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1. The reaction between ovarian-cyst glycoproteins and H,0O, was investigated in the
presence of a number of inhibitors and catalysts. 2. Azide and 2H,0 were separately
found to have little effect, implying that singlet oxygen was not involved. 3.
Superoxide dismutase was destroyed by H,0,, but mannitol had no effect: thus
generalized attack by OH*, whether originating from HO,*~ or more directly, is not
indicated. 4. The glycoproteins contained trace quantities of Cu and Fe, amounting to
about 2 atoms of metal per glycoprotein molecule. 5. Treatment of the glycoproteins
with the strong chelator DETAPAC (diethylenetriaminepenta-acetic acid) or Chelex
resin eliminated the reaction with H,O,; activity could be restored by addition of
Cu?* or Fe?* in millimolar quantities. 6. It was concluded that metal-ion catalysis is
an essential step in the attack of H,0, on glycoproteins. 7. Spectroscopic and other
evidence showed that Cu?* (and probably Fe?*) complexes strongly with poly-L-
histidine, and implies that the Cu2* or Fe?* in the glycoproteins is complexed with
some of the histidine residues in the glycosylated backbone. 8. Neither polyhistidine
nor polyproline reacted with H,0, in the absence of metal ions, but small quantities
of Cu?* or Fe3+ caused degradation. This was rapid with polyhistidine, which was
converted largely into aspartic acid, but slower with polyproline, where limited
conversion into glutamic acid occurs. 9. These findings confirm the original
hypothesis that peroxide attack on glycoproteins occurs largely at the histidine
residues, with simultaneous peptidolysis. 10. The mechanism most probably involves
the liberation of OH" by an oxidation-reduction cycle involving, e.g. Cu*/Cu2*:
specificity of attack at histidine is due to the location of the metal at these residues
only.
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In a previous study of the effect of dilute H,0,
on some mucus glycoproteins and glycopolypep-
tides derived from ovarian cysts (Creeth et al.,
1983a), the reaction at pH 5.6 and 37°C was shown
to be slow (7, approx. 5h) and to reach a virtual
plateau region at approx. 20 h. The products of this
limited reaction were accordingly presumed to
possess some common structural property and
were therefore characterized in analytical and
physicochemical terms. The carbohydrate compo-
sition was found to be little changed from the
original, whereas the amino acid composition was
altered significantly. Small changes occurred in the
proportions of threonine, serine and proline, but
the minor constituent histidine was consistently
either greatly diminished, or removed altogether,
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with a concomitant increase in aspartic acid. The
molecular masses of the peroxide products were
lower than their parent glycoproteins by a factor
between 2- and 4-fold.

It appeared, accordingly, that a nearly specific
attack on the histidine residues occurred under the
conditions described, the histidine being oxidized
to aspartic acid by a process that also broke the
peptide backbone. Such a reaction clearly has
intrinsic interest, in view of the dominant role
played by native glycoproteins in the protection of
mucosal surfaces. Moreover, the reaction may well
have application in sequence studies of the peptide
backbone. We have therefore investigated the
effect of various inhibitors and other agents, with
the purpose of establishing the mechanism of the
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reaction, and extended the scope of the work to
include polyhistidine and polyproline, which serve
as informative models. These studies, reported
briefly elsewhere (Creeth et al., 1983b), are now
described: they show that the reaction is critically
dependent upon catalysis by transition-metal ions.

Experimental

Reagents

Reagents were of analytical grade, where obtain-
able. All solutions were prepared in glass-distilled
water; for specific experiments, the water was
further purified by passage through a column of
Chelex-100 (Na* form) (Bio-Rad Laboratories,
Richmond, CA, U.S.A.). A sodium acetate buffer
solution, pH5.6 and 70.10, was used throughout
the work.

Glycoproteins

These were the two native glycoproteins
603AmS and 485 used in the earlier work (Creeth
et al., 1983a), where reference is made to their
source. Both these glycoproteins were almost
unaffected by Pronase digestion and thus can have
little in the nature of naked segment. In this
important respect, they were more akin to glyco-
polypeptides (Donald, 1973). Their weight-aver-
age M, values were both approx. 580000 (Creeth ez
al., 1983a), the number-average M, values being
about 209 less. For convenience, in rough calcula-
tions of molar ratios, both M, values were taken as
500000.

Amino acid homopolymers
Poly-L-histidine of nominal M, 500015000 and

poly-L-proline (M, 10000-30000) were obtained
from Sigma Chemical Co., Poole, Dorset, U.K. By

ultracentrifuge techniques, the M, values were

found to be somewhat larger (see below).

Reactions with H,0,

These were carried out under the same general
conditions as used previously (Creeth et al., 1983a),
the glycoprotein being usually at 2mg/ml in the
acetate buffer specified. The reactions were car-
ried out on lml quantities in the viscometric
equipment described elsewhere (Holt & Creeth,
1972); later experiments were monitored by a
similar photo-detection system, but with infrared
sources and detectors, the control and timing to
0.01s being programmed by a BBC model B micro-
computer (see the acknowledgements).

Since all experiments were of comparative
nature, the glycoprotein samples were not dried
beforehand. Their moisture content was approx.
10%; hence the initial reduced viscosities calculat-

ed when the moisture content was ignored are.

B. Cooper, J. M. Creeth and A. S. R. Donald

proportionately low. It is important to realize that
the error associated with the reduced viscosities
quoted varies during the progress of the reaction:
the glycoproteins studied were usually arranged to
give at least a 5s increment in flow time, ¢ (relative
to the buffer solution, #,: t, was approx. 100s for
most experiments). Hence the error in #,.4 pro-
duced by, say, 0.05s error in timing was initially
about 19;. When (¢ — t,) had decreased to, e.g., one-
third of its initial value, the corresponding error in
Nreq. becomes 3%; however, the error is also
increased by the corrections for the increase in
total volume and the decrease in glycoprotein
concentration consequent upon the introduction of
reactants. For these reasons, the terminal values
found show pronounced scatter, and little signifi-
cance should be attached to minor differences in
them.

Results

Inhibition studies

Oxidations by H,0, normally involve one or
more of the activated species singlet oxygen, the
superoxide radical ion or the hydroxyl radical (for
review see Singh, 1982). Distinction is made by
studying the effects of reagents that either quench
or enhance the active species.

(a) Singlet oxygen. The singlet-oxygen species
'A, is a relatively low-energy active form of oxygen
(for review see Wasserman & Murray, 1979) that
has been convincingly implicated in the dye-
sensitized photo-oxidation of enzymes etc. (Tomita
et al., 1969; Matheson et al., 1975). Since the
characteristic effect of this reaction is the destruc-
tion of histidine and the formation of aspartic acid,
together with numerous partly oxidized products of
side reactions (Tomita et al., 1969), there is a strong
superficial similarity to the glycoprotein reaction
with H,0,.

Reactions in which singlet oxygen participates
are most strongly quenched by the bilirubin anion
(Matheson et al., 1975) and by azide (Hasty et al.,
1972). However, they are accelerated by 2H,0,
which prolongs the lifetime of the excited species
(Merkel et al., 1972; Ito, 1978). Since bilirubin
proved to be totally insoluble in our conditions, the
peroxide reaction was carried out both in the
presence of azide and with 2H,O substituted for
'"H,O as solvent; the glycoprotein 603AmS was
used in the same conditions as before. The results
are shown in Fig. 1.

Azide was found to decompose H,O,, with the
liberation of O,; this result was confirmed by
spectrophotometric determination of the H,0,
concentration. Because of the formation of gas
bubbles, the viscosity values are less reliable than
usual, but the reaction proceeds at essentially the
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Oxidative scission of mucus glycoproteins ' 617

same rate as the control (see Fig. 1); azide at 20mM tion of singlet oxygen. Amino acid analysis of the
is thus without effect. The reaction in 2H,O is final product of reaction in 2H,O (which is
perhaps slightly slower than the control, but possibly slightly more degraded than in 'H,0)
certainly not faster. These observations effectively gave values indistinguishable from those obtained
eliminate any mechanism based on the participa- with 'H,O as solvent (see Table 1).

(b) Superoxide. This radical is recognized as a
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Fig. 1. Effects of (a) an inhibitor and (b) an enhancer of TN NN W NN S Dy N W
singlet-oxygen-mediated reactions on the glycoprotein reac- 0 2 3 48 I Tas 29 30
tion with H,0, Time (h)
(a) @, Reaction under standard conditions + 20 mMm- Fig. 2. Effect of hydroxyl-radical scavengers on the
NaN,; (b) A, standard conditions except that 2H,0 glycoprotein reaction with H,0,
replaced 'H,O throughout. The curve without (a) @, Standard conditions + 0.1 M-mannitol; (b) A,
symbols represents the control reaction under standard pH etc., but with formate buffer replacing
standard conditions (see the text). acetate. The curve without symbols is as for Fig. 1.

Table 1. Amino acid analysis of native and oxidized glycoproteins
The first set of values refers to native glycoprotein 603AmS (603n) and this glycoprotein after reaction with H,0, in
acetate/H,O buffer (603/ox./'H,0) or acetate/2H,O buffer (603/ox./2H,0). The second set refers to the native
glycoprotein 485 (485n), its oxidation product in standard conditions (485/0x.) and the product after attempted
oxidation with H,O, following prior treatment with the resin Chelex-100 (485/Ch/ox.). See the text for details. Units
are mol of amino acid/100mol of total amino acids; values are means of duplicate analyses, except where indicated.

Amino acid composition (mol/100mol)

603n 603/ox./'H,O  603/ox./2?H,0 485n 485/ox. 485/Ch/ox.
Asp 4.9 6.2 6.2 2.8 6.3 4.5
Thr 19.0 20.7 20.7 27.1 27.6 314
Ser 16.3 17.3 15.7 18.1 17.3 14.4
Glu 4.7 5.0 5.3 4.1 4.1 3.2
Pro 15.1 14.2 14.8 16.0 14.2 14.1
Gly 8.5 8.1 8.1 5.8 7.4 6.0
Ala 12.7 13.2 14.0 9.6 11.1 10.1
Cys 0.0 0.0 0.0 0.0 0.0 0.0
Val 4.3 4.3 4.8 3.7 4.0 4.1
Met 0.3 0.1 0.5 0.4 0.3 0.2
Ile 1.5 1.5 1.4 1.8 1.8 1.9
Leu 2.1 1.9 1.9 1.9 1.4 1.7
Tyr 0.7 0.6 0.4 0.5 0.1 0.2
Phe 1.0 1.1 0.6 1.0 0.5 0.5
His 3.2 0.4 0.7 2.8 0.2 3.2
Lys 1.9 1.9 1.4 1.3 0.9 1.4
Arg 3.2 32 3.5 2.6 2.7 2.5
Total peptide 7.6 7.6 9.0 12.0 7.9 7.1

content (%)
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common intermediate in biological reactions (see
e.g., Singh, 1982), and it is detected by the
retarding action of superoxide dismutase (Frido-
vich, 1975). Since this enzyme is itself rapidly
attacked by H,0, (Bray et al., 1974; Hodgson &
Fridovich, 1975), the likelihood of detecting any
effect was not high. Nevertheless an attempt to do
so was made, by using a lower initial concentration
of H,0, than usual (18 mM rather than 80 mMm). The
enzyme was added in excess (135 units), but was
found to be without effect on either the glycopro-
tein at the normal concentration (2mg/ml) or at a
higher value (4mg/ml), relative to the control
experiments at the lower H,O, concentration.
After the reaction had been allowed to proceed for
20h, the solutions were assayed for superoxide
dismutase activity by the method of McCord &
Fridovich (1969); no activity was found, in
agreement with expectation that the enzyme would
indeed be destroyed by H,0,. Thus no evidence
can be obtained directly on the participation of
0O,°~. However, since the main destructive effect of
superoxide is exerted through formation of the
intensely active hydroxyl radical, OH’, via the
Haber-Weiss cycle (see, e.g., Kong & Davison,
1980), the observations in (c) below may be
relevant.

(¢) Hydroxyl radical. This radical is most
commonly generated through metal-catalysed re-
actions of the Haber—Weiss type, or more directly
through Fenton-type reactions (Singh, 1982). It is
very widely reactive, but its most effective sca-
vengers are sugars or their derivatives (e.g.
mannitol), formic acid, ethanol etc. (see, e.g.,
Cheng er al., 1981). Reaction mixtures were
therefore set up as before, one containing addition-
ally mannitol at 100 or 200mM and the other with
formate/formic acid buffer replacing the acetate,
but maintaining the pH. Although the formic acid
is present at only millimolar concentration, its rate
constant is so high that effective scavenging may
still be expected (Cheng et al., 1981).

The results are shown in Fig. 2. Mannitol is seen
to have little effect, whereas some enhancement of
the rate after 1-2h is suggested with formate;
clearly neither substance exerts a significant
retardation.

To sum up, accordingly, none of the trio of active
oxygen species can be detected by recognized
scavengers. However, it is known that OH" in
particular is so active that it tends to react at the
point of generation, and it must be remembered
that the peptide backbone of these glycoprotein
molecules is heavily glycosylated and thus partly
protected from at least the larger inhibitor mole-
cules. In this connexion the effect of EDTA
previously reported (Creeth et al., 1983a) is
suggestive: it was found that EDTA severely
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retarded the peroxide reaction, but did not stop it
completely.

Metal content of the glycoproteins

EDTA does not prevent the participation of
Fe2* in the iron-catalysed Haber—Weiss reaction
(Halliwell, 1975, 1978a; McCord & Day, 1978), but
the observations pointed to the involvement of
trace amounts of metal impurities in the reaction.
Our distilled water and buffer solutions were tested
for iron by atomic absorption and for copper, zinc,
cadmium and lead by anodic stripping voltam-
metry (see the acknowledgements); however, no
metal was present at more than a few parts per 10°.
Attention was therefore directed towards the
glycoproteins themselves: being phenol-extracted,
ammonium sulphate-soluble, fractions (Morgan,
1967; Creeth et al., 1974), they had necessarily
been exposed to large quantities of these reagents.
After being ashed with conc. HNOj, the residues
from both the glycoproteins 485 and 603AmS were
analysed for iron by the ferrozine method (Carter,
1971) and for copper by the rubeanic acid (dithio-
oxamide) method (Center & Maclntosh, 1945).
The results were unmistakably positive, giving the
values approx. 150p.p.m. for Fe and 50p.p.m. for
Cu; these correspond to about 1.5mol of Fe and
0.5mol of Cu per mol of glycoprotein.

Although small, these values show that roughly 2
atoms of these transition metals are sufficiently
strongly bound to the glycoprotein molecule to
resist the later prolonged water-dialysis steps in the
preparation. Moreover, when considering the
possible groups in the glycoprotein at which strong
binding might be expected, histidine is an obvious
candidate, for it is known (Albert, 1950; Dobbie et
al., 1955; Martell & Smith, 1974) to bind Cu?*, for
example, more strongly than does any other amino
acid.

On the basis of these observations, three
predictions may be made: (i) since 10-15 histidine
residues exist per molecule of glycoprotein and
only about 2 can be complexed initially, further
catalysis by iron or copper ions should occur; (ii)
correspondingly, a chelator that inhibits the
participation of metals in oxidoreductive shifts
should greatly retard the ‘uncatalysed’ reaction;
(iii) spectral changes are expected when, e.g., Cu2+*
is liganded to histidine and should be detectable
with a histidine-rich macromolecule. It is shown
below that all three predictions are realized.

Effect of metals on the glycoprotein — H,0, reaction

(i) Catalysis by metal ions at low concentration.
We had shown that Fe?*, added to a glycoprotein
containing 1mM-EDTA, became an effective
catalyst when the EDTA was saturated. The
instability of Fe?* and the insolubility of many
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Fe3+ compounds prompted the use of Cu?* in the
present instance: reactions under the standard
conditions, but containing additionally 0.1 mM-,
0.3mM- and 1.0mM-Cu?*, were set up. All reac-
tions were catalysed, the curves being progressive-
ly steeper, and the 20h plateau values were also
decreased: the effects are demonstrated by the ¢,
values quoted in Table 2. The products at 20h were
dialysed and characterized as before, the amino
acid contents being quoted also in Table 2. It may
be noted that a glycoprotein concentration of
2mg/ml is about 50uM in histidine and 250 uM in
proline. ‘

It is evident from Table 2 that additional Cu?*
does not cause a greater loss of histidine than
occurs in its absence, although the conversion into
aspartate may be marginally more complete. It is
unmistakable, however, that the relatively small
loss of proline suggested in the ‘uncatalysed’
reaction is now a significant feature: some 30%, of
the proline is destroyed, and an approximately
equivalent rise in the content of glutamic acid
occurs. No other changes in amino acid compo-
sition are strongly evident, although the suspected
increase in threonine is confirmed, particularly at
1.0mM-Cu?*. The other notable feature of the
analyses is the increase in total peptide content,
confirming the earlier report that a small propor-
tion of the carbohydrate component is lost if the
reaction is accelerated or, if uncatalysed, very
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prolonged. Clearly, however, this loss is quite
minor.

(i1) Effect of removal of trace metal ions by chela-
tion. The very strong chelating agent DETAPAC
(diethylenetriaminepenta-acetic acid, as sodium
salt) (West, 1969) inhibits the reactions between
superoxide and Fe(III) compounds and between
H,0, and Fe(II) compounds (the Fenton reaction)
(Halliwell, 1978b). It thus differs from EDTA. Its
effect was tested on the glycoprotein-H,O, reac-
tion by setting up the reactions after prior
incubation of the glycoproteins with 2.4mm-
DETAPAC for 3 days. As is evident from Fig. 3,
virtually no reaction occurs during the 20h period,
when a normal decrease to about 25% of the initial
viscosity would be expected. At about this time,
the first of several additions of 20mM-CuSO, was
made, each addition bringing the Cu?* concentra-
tion up by 1mM. No change occurred in the
viscosity. At 48h, a second addition of CuSO, was
made, so that the total Cu2* was 2.0mM; again no
change resulted. At 72h, a further addition was
made, so that the Cu2* should be present in slight
excess over the DETAPAC; however, the rate was
still low, so at 75h a fourth addition was made,
giving a free Cu?* concentration of over 1 mM: the
reaction was then quite rapid, but a plateau value
similar to the ‘uncatalysed’ reaction was found at
approx. 90h.

These results are strong evidence that the

Table 2. Peroxide oxidation of glycoprotein 603AmS
Amino acid analyses of products of Cu?*-catalysed reactions, and values of the half-times (#,) of the reactions. Units

of analyses are as for Table 1.

Amino acid composition (mol/100mol)

1.0mM-Cu?+
No Cu?* 0.1mM-Cu?*  0.3mM-Cu2* (not duplicate)
Asp 6.2 6.4 6.8 7.0
Thr 20.7 20.0 19.7 23.1
Ser 17.3 16.1 16.5 17.1
Glu 5.0 5.8 8.4 9.1
Pro 14.2 13.9 10.3 9.5
Gly 8.1 8.4 10.3 9.1
Ala 13.2 13.8 13.0 12.7
Cys 0.0 0.0 0.0 0.0
Val 4.3 4.6 4.2 4.1
Met 0.1 0.3 0.2 04
Ile 1.5 1.5 1.4 1.6
Leu 1.9 1.8 1.6 1.4
Tyr 0.6 0.5 0.4 0.3
Phe 1.1 1.0 1.0 0.5
His 0.4 0.4 0.4 0.5
Lys 1.9 1.7 2.2 1.7
Arg 3.2 34 2.6 1.9
Total peptide 7.6 9.3 12.4 11.1
content (%)
t, (h) 5 3 1.5 0.75
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Fig. 3. Effect of DETAPAC alone and of DETAPAC plus
small additions of Cu** on the glycoprotein reaction with
The glycoprotein (603AmS) was incubated for 3
days at 37°C with 2.4mM-DETAPAC before addi-
tion of 50ul lots of 5% (v/v) H,0, at time zero and
3h (arrows 1 and 2). After 24h, 10 ul of mM-CuSO,
was added, making the Cu?* concentration 1.0mM
(arrow 3). Three further additions of CuSO, were
made similarly at the times shown (arrows 4, 5 and

6).

normal reaction proceeds by metal-ion catalysis; a
strong chelator can remove the metal ion, and
reaction will not then occur until all the chelator is
saturated and free metal ions are again present.

An attempt was made to remove the trace metal
from the glycoprotein by treatment with the metal-
ion-chelating resin Chelex 100, which has a very
high affinity for both copper and iron ions. The
more-viscous glycoprotein 485 was used : a solution
of 2mg/ml in sodium acetate buffer prepared in
Chelex-purified water was stirred for 3 days with
about one-third of its volume of the water-
saturated resin. After low-speed centrifugation,
the supernatant was treated as before with H,0,:
virtually no reaction could be detected viscometric-
ally over the 5h period in which the untreated
glycoprotein is strongly affected. This further
evidence that metals play an essential part in the
apparent uncatalysed reaction was confirmed by
the results of the amino acid analyses on the
products of the reactions (Table 1); the glycopro-
tein with prior Chelex treatment before addition of
H,0, shows little change from the original
(particularly in the histidine content), whereas the
untreated substance shows the typical changes in
amino acid profile that accompany reaction with
H,O0,. The reactivity of the Chelex-treated glyco-
protein was restored on the addition of 50 uM-Cu?*
(values not shown).
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Fig. 4. Spectra of mixtures of polyhistidine with various
concentrations of Cu?* compared with those of the separate
components
Curve 1, buffer blank; curve 2, polyhistidine blank
(Cu?*=0); curves 3, 4 and 5, polyhistidine
+0.2mM-, 0.5mM- and 0.9mM-Cu2* respectively.
For convenience, the ‘Cu* blue’ region (approx.
600nm) has been separated and placed below the
near-u.v. spectra, but all curves were recorded

continuously.

(i11) Spectroscopic effects. Since the histidine
content of glycoproteins is so low (typically 0.2
0.3% by wt.) spectroscopic changes accompanying
the binding of Cu?* are unlikely to be observable
directly: this was confirmed experimentally. How-
ever, polyhistidine (M, approx. 30000) is reason-
ably soluble in acetate buffer at pH 5.6, although it
has a negative coefficient of solubility and must be
prepared at 4°C. A solution containing 2mg/ml is
approx. 15mM in histidine. Mixtures were pre-
pared containing 0.2mM-, 0.5mM- and 0.9mM-
Cu?* in addition to the above concentration of
polyhistidine and examined by difference spectro-
photometry, the appropriate Cu?* solution and
polyhistidine solutions (in separate cuvettes) being
placed in the reference beam. The spectra are
shownin Fig. 4. A measurable shiftisobserved even
at the lowest Cu2* concentration, and at 0.9mM a
new peak with 4,,, at 310nm is clearly defined:
simultaneously a much broader, shallower, in-
crease can be seen at approx. 600nm, the ‘Cu?+
blue’ region. The 310nm peak (¢ very approx.
250M~!'-cm~!') may reasonably be ascribed to
charge transfer from the n;, and =, histidine ring
orbitals to Cu2+, in view of the extensive observa-
tions by Bernarduccietal. (1981)onimidazoleand a
series of derivatives in methanolic solution. Their
values for A, were all close to 310nm, with ¢
values ranging from 350M~'-cm~' for imidazole
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itself to considerably higher values for the
derivatives.

Metal-ion binding to poly-(amino acids)

Confirmation of the binding of Cu?* to polyhis-
tidine was obtained by determination of the effect
of Cu?* on the buoyant density, p,, of the polymer
in CsCl solutions. Although the polyhistidine
sample was insoluble in either CsCl or Cs,SO, at
pH 5.6, buoyant-density measurements are expect-
ed to be virtually unaffected (Cox & Schumaker,
1961 ; Ifft, 1971) and to reflect the value that would
have been obtained in solution, at least for simple
systems. The results were (in terms of p, in CsCl
solution): polyhistidine alone, 1.32g/ml; +1mMm-
Cu?+, 1.40g/ml; +2mMm-Cu?*, 1.45g/ml; +5mM-
Cu?*, 1.45g/ml.

The value for polyhistidine alone is in good
agreement with that reported for this pH by
Almassy et al. (1973). Clearly Cu2?* binding
increases the buoyant density, as would be expect-
ed from the high density of the Cu?*,4H,0 ion. (A
value of »=0.21ml/g was calculated from the
value for SO,2-,H,0 given by Pedersen (1958) and
the v for the electrolyte as a whole obtained from
the density data for CuSO,,5H,O given by
Washburn (1928). The effect on the buoyant
density apparently reaches a maximum at roughly
3mM-Cu?*, or a Cu?*/histidine ratio of approx.
1:7, but a more reliable value is obtainable from
M, measurements in the standard buffer solution.

M, were determined, by the method previously
described (Creeth er al., 1983a), on the polyhisti-
dine above, and after mixing with CuSO, or FeSO,,
at a metal ion/histidine molar ratio of 1:3.

Table 3. Weight-average M, values for poly-(amino acids)
and their metal-ion complexes

Two sets of values are given: I refers to the M, found
when no complex-formation is assumed, and the
regular v applies, whereas I1 gives the corresponding
values assuming a 1:3 poly-(amino acid)/metal ion
stoichiometry. In this case the v values have been
calculated on the basis of additivity, as explained in
the text: the method gives v 0.2ml/g for Cu2+,4H,0
and 0.34ml/g for Fe?*,6H,0.

M,

v (ml/g) I 11
Poly-His 0.67* 31000 —
Poly-His/Cu?+ 0.61 130000 110000
Poly-His/Fe2+ 0.63 208000 185000
Poly-Pro 0.76* 43000 —
Poly-Pro/Cu?+* 0.66 47000 33000
Poly-Pro/Fe?* 0.69 37000 29000

* Values from Cohn & Edsall (1943).
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Calculation of M, depends on a knowledge of v for
the species, which of course varies with the extent
of binding. However, one may assume two
extremes: no binding, when v for the polymer
alone applies, and complete binding (1:3), when
the v is easily calculated. The results are given in
Table 3, together with those for polyproline.

Even with the limitations imposed by the v
uncertainty, the results indicate clearly that poly-
histidine forms a complex with Cu2?* of about 4
times the size of the original polymer. Cu?+
binding alone cannot account for this (full 1:3
binding could give an increase of only about 15%; in
M,), and so one must conclude that the Cu?* is co-
ordinating between different polyhistidine mole-
cules, thus effecting cross-links. Similar conclu-
sions apply to the system polyhistidine-Fe?+.

Polyproline, on the other hand, provides no
evidence for complex-formation with either metal
ion.

Reaction of proteins and amino acid homopolymers
with H 202

Attempts to use various proteins to confirm the
central thesis of this work were described earlier
(Creeth et al., 1983a). However, Levitzki et al.
(1967) have shown that the third residue of a
polypeptide (from the N-terminal end) may have a
special susceptibility to Cu?+-catalysed oxidation,
so that the nature of the side chain may become of
subsidiary importance. Accordingly, proteins may
not be the most suitable models for understanding
the mucus glycoprotein-H,0O, system. For this
reason, the amino acid homopolymers poly-L-
histidine and poly-L-proline, which present ob-
vious simplicities of structure, were investigated.

Poly-L-histidine. Reaction systems with this
substance replacing the glycoprotein were set up as
described earlier (Creeth et al., 1983a), the polyhis-
tidine solution being prepared at 4°C, for the
reason stated, before reaction at 37°C. The results
are shown in Fig. 5. In the absence of added Cu?+
the reaction is very slow, whereas the addition of
1 mM-Cu?* causes a rapid decrease in viscosity
(t;<30min). It is interesting that the reaction
could not be observed to completion, for gelation
ensued when the reduced viscosity had reached
about 309 of its initial value.

The small transient increase in viscosity visible
on the addition of the Cu?* proved to be
reproducible. Stepwise addition of Cu?* (1 mM per
step) to a similar polyhistidine solution increased
Mea. Dy about 1ml/g per step up to a Cu?+
concentration of 25mM: this solution was lilac
blue. Addition of H,0, caused rapid liberation of
O, and a change to emerald green. The gelling
phenomenon after partial reaction with H,O, was
general, but dependent on the Cu?* concentration.
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Such gels were found to liquefy (#,.q. approx. 0)
after about 2 days at room temperature.

The analytical changes accompanying the reac-
tion were determined by stopping the reaction
when the solution was just still liquid by the
addition of the stoichiometric amount of Na,SO;.

30r-

20

Nrea. (M1/g)
]

10F
5
'y 1 'l 1 - |
0 1 2 3 4 5
Time (h)
Fig. 5. Degradation of poly-L-histidine by H,O, and
H 20 2/ Cu?+

H,0, (50ul) was added to 1.0ml of polyhistidine
(2.0mg/ml) in the standard conditions at z = 0; after
3h CuSO, was added to 1.0mM. Gelation occurred
at about 3.5h.
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The product was not dialysed, in order to avoid the
loss of minor or small-sized products. The presence
of salts did not appear to affect the analyses, the
results of which are shown'in Table 4. Initially, the
homopolymer is about 959 histidine, but in the
peroxide reaction product only about 6%, of
histidine remains, the bulk of the material now
consisting of aspartic acid. Small increases in
serine and glycine are also apparent. Very similar
results were found when Fe?+ was used instead of
Cu?* as catalyst: here the conversion was margin-
ally less complete, but the main effect is identical.
These results, taken with the decrease in viscosity,
confirm conclusively the previous hypothesis:
H,0,, when metal-ion-catalysed, oxidizes the
histidine side chain and simultaneously breaks the
histidyl peptide bond.

Poly-L-proline. Proline forms about 15%; of the
peptide backbone of the mucus glycoproteins, and
small losses (1-2%) were observed in the reaction
with H,O,. These were increased in the reactions
that were actively metal-ion-catalysed (Table 2).
Accordingly, the Cu2*-catalysed oxidation of poly-
proline was studied in the same way as the
polyhistidine, giving the results shown in Fig. 6
and Table 4. The reaction with peroxide is
undetectable before the addition of the catalyst
(1mM-Cu?*), when a much slower (7, approx. 2h)
degradation is initiated. Higher Cu* concentra-
tion produces a faster reaction (result not shown).
Gelling did not occur in this system, and so the
reactions could be followed to virtual completion.
When Fe2* was substituted for Cu2?*, insoluble

Table 4. Amino acid analyses of poly-(amino acids) and their oxidation products
Values are given for poly-L-histidine and poly-L-proline, and their respective products (‘ox.’) of reaction with Cu?+-

or Fe2+*-catalysed H,0,. Units are as for Table 1.

Amino acid composition (mol/100mol)

Poly-His/ox.  Poly-His/ox. Poly-Pro/ox.
Poly-His (Cu?+) (Fe?*) Poly-Pro (Cu?t)
Asp 0.9 80.3 67.6 1.2 29
Thr 0.0 1.9 5.5 0.0 0.6
Ser 1.1 4.8 34 1.6 1.1
Glu 0.0 0.0 1.2 0.6 16.0
Pro 0.0 0.0 0.0 94.8 77.2
Gly 1.4 5.8 49 0.6 1.3
Ala 0.0 0.0 1.5 0.0 0.0
Cys 0.0 0.0 0.0 0.0 0.0
Val 0.7 0.0 5.2 0.0 0.0
Met 0.0 0.0 0.0 0.0 0.0
Ile 0.0 0.0 0.0 0.0 0.0
Leu 0.0 0.0 1.6 0.0 0.8
Tyr 0.0 0.0 0.0 0.0 0.0
Phe 0.0 0.0 0.5 0.0 0.0
His 94.5 6.1 7.3 0.0 0.0
Lys 0.8 1.1 0.0 1.3 0.0
Arg 0.0 0.0 1.3 0.0 0.0
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Fig. 6. Degradation of poly-L-proline by H,0, and
HzOz/C“2+

Conditions were as indicated in Fig. 5 legend,
except that the initial concentration of polyproline
was 5.0mg/ml. No gelation occurred.

products were obtained, which were not further
characterized.

The analyses in Table 4 show that the initial
homopolymer is about 95% proline, which is
indeed partly oxidized to glutamic acid by the
action of H,0,. However, the conversion is only
partial, the products, obtained in the same way as
with polyhistidine, still retaining a high proportion
of proline. A slight increase in aspartic acid is the
only significant change in addition to the unmis-
takable increase in glutamic acid. The reaction
proceeds to a slightly greater extent at the higher
Cu?* concentration, but the general picture is the
same.

In contrast with the polyhistidine, the addition
of Cu?* to polyproline alone produced no increase
in viscosity. This implies the absence of complex-
formation, in agreement with the M, values given
in Table 3. We conclude from these results that
proline in peptide linkage is slightly susceptible to
metal-ion-catalysed oxidation by H,O,, but to a
much smaller extent than histidine in peptide
linkage. Thus the results obtained with glycopro-
teins are seen to be in agreement with expectation.

It is also apparent from these results that
histidine and Cu?* form strong complexes, prob-
ably in the approximate ratio 3:1. This is in
agreement with the radiotracer work by A.
Levitzki [unpublished work, cited by Pecht et al.
(1967)}, in which the association constant for this
system is given as approx. 10'8. Iron as Fe(Il) is
probably similarly bound, but the added complica-
tion of oxidation to insoluble Fe(III) complexes
prevents quantitative interpretation.

For polyproline, however, there is no evidence
that complex-formation occurs with either metal
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ion, and indeed it is difficult to formulate any
scheme that would allow it.

Discussion

The results on glycoproteins and polyhistidine
described above suggest a probable mechanism for
the reaction with H,0,. Since the evidence that
transition-metal ions play an essential part in the
reaction is so strong, it is assumed that all the
glycoproteins and glycopolypeptides previously
described contain the metals as trace impurities,
although some have still to be tested. Furthermore,
the assumption is made that the metal ions are
complexed to residues in the glycosylated polypep-
tide backbone: this is necessary because the
glycoproteins used here contained little naked
segment. Because experimental studies of the
redox behaviour of iron may be complicated by the
irreversible precipitation of Fe(III) complexes, the
following discussion is specialized to copper, but it
is virtually certain that iron could play an entirely
equivalent role. :

The Cu?*-catalysed oxidation of glycoproteins
bears some resemblances to the degradation of
DNA by the Cu?*—phenanthroline complex stu-
died by Gutteridge & Halliwell (1982); H,0, was
shown to be an essential intermediate. The essence
of this work was the demonstration that recognized
scavengers of the hydroxyl radical were ineffective
in retarding the reaction, but a mechanism
involving OH* was nevertheless probable: the lack
of effect of the scavengers was attributed to the
reaction of the OH' virtually at its point of
generation. .

Later, Rowley & Halliwell (1983) made the even
more pertinent observation that free histidine, or
serum albumin, lowered the bulk concentration of
OH' in a system in which the radical was generated
by a Cu*/Cu?* couple; it was suggested that the
radical was still produced, but was not liberated
because it attacked the histidine, free or in peptide
linkage. Furthermore, this reaction would account
for the well-known destruction of proteins by the
Cu?*/ascorbate system (Orr, 1967a,b; Samuni et
al., 1981, 1983).

A necessary component of all these mechanisms
was a reducing agent by which the Cu* ion could
be produced as the first step in the cycle.
Gutteridge & Wilkins (1983) (see also Barb er al.,
1951) suggest that H,O, itself can produce suffi-
cient Cu* to allow the cycle to commence: their
results on the degradation of proteins by H,0, and
iron or copper salts showed consistently that the
lower oxidation state of the metals was much more
active, but nevertheless both Cu2?* and Fe3+
induced reaction.

Convincing evidence that the metal must be
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reduced in order to take part in the reaction was
obtained through e.p.r. measurements by Shinar et
al. (1983) in their study of the role of Cu?* and
ascorbate in the inactivation of acetylcholinester-
ase; moreover they obtained, by the same means,
proof that the metal ion complexed to the enzyme.

The explanations advanced to account for the
destruction of proteins have clear application to
our observations on mucus glycoproteins, in spite
of the high proportion of carbohydrate in these
substances and their consequently very different
physical properties. In summary, the scheme is as
follows.

(1) The solvent-fractionated mucus glycoproteins
contain trace metallic impurities: in particular,
some Cu?* is complexed to a few of the histidine
side chains.

(i) In the presence of H,0,, some Cu* is
produced:

Complex-Cu?*+H,0, -
Complex-Cu*+HO, +H* (1)

(i11) After the loss of its proton, the superoxide
radical (pK4.8; Behar et al., 1970) may react with
more H,O, (the Haber-Weiss reaction):

02._+H202 hnd 02+0H_+0H. (2)

This reaction is more accurately represented as
metal-ion-catalysed (McCord & Day, 1978; Sa-
muni et al., 1981):

Complex-Cu2*+0,"~ » Complex—Cu*+0, (3)

Complex-Cu*+H,0, -
Complex-Cu?*+OH-+OH* (4)

The last stage (4) is the copper analogue of the
Fenton reaction; it could, of course, occur immedi-
ately after eqn. (1) but the scheme as written
emphasizes the site-specific generation of OH" by
both pathways.

(iv) Destruction of the histidine residue at which
the OH" is formed is now envisaged, so liberating
the Cu?* and enabling it to co-ordinate at a further
histidine residue and continue the cycle. In detail,
a mechanism favouring aspartic acid formation
and peptidolysis must be sought. The C=C bond of
the imidazole ring must be a susceptible, electron-
rich, target at which OH" could be added, so the
production of aspartic acid is not surprising;
moreover, Tomita et al. (1969) found urea deriva-
tives in their study of the oxidation of histidine by
singlet oxygen. This moiety accounts for all but the
remaining imino group. It is also noted that
Shaltiel & Patchornik (1963) used the oxidizing
agent N-bromosuccinimide to obtain nearly quan-
titative peptidolysis at the histidine carboxy group;
their mechanism called for the formation of a new
N-terminal at the bond originally linked to the
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histidine carboxy group. Our failure to find a new
N-terminal may partly have been due to the
linkage of histidine in these glycoproteins to a wide
variety of other amino acids, in keeping with the
very weak and ill-defined fluorescence observed in
the test. However, it is relevant to note that
pyruvoyl analogues were isolated by Levitzki et al.

(1/967), arising from oxidation of the peptide>CH—

CO group; their subsequent decomposition would
lead to an amide rather than a free amino group.

The occurrence of ligand-to-metal charge trans-
fer (inferred from the observation of the 310nm
absorption band described above), implying the
excitation of an electron from a ligand-centred
orbital to a metal-centred orbital, must be regarded
as facilitating the crucial cycle-initiating reaction
(1); some co-ordination complexes of Cu(Il) are
known that undergo spontaneous reduction to the
Cu(l) state (Birker & Reedijk, 1983). In the protein
system described above, a specific reducing agent,
usually ascorbate, was necessary: in our system, in
which the H,0, was initially at 80 mM, ascorbate at
10mM not surprisingly produced little effect. It
seems likely that the high concentration of H,0,
eliminates the need for a more powerful reducing
agent, but it would clearly be of interest to
determine if a similarly specific oxidation occurs at
much lower H,0, concentrations in the presence
of ascorbate. Detailed e.p.r. spectroscopy of the
Cu?*/polyhistidine/H,0, system should also be
revealing.

An alternative mechanism, essentially an exten-
sion of that developed by Shaltiel & Patchornik
(1963), which is not dependent on free radicals,
may be advanced: further details are given by
Cooper (1984).

It is difficult to extend either mechanism to the
oxidation of proline to glutamic acid, despite its
apparent similarity to the histidine-aspartic acid
reaction, and this observation remains unex-
plained. A detailed investigation of the effect of
scavengers etc. is clearly desirable. It must be
noted, however, that the proline-glutamic acid
conversion could not occur without peptidolysis, in
contrast with the histidine-aspartic acid conver-
sion; the latter would, in principle, be restricted to
the side chain alone.

Two other aspects of the glycoprotein/H,0,
system deserve comment. Cross et al. (1983) have
shown that the large disulphide-linked glycopro-
tein aggregates in gastric mucus are degraded by
mixtures of H,0,, Fe?* and ascorbate. This is
explicable in the terms we have outlined above, it
being recognized that these glycoproteins possess
residues additional to histidine that are susceptible
to peroxide attack (cysteine, tryptophan). In
addition, however, Cross et al. (1984) have shown
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that the smaller glycopolypeptides are effective
scavengers of OH" when this is generated by pulse
radiolysis, i.e. not in a site-specific manner. Such
scavenging action, they point out, is to be expected
from the high sugar content of the glycopolypep-
tides, and the well-known effectiveness of sugars in
general in this respect. They suggest that this
scavenging action may be of primary importance
in protecting the respiratory and gastrointestinal
tracts from adventitious radicals in smoke etc. or
those produced by normal cellular action. This
concept may well be important in understanding
the function of mucus, but clearly it is not related to
the site-specific action of H,O, with which we
have been concerned.

Finally, an attempt has been made to link
normal and pathological bronchial function to the
now-proven susceptibility of bronchial glycopro-
teins to H,O, in the presence of trace amounts of
copper (J. M. Creeth & B. Cooper, unpublished
work). The argument (Clamp & Creeth, 1984) is
speculative, but hinges on the role of lactoferrin as
a copper-carrier : if correct, it provides a pointer to
a route whereby massive amounts of glycoproteins
could accumulate, thereby contributing to obstruc-
tive airways disease.

We are greatly indebted to Dr. Barry Halliwell, of
King’s College, London, U.K., who pointed out to us the
probable significance of the site-specificity that we had
observed. We thank also Mr. lan Elliott of the
University of Bristol, who constructed the computer-
controlled viscometric equipment and wrote the appro-
priate software. The glycoprotein samples were gener-
ously given to us by Dr. W. M. Watkins and Professor
W.T. J. Morgan of the Clinical Research Centre. Dr. G.
Nickless of the Department of Chemistry, University of
Bristol, very kindly performed the trace-metal analyses
on the buffer solutions. We acknowledge the financial
support of the Medical Research Council and the Lister
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