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= Abstract =Effect of myeloperoxidase (MPQO)/H,0,/halide system on thermal gelation of
soluble collagen was examined to test the ability of the system to alter the structure of this
structural protein using MPO prepared from human polymorphonuclear leukocytes. The gela-
tion that occurred at 37°C was markedly inhibited when collagen treated with MPO, H,0, and
halides. The inhibition required the three components. All the halides except F~ were effective
as cofactors. The inhibition was prevented by '0, scavengers such as histidine and
diazobicyclo(2,2,2)octane. With these findings it is confirmed that the inhibition of collagen
gelation was caused by MPO-mediated peroxidation. The nature of structural alterations by
the system that resulted in the inhibition of gelation was not explored in detail. But collagen
when digested with collagenase did not gel properly and collagen treated with the MPO system
was found to be cleaved on chromatographic analysis. Thus, degradation may be one of the
changes in collagen structure caused by the MPO system.

The results obtained indicate that MPO/H,0,/halide system was able to cause structural
alteration of collagen. The degradative effect of the MPO system on collagen structure was

discussed as a possible mechanism of tissue damage in inflammatory conditions.
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INTRODUCTION

In inflammatory response, polymorphonuclear
leukocytes (PMNs) play important roles in tissue
injury. Upon contact with bacteria, immune com-
plexes or complements, PMNs are activated and
undergo sequential events which are linked to
secretion of various toxic components into ex-
tracellular space (Weissmann 1979; Weissmann et
al. 1980). With regard to mechanisms of tissue
damage, enzymatic processes mediated by the re-
leased granular proteases have been elucidated,
where cathepsins, collagenase and elastase are
involved (Barrett 1978; Ignaro 1974; Weissmann
et al. 1980). But reactive oxygen products sec-
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reted together with the proteases have also been
implicated. The implication of the oxygen products
as mediators in tissue damage are supported from
their actions to cause depolymerization of hyalur-
onic acid (McCord 1974; Greenwald and Moy
1980; Lee et al. 1985), degradation of collagen
(Chung et al. 1984 & 1985; Greenwald and Moy
1979) and destruction of proteoglycans (Greenwald
et al. 1976). Thus, at present, the oxygen-depen-
dent mechanism has received considerable atten-
tion in PMN-mediated tissue injury (Fantone and
Ward 1982).

But in many studies showing destructive actions
of the reactive oxygen products to biomolecules in-
cluding hyaluronic acid and collagen,the interaction
between O, - and H,0, to produce OH - in the
presence of metal ions, particularly iron (so called
Haber-Weiss reaction) has been suggested as an
underlying mechanism to explain their destructive



actions (Fridovich 1978:; McCord 1974; Green-
wald and Moy 1979 & 1980). Despite the many
in vitro studies showing this mechanism, however,
Winterbourn (1981) observed that the Haber-Weiss
reaction was hardly detectable in the body fluids
such as lymph and synovial fluid unless extra iron
salt was added, suggesting that body fluids have
little capacity to catalyze OH - production from
O 5 and H,0, via this mechanism. Therefore, in
oxygen-dependent tissue damage by PMNs in vivo,

the contribution of the Haber-Weiss reaction may
not be expected.

But in addition to the Haber-Weiss reaction, the
activated PMNs have another reaction with which
the oxygen products can be activated. This reaction
Is mediated by a granular enzyme, myeloperox-
idase (MPO) using H,0, as a substrate and halides
as cofactors. Although the MPO/H,0,/halide sys-
tem primarily serves as a microbicidal mechanism
against phagocytized bacteria (Barbior 1978; Kle-
banoff 1980), the activated PMNs can exert ex-
tracellular toxicities through the MPO-mediated
peroxidation, for example, lysis of mammalian cells
(Clark and Klebanoff 1977), killing of hyphal forms
of fungal pathogens (Diamond et al. 1980), and
inactivation of enzymes (Jin et al. 1986) and
serum factors such as a ;-protease inhibitor (Clark
et al. 1981). In the toxicities observed, the actions
of oxygen products are primarily mediated by the
MPO system rather than the Haber-Weiss reaction.
Therefore, at sites of inflammation where PMNs are
massively infiltrated, destruction of extracellular
major components is expected to be mediated by

the oxidative action of the MPO system. Then, the
system may serve as an alternative oxygen depen-

dent mechanism that can contribute to PMN-in-
duced tissue injury in inflammation.

In order to test this possibility, the present study
was performed using MPO prepared from human
PMNs in order to test the ability of the MPO/H,0,/
halide system to alter the structure of a major
component of extraceliular matrix, collagen. The
effect of the MPO system on the structure of col-
lagen was evaluated by observing the changes in
thermal gelation of soluble collagen which is re-
garded as an in vitro model of fibrillogenesis of this
protein (Woodhead-Galloway 1980). In the present
paper, it was observed that the MPO system
markedly affected the gelation of collagen, suggest-
ing MPO-mediated peroxidation can cause altera-
tions in the structural integrity of this protein in-
cluding degradation.

MATERIALS AND METHODS

Collagenase and hydroxyproline were obtained
from Sigma Chemical Co., sodium azide from
Merck; sodium benzoate and sodium formate from
Fisher Scientific Co.; mannitol from Hayashi Pure
Chem.; hydrogen peroxide from Shinyo Chemical
Co.; 1.4-diazobicyclo(2,2,2)octane (DABCO) from
Aldrich Chem. Co.; glucose oxidase from Worthing-
ton and other chemicals were of analytical reagent
grade.

1. Preparation of human leukocytes

Leukocytes were prepared by the method of
Baugh and Travis (1976). Blood from different
donors was mixed with 1/4 volume of a solution
containing 0.025 M citric acid, 0.05 M sodium ci-
trate and 0.0/5 M glucose, and centrifuged at
1,000 g for 15 min. Buffy coat was collected and
mixed with an equal volume of 0.15 M KCI and
centrifuged at 1,000 g for 10 min. The resulting
pellet was washed with cold distilled water for 1
min to lyze contaminating erythrocytes and then
1.5 M KCI was added to bring the suspension to
isotonic strength. The cells were recentrifuged and
the above lysis procedure was followed until no
erythrocyte remained. Approximately 6 X 10° cells
was obtained from 1 liter of blood by this proce-
dure.

2. Preparation of leukocyte granules and
granule extract
The leukocyte preparation was used to isolate
the leukocyte granules, from which extract was pre-
pared according to the methods described by
Baugh and Travis (1976).

3. Partial purification of human leukocyte
MPO

MPO-rich fraction was obtained from the granule
extract according to the procedures decribed by
Matheson and Travis (1981). The extract was di-
alyzed against 0.05 M Tris-HCI, 0.1 M NaCl and
0.001 M dithiothreitol, pH 8.0 at 4°C overnight.
The precipitate was removed by centrifugation at
2,000 g for 10 min. The green supernatant which
contained MPO was lyophilized and dissolved in 10
ml of the above buffer solution. The concentrated
solution after extensive dialysis against 0.05 M
sodium phosphate, pH 6.1, was stored at —20°C
and used as the enzyme preparation. One unit of
MPO activity was defined as a change in absorb-
ance of 1.0 per min at 510 nm (Matheson and
Travis 1981).



4. Preparation of skin collagen

Collagen was prepared from the skin obtained
from 50 rats, weighing about 100 g, according to
the procedure of Oegema et al. (1975). Collagen
solution in 0.1 M acetic acid was lyophilized and
stored at —20°C. Collagen, when used, was dis-
solved in 0.5 M acetic acid to give a concentration
of approximately 2 mg/ml, dialyzed extensively
against 0.005 M acetic acid at 4°C, and the result-
ing collagen was used in the experiments.

5. Treatment of collagen with MPO/H,0,/
halide system and measurement of col-
lagen gelation

Collagen was mixed to give a final concentration

of about 80 g g OH-proline/ml in 4 ml of reaction
medium containing 160 mM NaCl and 100 mM
NaH,PO,, pH 6.1, in the presence of MPO, H,0,
and halides at concentrations as indicated in the
figures and incubated for 4 h at 4°C. After the
reaction mixture was degassed, 3 ml of aliquot was
pipetted into a cuvette. The cuvette was then trans-
ferred to the temperature-controlled chamber of a
Pye Unicam SP 1750 spectrophotometer and it
was maintained at 37°C. Gelation was monitored by
continuous absorbance recording at 400 nm. But
when collagen was treated with MPO and H,0, in
the presence of iodide, absorbance was read at
500 nm to avoid interference by iodide at 400 nm.
OH-proline was assayed by the method of Woess-
ner (1961).

6. Gel-permeation chromatographic analysis
of collagen

Collagen was treated with the MPO system as
described above and then mixed with concentrated
acetic acid to give a final concentration of 0.1 M.
Two and half ml aliquot was taken and placed on a
Sephadex G-200 column (2.5 X 18 cm) which was
equilibrated with 100 mM NaCl in 0.1 M acetic
acid. Elutes were collected in 2.5 ml fraction and
assayed for OH-proline. The flow rate was 18 ml/h,
and the chromatography was run at room tempera-
ture.

RESULTS

1. Inhibition of collagen gelation by MPO/
H,O,/halide system
Fig. 1 shows gelation of collagen that was not
treated with the MPO system. When the collagen
solution was warmed to 37°C, gelation indicated by
the increase in absorbance at 400 nm was started
after about 10 min of lag period.
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Fig. 1. Collagen gelation. Medium condition: collage
84 1.g OH-proline/ml, 160 mM NaCl and 100
mM NaH,PO,4, pH 6.1.

When collagen was incubated with MPO and
H,O, in the presence of C1~ at 4°C for 4 h, its
gelation was markedly altered. As shown in Fig. 2,
two changes were observed; shortening of the
period required for initiation of gelation (lag phase)
and decrease of the final absorbance to attain
(maximal turbidity). The extent of the changes in
the gelation was increased with increasing concen-
tration of H,0,. But when H,0, concentration ex-
ceeded 0.5 mM, the effect of the MPO system was
a little decreased (Fig. 2, Curve e). That may be
due to inactivation of MPO by excess H,0, (Mathe-
son and Travis, 1981). That was further supported
by the observation that the concentration of H,0,
to show maximal effect on the gelation was lowered
with smaller amount of MPO (data not shown).
Either MPO (Fig. 2, Curve a) or H,0, (data not
shown) alone did not show any changes in the
gelation within the concentration ranges used. But
at concentration of H,0, higher than 2 mM, H,0,
by itself caused a little changes in gelation (data
not shown). But the effect was almost negligible
when compared to that with lower concentrations
of H,0, in the presence of MPO.
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Fig. 2. Effects of H,0, concentration in the MPO
system on collagen gelation. Collagen(84 n g
OH-proline/ml) was incubated at 4°C for 4 h
in 4 mlof reaction mixture containing 0.2 un-
its MPO, 160 mM NaCl and 100 mM
NaH,PO,, pH 6.1 in the presence of varying
concentrations of H,0,. After incubation the
reaction mixture transferred to the cuvette
was warmed to 37°C to initiate gelation. The
gelation was monitored by continuous
absorbance recording at 400 nm. Curve a; 0
mM H,0, and b, c, d, e and f; 0.063, 0.125,
0.25, 1 and 0.5 mM H,0,, respectively.

2. Requirement for MPO, H,0, and halide in

the alteration of collagen gelation

In the following experiments, it was further tested
whether the observed effect of the MPO system
was due to MPO-mediated peroxidation in the pre-
sence of halides as a cofactor.

In Fig. 3, NaN3, an inhibitor of MPO, or catalase
showed complete inhibition of the observed altera-
tions of collagen gelation caused by MPO, H,0,
and ClI~. This indicates that inhibition of the en-
zyme or removal of H,0, abolished the peroxidative
effect on the collagen gelation. Essential require-
ment of halides was shown in Fig. 5 where no
changes were observed when each halide was
omitted from the complete MPO system. In the
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Fig. 3. Effects of catalase and NaNs on the inhibition
of collagen gelation by the MPO system. Col-
lagen was incubated with 0.053 units MPOQ,
0.25 mM H,0,, 160 mM NaCl and 100 mM
NaH,PO,4, pH 6.1 in the presence of 10 g/
ml catalase or 0.5 mM NaNs;. Other condi-
tions were the same as in Fig. 1. Curve a; no
MPO and H,0,, b; no addition, c; catalase
and d; NaNas.

presence of MPO and CI—, H,0, can be substi-
tuted by glucose oxidase system (Fig. 4). The de-
gree of alteration in the gelation was dependent on
the ability of the substrates to produce H,0, in this
enzyme system; among the substrates D-glucose
which is a natural substrate was most effective
while L-glucose which can not serve as a substrate
showed no action. All these findings indicate that
the observed alteration of collagen gelation was due
to peroxidative action of MPO, H,0, and halides.

3. Comparison of effectiveness of halides as
a cofactor
As shown in the previous experiments, MPO-ca-
talyzed peroxidation required halides as a cofactor.
Except F~ (data not shown) all halides were shown
to be effective.
Effect of CI™ was shown in Fig. 5. With increas-
ing concentration of this anion up to 250 mM, in-
hibition of gelation was increased. The potency of
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Fig. 4. Effect of glucose oxidase system on the col-
lagen gelation in the MPO system. Collagen
(84 p g OH-proline/ml) was incubated at 4°C
for 4 h in 4 ml of reaction mixture containing
0.053 units MPO, 160 mM NaCl, 2.5 ug
glucose oxidase and 100 mM NaH,PO,, pH
6.1 in the presence of various substrates. Af-
ter incubation the reaction mixture transfer-
red to the cuvette was warmed at 37°C to
initiate gelation. The generation was moni-
tored by continuous absorbance recording at
400 nm. Curve a; no substrate, b; 0.5 mM
L-glucose, ¢; 0.5 mM deoxyglucose, d; 0.5
mM methylglucose and e; 0.5 miM D-glu-
cose.

Br~ was a little higher than that of Ci™ but its
effect was levelled off at about 100 mM (Fig. 6). In
Fig. 7, effect of iodide was shown. 1~ was effective
at much lower concentration ranges; at 50 mM, its
effect attained the maximum.

4. Singlet oxygen involvement in the MPO
system

To determine what reactive oxygen species was
involved in the inhibition of collagen gelation by the
MPO-mediated peroxidation, effects of various
scavengers for suggested oxygen species, 'O, or
OH - were observed.

In the quencher studies, several OH . scaven-

1.0
B a
b
0.8}
c
0.6}
(@]
T | q
<
0.4}
e
™ f
g
0.2}
0‘ 1 1 1 1
10 20 30 40
Time (min)

Fig. 5. Effects of chloride concentration in the MPO
system on collagen gelation. Collagen was in-
cubated with 0.053 units MPO and 0.25 mM
H,0, in the presence of varying concentra-
tions of NaCl. Curve a; no MPO and H,0,
and b, ¢, d, e, fand g; 0, 50, 80, 100, 160
and 250 mM NaCl, respectively. Other condi-
tions were the same as in Fig. 1.

gers such as benzoate, formate and methanol at 5
mM did not give any significant effect on the
altered gelation by the MPO system (Fig. 8) while
histidine and DABCO which are known as scaven-
gers for 0, (Klebanoff et al. 1976) were able to
restore considerably, but partially the altered gela-
tion to the control level (Fig. 9). The results sug-
gesting the 0, involvement accord with many re-
ports implying '0, as a final toxic mediator in the
MPO system. But the effects of 0, scavengers in
the present experiment (Fig. 9) was not complete.
Because of their own inhibitory effect on the col-
lagen gelation, however, it was difficult to see the
effect of scavengers at higher concentrations.

5. Evidence for collagen degradation by
MPO system

Of the two observed alterations of collagen gela-

tion, the decrease in maximal turbidity may reflect

the degradation of collagen. This interpretation was
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Fig. 6. Effect of bromide concentration in the MPO
system on collagen gelation. Collagen was in-
cubated with 0.053 units MPO and 0.25 mM
H,0, in the presence of varying concentra-
tions of NaBr. Curve a; no MPO and H,0,, b;
10 mM, ¢; 25 mM, d; 50 mM, e; 80 mM and
f; 100, 160 and 200 mM NaBr, Other condi-
tions were the same as in Fig. 1.

based upon the fact that collagen when treated
with collagenase showed the decrease in maximal
turbidity with no change of lag phase (Fig. 10). The
degree of decrease in the maximal turbidity was
increased with increasing dose of collagenase (Fig.
10). In support of this, chromatographic analysis
(Sephadex G-200) of the collagen treated with the
MPO system showed broadening and tailing the
elution profile of OH-proline (Fig. 11). The reason
for the shortening of lag phase was not explored.
Possibly it may be attributed to destruction of pro-
teoglycans contaminated in the collagen prepara-
tion used in this study since proteoglycans were
reported to have an effect to delay the initiation of
collagen gelation (Oegema et al. 1975). In a sepa-
rate assay, uronic acid was detected fom the col-
lagen preparation (10.3 g uronic acid/100 xg
OH-proline). Uronic acid was determined accord-
ing to the method of Bitter and Muir (1962).
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Fig. 7. Effect of iodide concentration in the MPO sys-
tem on collagen gelation. Collagen was incu-
bated with 0.053 units MPO and 0.25 mM
H,0, in the presence of varying concentra-
tions of Nal. Curve a; no MPO and H,0,, b;

?

50 mM and ¢; 250 mM Nal, Other condi-
tions were the same as in Fig. 1.

DISCUSSION

Wood and Keech (1960) showed that as soluble
collagen is warmed, it becomes turbid and forms
gel where collagen molecules precipitate into fibrils.
This thermal gelation is a physico-chemical proper-
ty of soluble collagen which may represent an in
vitro model of fibrillogenesis of this structural pro-
tein (Woodhead-Galloway 1980) since fibers in the
resulting gel demonstrate normal banding as seen
in vivo. In the nucleation phase of gelation, col-
lagen molecules aggregate with no major change in
absorbance, but in the growth phase, there is a
sigmoidal increase in absorbance (Fig. 1). Thermal
gelation requires structural integrity of collagen be-
cause it does not gel properly when the protein was
degraded enzymatically (Fig. 10) or its amino acid
side chains participating in noncovalent aggrega-
tion during nucleation are modified (Venkatasub-
ramanian and Joseph 1977). In the present study,
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Fig. 8. Effect of hydroxyl radical quenchers on the
inhibition of collagen gelation by the MPO
system. Collagen gelation was measured in
the presence of hydroxyl radical quenchers
under the same experimental condition as in
Fig. 2. Curve a; no MPO and H,0,, b; 5 mM
benzoate, ¢; no addition, d; 5 mM formate
and ¢; 5 mM methanol.

it was observed that collagen when treated with
MPO system was markedly affected in its gelation
pattern (Fig. 2). It is indicated that the peroxidative
action of the system is capable of modifying
biochemical properties of this protein, leading to
altering the normal behavior of this protein. De-
gradation will definitely be one of the changes in
the structure of collagen molecules that influence
the gelation (Fig. 10 and 11).

The MPO preparation from human leukocytes
used in the present study was not a pure form but
partially purified, which may be contaminated with
other granular components including several pro-
teases (Engelbrecht 1982). Therefore, caution
should be used before concluding that the
observed effect on the gelation in the present ex-
periments has indeed been mediated by the perox-
idative action of the MPO system. In other words,
the altered gelation was possibly due to the effect
of the contaminated proteolytic enzymes. But this
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Fig. 9. Effect of singlet oxygen quenchers on the in-
hibition of collagen gelation. Collagen gelation
was measured in the presence of singlet oxy-
gen quenchers under the same experimental
condition as in Fig. 2. Curve a; no MPO and
H,0,, b; no addition, c; 1 mM histidine and
d; 5 mM DABCO.

possibility was eliminated by the following experi-
ments: the MPO preparation alone did not show
any effect on the gelation (Fig. 2); omission of any
of the three compornents failed to affect the gelation
(Fig. 2 and 5) and the altered gelation by the com-
plete system was completely inhibited by either a
MPQO inhibitor, azide or catalase decomposing
H,O, (Fig. 3). Further, the observed effect of the
MPO system was also inhibited by histidine and
DABCO, scavengers for 10, which has been re-
ported to be a mediator in the reaction of the MPO
system (Allen 1975; Jin et al. 1986; Chung and
Kim 1984; Krebanoff et al. 1976). All these find-
ings clearly support that the alteration of the gela-
tion was due to the peroxidative action carried out
by the three components, MPO, H,0, and halides.

All halides used except F~ were effective and
the potency of the halides as a cofactor was almost
similar in the present experiments. But in other
studies showing toxicity of the MPO system, |~ was
much more potent than ClI~ and Br~ (Klebanoff
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Gelation of collagenase-treated collagen.
Collagen (80 g OH-proline/ml) was incu-
bated with varying concentrations of col-
lagenase at 37°C for 5 h in 4 ml medium
containing 0.36 mM CaCl,, 160 mM NaCl
and 100 mM Tris-HCI, pH 7.5 and then
gelation was started as described in Fig. 1.
Curve a; 0 and b, ¢, and d; 15, 25 and 40
g of collagenase, respectively.

1968; Matheson et al. 1979). In physiological con-
dition, however, CI~ may be a natural cofactor in
the MPO-mediated reaction, since the MPO system
was fully active in its concentration ranges in the
body fluid (Fig. 5).

The alteration of gelation reflects the changes in
structural integrity of this protein but the precise
nature of the changes to influence the gelation ‘was
not clearly understood in molecular level. Foote
(1968), in his study of the action of 'O, on free
amino acids, observed that only methionine, tyro-
sine, histidine, tryptophan and cystine were
affected by '0,. Venkatasubramania and Joseph
(1977) showed the loss of methionine, tyrosine and
histidine in the collagen molecule treated with che-
mically generated '0,. In view of the evidence for
10, involvement in the MPO system of the present
study and other reports (Allen1975; Jin et al. 1986),
those amino acid residues in the collagen can be
the susceptible sites that are destroyed by the MPO
system. In this study it was further shown that the
MPO system caused degradation of the collagen
(Fig. 11). Possibly the modification or loss of some
of the amino acids may result in the cleavage of
collagen.

Based upon the in vitro action for the MPO sys-
tem of degrading collagen, it seems hard to assess
its contribution to tissue damage in inflamed sites
in vivo. But information obtained from PMN func-
tions support the potential roles of the MPO system
in the PMN-induced tissue injury. Firstly, as men-
tioned before, the toxicity of the oxygen products
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Fig. 11. Gel-permeation chromatogi..phic analysis of collagen treated with the MPO sys-
tem. Collagen (80 g OH-proline/ml) was treated with 0.053 units MPO, 0.25
mM H,0,, 160 mM NaCl and 100 mM NaH,PO,, pH 6.1 at 4°C for 3 h. After
incubation, concentrated acetic acid was added to give final concentration 0.1 M
and then 2.5 ml aliquot was added to the Sephadex G-200 column (2.5 x 18
cm) which was equilibrated with 100 mM NaCl and 0.1 M acetic acid. 2.5 ml
fractions were assayed for OH-proline. Curve a; untreated and b; treated collagen.



generated from the activated PMNs depends prin-
cipally on enzymatic action of MPO rather than the
iron-catalyzed Haber-Weiss reaction (Clark and
Kiebanoff 1975; Clark and Szot 1981; Jin et al.
1986). Secondly, the MPO system effectively can
function outside of the PMNs (Clark 1983). Con-
centration of MPO is quite high as it accounts for
at least 5% of the dry weight of PMNs (Schultz and
Kaminker 1962). It was also shown that substan-
tial amount of extracellular MPO can be detected
by enzymatic assay when PMNs are subject to the
stimuli (Bentwood and Henson 1980; Henson
1971) along with secretion of H,0, (Root et al
1975). Moreover, 80% of 0O, - generated from
activated PMNs was found to dismute to H,0,
(Root and Metcalf 1977). Accordingly, H,O, will
be a major oxygen product of activated PMNs and
thus, be much available as a substrate. Thirdly,
ClI™ is a most abundant anion in extracellular fluid
and effective as a cofactor within the ranges of its
physiological concentration (Fig. 5). This situation
is quite different from the condition to which
Haber-Weiss reaction is subject, i.e., the low con-
centration of iron in the body fluid which limits the
reaction to proceed in vivo (Winterbourn 1981).
Thus, at sites of inflammation, MPO and concur-
rently released H,O, may be localized in concen-
trations sufficiently enough to cause a substantial
effect on extracellular collagen integrity.

Among the inflamed tissues, one in which col-
lagen degradation is of critical importance will be
joint cartilage. The destruction of articular cartilage
in various arthritis particularly, rheumatoid origin is
a basic pathological process that leads to irreversi-
ble articular dysfunction (Dingle 1979). As a
mechanism of cartilage destruction, collagen de-
gradation by enzymatic processes has been sug-
gested. But if reactive oxygen products are also
involved, they may be able to have destructive
effects mainly through the MPO-mediated perox-
idation.
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