lysyl oxidase might be
inhibited by homocysteine in vivo. Indeed, he
showed an increase in aldehyde-derived
cross-links in homocystinuria. In our present
study a significant rise (about 50%) was seen
in the activity of the enzyme from embryos
treated with homocysteine, which would be
consistent with an increase in collagen cross-
linking. Homocystinuria is an inherited
disease in man caused by reduced activity
of cystathione synthetase, an enzyme
which converts homocysteine and serine to
cystathione (McKusick 1972). When the
enzyme is deficient, homocysteine, serine
and methionine accumulate in the tissues
and homocystine appears in the urine. The
clinical picture resembles, but is -distinct
from, Marfan’s syndrome and involves the
connective tissues. The mechanism underly-
ing the connective tissue disorder is not
however clear. Harris and Sjoerdsma (1966)
observed that, in homocystinuria, skin colla-
gen was more soluble than normal, suggest-
ing an abnormality in collagen cross-linking.
Kang and Trelstad (1973) noted the simi-
larity in the structures of homocysteine and
penicillamine and suggested that homocys-
teine might bind to lysine-derived aldehyde
precursors of collagen cross-links and so
increase collagen solubility. It will be necess-
ary to examine the effects of homocysteine
treatment of chick embryos on the tensile
strength of their collagen in order to try to
resolve the apparent discrepancies between
these latter findings and those showing an
increase in aldehyde-derived cross-links and
lysyl oxidase activities.

In the present study, good agreement was
seen between the distillation method and the
more convenient method described here.
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Both methods showed that TSC inhibited
lysyl oxidase in vivo. The modified method
was also used to show that TSC inhibited
lysyl oxidase in vitro. These observations
accord with the findings of Tanzer et al.
(1966) who showed that collagen from chick
embryos treated in vivo with 3°S-TSC con-
tained negligible amounts of aldehyde. Nor-
mal calf skin collagen incubated in vitro with
358-TSC was shown to bind two moles of TSC
per mole of collagen to form thiosemicarba-
zones. Rojkind and Gutierrez (1969) have
confirmed that TSC treatment in vivo results
in a collagen which is deficient in aldehydes.
Their spectrophotometric evidence supports
the view that in-vitro treatment of normal
collagen with TSC results in the formation of
thiosemicarbazones by reacting with alde-
hydes to prevent the formation of normal
intermolecular cross-links. These studies
indicate that a failure to find aldehydes may
signify either that they are absent or that
their presence is masked by thiosemicarba-
zone formation.

An attempt was made to reverse the
inhibitory actions of TSC with the putative
cofactor of the enzyme, pyridoxal, deficiency
of which has been shown to lead to the
inhibition of lysyl oxidase (Murray & Levene
1977; Murray et al. 1978; see Levene 1989).
It was found that pyridoxal treatment did not
reverse the inhibition of lysyl oxidase pro-
duced by TSC in vivo. In contrast, previous
studies showed that pyridoxal did reverse the
inhibition produced by SC (Levene & Carr-
ington 1985), as was that produced by INAH
(Carrington et al. 1984). In both cases, such
treatment also prevented the appearance of
osteolathyrism in the chick embryos. How-
ever, similar treatment with pyridoxal has
been shown to be unable to reverse the
inhibition of lysyl oxidase produced by BAPN
and also to be unable to prevent the clinical
signs of osteolathyrism (Carrington et al.
1984). Following the initial observation by
Pinnell and Martin (1968) that BAPN in-
hibits lysyl oxidase irreversibly, Tang et al.
(1983) showed that BAPN binds to the
enzyme but it does not act as a substrate.

C.L Levene et al.

They have proposed a mechanism of inacti-
vation in which BAPN binds at the active site
by Schiff base formation between the pf-
amino function of BAPN and a putative
functional enzyme carbonyl group at the
active centre. This is then enzymically pro-
cessed to a chemically reactive species which
covalently binds to the enzyme, typical of
enzyme inhibitors categorized as suicide
inactivators (Rando 1975). Tang et al.
(1983) propose that the nitrile group plays
an essential electophilic role in the tauto-
meric changes occurring in the enzyme-
bound inhibitor. Consistent with this scheme
they have shown that other electrophilic
substituents including bromine, chlorine or
a nitro moiety were able to substitute for the
nitrile group in BAPN to yield new suicide
inhibitors of lysyl oxidase (Tang et al. 1984).

At present we have no direct evidence in
support but consider that TSC may exert its
inhibitory action in a similar manner to that
of BAPN by attacking a thiol group that may
be in the vicinity of the active site. The nitrile
group and the thiol group could then react
with the sulphydryl group of the TSC causing
the inhibitor to be bound tightly to the
enzyme and excluding access to pyridoxal.
The alternative possibility, discussed earlier
in relation to BAPN, that the irreversible
action of TSC might be due to a reduction in
the effective concentration of the substrate
by removal of lysine from the labelled colla-
gen, was examined in this present study and
was not found to take place. In addition, it
does not seem that the results reported here
will have been affected either by the actions
of proteolytic enzymes or by any effect of
these lathyrogens upon them. Control exper-
iments have shown that BAPN, even at 250
oM, has no effect on the hydrolysis of casein
by trypsin, nor has any direct influence on
blood clotting by these agents been reported.

The results reported here demonstrate
clearly that chick embryo lysyl oxidase is
inhibited by the action of the lathyrogens,
BAPN, SC, INAH and TSC in vivo and in vitro.
BAPN and TSC were confirmed as irrever-
sible inhibitors while the other agents were
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reversible. These results also support the
view that penicillamine and homocysteine,
which react with collagen, do not inhibit
lysyl oxidase but may nevertheless inhibit
cross-link formation, most probably by intro-
ducing steric hindrance, and so prevent the
formation of intra and inter-molecular cross-
links in collagen (Nimni 1977).

Acknowledgements

This study was undertaken with the finan-
cial assistance of the Medical Research Coun-
cil and the Wellcome Foundation, which is
gratefully acknowledged.

References

BacHuuBer T.E. & LALIcH J.J. (1955) Effect of
sweet pea meal on the rat aorta. A.M.A. Arch.
Pathol. 59, 247-253.

BaiLEy A.J., RoBiNs S.P. & BaLiaN G. (1974)
Biological significance of the intermolecular
cross-links of collagen. Nature 251, 105-109.

CARRINGTON M.]., BirD T.A. & LEVENE C.I. (1984)
The inhibition of lysyl oxidase in vivo and its
reversal by pyridoxal. Effect on collagen cross-
linking in the chick embryo. Biochem. J. 221,
837-843.

CHURCHILL D.W., GELFANT S., LALICH ].J. & ANGE-
VINE D.M. (1955) Alterations in the polysac-
charides and elastic fibers in the aortas of rats
fed toxic Lathyrus factor. Lab. Invest. 4, 1-8.

DasLer W. (1954) Observations on odoratism
(sweet pea lathyrism) in the rat. J. Nutr. 54,
105-113.

DesHMUKH K. & NIMN1 MLE. (1969) A defect in the
intramolecular and intermolecular cross-link-
ing of collagen caused by penicillamine. II.
Functional groups involved in the interaction
process. J. Biol. Chem. 244, 1787-1795.

FERRERA R., FARIS, B., MOGAYZEL P.J. JR., GONNER-
MAN W.A. & Franzerau C. (1982) A micro-
method for the purification of lysyl oxidase.
Anal. Biochem. 126, 312-317.

GAaLLor P.M. & Paz M.A. (1975) Post-translatio-
nal protein modifications with special reference
to collagen and elastin. Physiol. Rev. 55, 418-
487.

GEIGER B.J., STEENBOCK H. & PARsoNS H.T. (1933)
Lathyrism in the rat. J. Nutr. 6, 427-442.

HARrris E.D., GONERMAN W.A., SAvaGeE ].C. &
O’'DELL B.L. (1974) Connective tissue amine

623

oxidase: II. Purificaiton and partial characteri-
zation of lysyl oxidase from chick aorta. Bio-
chim. Biophys. Acta 341, 332-344.

Harris E.D. & SjoerpsMA A. (1966) Collagen
profile in various clinical conditions. Lancet ii,
707-711.

JorDAN R.E., MILBURY P., SuLLIVAN K.A., TRACK-
MAN P.C. & KagaN H.M. (1977) Studies on lysyl
oxidase of bovine ligamentum nuchae and
bovine aorta. Adv. Med. Exp. Biol. 79, 531-542.

KAGAN H.M. (1986) Characterization and regula-
tion of lysyl oxidase. In Regulation of Matrix
Accumulation. Ed. R.P. Mecham. Orlando, USA:
Academic Press, Harcourt Brace Jovanovitch.
pp. 322-398.

Kagan H.M., Hewirt N.A., Sarcepo L.L. &
FranzeLAu C. (1974) Catalytic activity of aortic
lysyl oxidase in an insoluble enzyme-substrate
complex. Biochim. Biophys. Acta 365, 223-
234.

KaGaNn H.M., SurLivaN K.A., OrssoN T.A. &
CRONLUND A.L. (1979) Purification and proper-
ties of four species of lysyl oxidase from chick
aorta. Biochem. ]. 177, 203-214.

KanG A.H. & TReLsTaD R.L. (1973) A collagen
defect in homocysteinuria. J. Clin Invest. 52,
2571-2578.

Kuvaniemi H., SAvoLAINEN E.R. & Kivirikko K.I.
(1984) Human placental lysyl oxidase. Purifi-
cation, partial characterisation and prepara-
tion of two specific antisera to the enzyme. J.
Biol. Chem. 259, 6996-7003.

LEVENE, C.I. (1989) Chick embryo lysyl oxidase;
evidence for a pyridoxal derivative as an essen-
tial cofactor. In PQQ and Quinoproteins, Proceed-
ings of the First International Symposium on PQQ
and Quinoproteins Delft, 1988. Eds J.A. Jongejan
& J.A. Duine. Dordrecht, Boston & London:
Kluwer Academic Publishers. pp. 335-344.

LEVENE C.I. & CARRINGTON M.]. (1985) The inhibi-
tion of protein-lysine 6-oxidase by various
lathyrogens. Evidence for two different mech-
anisms. Biochem. J. 232, 293-296.

LEveNE C.I. & Hesrop J. (1977) The synthesis of
collagen by cultured pig aortic endothelium
and its possible role in the pathogenesis of the
fibrous atherosclerotic plaque. . Mol. Med. 2,
145-151.

LEveNE C.I., O'SHEA M.P. & CARRINGTON M.].
(1988) Protein lysine 6-oxidase (lysyl oxidase)
cofactor: methoxatin (PQQ) or pyridoxal? Int. J.
Biochem. 20, 1451-1456.

Lowry O.H., RoseBROUGH N.]., FARR A.L. & RAN-
pALLR.J. (1951) Protein measurement with the
Folin phenol reaction. J. Biol. Chem. 193, 265-
275.



624

McKusick V.A. (1972) Heritable Disorders of Con-
nective Tissue. 4th edition. St Louis, Mosby.

MELET]J., VIANDEN G.D.N.E. & BACHRA B.N. (1977)
Simplified assay for lysyl oxidase activity. Anal
Biochem. 77, 141-146.

MisiorowskI R.L. & WERNER M.]. (1978) Inhibi-
tion of lysyl oxidase by disulphydryls, diamines
and sulphydryl amines. Biochem. Biophys. Res.
Commun. 85, 809-814.

MUuRRAY J.C. & LEVENE C.I. (1977) Evidence for the
role of vitamin B-6 as a cofactor of lysyl oxidase.
Biochem. ]. 167, 463-467.

MurraAy ].C., FRASER D.R. & Levene C.I. (1978)
The effect of pyridoxal deficiency on lysyl
oxidase activity in the chick. Exp. Mol. Pathol.
28, 301-308.

NARAYANAN A.S., SANDBERG L.B., JoNEs K., COLE-
MAN S.S. & BAGLEY R.A. (1982) Lysyl oxidase of
male and female turkey aortae. Exp. Mol.
Pathol. 36, 107-117.

NARAYANAN A.S., SieGeL R.C. & MARTIN G.R.
(1974) Stability and purification of lysyl oxi-
dase. Arch. Biochem. Biophys. 162, 231-237.

NimMN1 MLE. (1977) Mechanism of inhibition of
collagen crosslinking by penicillamine. Proc.
Roy. Soc. Med. 70 (3) 65-72.

NimmN1 MLE., DesumukH K. & GErTH N. (1972)
Collagen defect induced by penicillamine.
Nature (London) 240, 220-221.

NimnN1 M.E., DEsiMukH K., GERTH N. & BAVETTA
L.A. (1969) Changes in collagen metabolism
associated with the administration of penicilla-
mine and various amino and thiol compounds.
Biochem. Pharmacol. 18, 707-714.

PARTRIDGE S.M., ELSDEN D.F., THOMAS J., DORFMAN
A., TELSER A. & Ho P.L. (1964) Biosynthesis of
the desmosine and isodesmosine cross-bridges
in elastin. Biochem. J. 93, 30c-33c.

PARTRIDGE S.M., ELSDEN D.F., THOMAS J., DORFMAN
A., TELSER A. & Ho P.L. (1966) Incorporation of
labelled lysine into the desmosine cross-bridges
in elastin. Nature (London) 209, 399-400.

PINNELL S.R. & MARTIN G.R. (1968) The cross-
linking of collagen and elastin: enzymatic con-
version of lysine in peptide linkage to a-aminoa-
dipic-3-semialdehyde (allysine) by an extract
from bone. Proc. Natl Acad. Sci. (USA) 61, 708-
716.

PonseTI I.V. & BAIRD W.A. (1952) Scoliosis and
the dissecting aneurysm of the aorta in rats fed
with Lathyrus odoratus seeds. Am. J. Path. 28,
1059-1077.

PonseTI I.V. & SHEPHARD R.S. (1954) Lesions of
the skeleton and other mesodermal tissues in
rats fed sweet-pea (Lathyrus odoratus) seeds. .
Bone. Joint Surg. 36A, 1031-1058.

C.L Levene et al.

Ranpo R.E. (1975) Mechanisms of action of
naturally occurring irreversible enzyme inhibi-
tors. Acc. Chem. Res. 8, 281-288.

RoBiNs S.P. (1981) Analysis of the crosslinking
components in collagen and elastin. Methods of
Biochemical Analysis, 28, 329-379.

RoBINs S.P. (1982) Turnover and cross-linking of
collagen. In Collagen in Health and Disease. Eds
J.B. Weiss & M.LY. Jayson. Edinburgh: Chur-
chill Livingstone. pp. 160-178.

ROJKIND M. & GUTIERREZ A.M. (1969) The binding
of thiosemicarbazide to collagen in vitro. Arch.
Biochem. Biophys. 131, 116-122.

ROJKIND M. & JUAREZ H. (1966) The nature of the
collagen defect in lathyrism. Biochem. Biophys.
Res. Commun. 25, 481-486.

SuieH J.J. & Yasunosu K.T. (1976) Purification
and properties of lung lysyl oxidase, a copper
enzyme. Adv. Exp. Med. Biol. 74, 447-463.

‘SieGEL R.C. (1974) Biosynthesis of collagen cross-

links. Increased activity of purified lysyl oxidase
with reconstituted collagen fibrils. Proc. Natl
Acad. Sci. USA 71, 4826-4834.

SIEGEL R.C. (1975) The connective tissue defect in
homocysteinuria (HS). Clin. Res. 23, 263A.
S1EGEL R.C. (1979) Lysyl oxidase. In International
Review of Connective Tissue Research. Volume 8,
Eds D.A. Hall & D.S. Jackson, Orlando, USA:

Academic Press Inc. pp. 73-118.

SieGeL R.C. & Fu J.C.C. (1976) Collagen cross-
linking. Purification and substrate specificity of
lysyl oxidase J. Biol. Chem. 251, 5779-5785.

SI1EGEL R.C., PINNELL S.M. & MARTIN G.R. (1970)
Cross-linking of collagen and elastin. Properties
of lysyl oxidase. Biochemistry 9, 4486-4492.

StasseN F.L. (1976) Properties of highly purified
lysyl oxidase from embryonic chick cartilage.
Biochim. Biophys. Acta 438, 49-60.

TANG S.S., SiMPsoN D.E. & KagaN H.M. (1984) 8-
Substituted ethylamine derivatives as suicide
inhibitors of lysyl oxidase. ]J. Biol. Chem. 259,
975-979.

TANG S.S., TRACKMAN P.C. & KAGaN H.M. (1983)
Reaction of aortic lysyl oxidase with f-amino-
propionitrile. J. Biol. Chem. 258, 4331-4338.

Tanzer M.L. (1973) Cross-linking of collagen.
Science 180, 561-566.

TANzZER M.L., MoONROE D. & GRross J. (1966)
Inhibition of collagen intermolecular cross-
linking by thiosemicarbazide. Biochemistry 5,
1919-1926.

WALSHE J.M. (1977) Brief observations on the
management of Wilson's Disease. Proc. Roy.
Soc. Med. 70, 1-3.



