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On the Mechanism of Peroxidase Catalyzed Oxidations

Studied by Means of Chemiluminescence Measurements

ROBERT NILSSON

Institute of Radiobiology, Royal University of Stockholm, Sweden

The enzymic oxidation of pyrogallol is accompanied by chemi-
luminescence, the measurement of which provides a sensitive and
useful assay method for peroxidatic activity of purified as well as
for crude enzyme preparations.

The present mvestigation is concerned with the characteri-
zation and kinetics of the luminescent species involved in this reaction.

It has long been known that the oxidation of pyrogallol is accompanied
by chemiluminescence in the presence of hydrogen peroxide 1,2. However,
no attempts have been made to study the reaction mechanism of this process
in further detail. In a previous publication the possibilities of utilizing this
light emission for the quantitative measurement of peroxidatic activity were
investigated. It was found that when pyrogallol, phosphate buffer and enzyme
were mixed, the light intensity reached a maximum value after a certain
induction period, and then slowly decreased.? The form of the time dependence
reaction velocity curves for the luminescent process strongly suggested
the accumulation of an active intermediate molecular species which then
undergoes a secondary, chemiluminescent elimination without necessarily
requiring the participation of the enzyme protein. The luminescence intensity
at the “’steady state’ was found to be dependent on the enzyme concentration,
but the relationship was linear only within a very limited concentration
range of oxidizing substrate. The luminescence at the maximal “steady
state” conditions was further characterized by a marked sensitivity to small
variations in peroxide concentration and possessed a sharp optimum. The
position of this optimum was found independent of enzyme concentration.
The presence of a large excess of reducing substrate resulted in an inhibition
of the luminescent reaction which has previously been observed for the over-
all reaction rate.* The advantages of this method as compared to the conven-
tional assay methods were also presented. In the present experimental work,
an attempt has been made to clarify the reaction mechanism of the luminescent
process in further detail.
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EXPERIMENTAL

The equipment used for the luminescence measurements consisted of a sensitive
photomultiplier unit coupled to & potentiometer recorder. A Sigma HRP (horse-radish
peroxidase) preparation of a purity corresponding to 21 purpurogallin units® per mg
(20 sec) was used. All other chemicals were analytically pure. In order to prevent aut-
oxidation, the freshly prepared pyrogallol solutions were immediately acidified by the
addition of a few drops of 1 M sulphuric acid.

Pyrogallol, phosphate buffer and enzyme were mixed in a standard cuvette in the
above mentioned order, and the volume of the reaction mixture adjusted to 1.5 ml by
the addition of distilled water. The reaction was then initiated by the rapid injection
of 1.0 ml of peroxide into the reaction chamber which ensured an immediate and efficient
mixing of the components. The luminescence intensity was then recorded as a function
of time under varying experimental conditions.

The light absorption measurements were carried out under identical experimental
conditions by means of a Beckman spectrophotometer unit type DB.

RESULTS AND DISCUSSION

The effect of pH and temperature on the
luminescence intensity at the steady state

The dependence of the luminescence intensity on hydrogen ion concentra-
tion at the maximal steady state conditions in the pH interval 4.0—9.0 is
given in Fig. 1. A fairly sharp optimum is observed between pH 6.0 and 6.5,
whereas the pH optimum as obtained by the purpurogallin method is reported
to lie around pH 7.8.% By the use of monochromatic interference filters, the
light e}gnitted was shown to have a maximum intensity at a wavelength near
4800 A.

L Fig. 1. The dependence of the luminescence

PH intensity on pH under maximum “’steady
1 L 1 1 r state’’ conditions. HRP = 3.6 X 10~ M. Py-
4 5 I3 7 8 9 rogallol = 6.3 X 10-* M. H,0, =3.5 X 10-2 M.,

luminiscence intensity

From measurements of the temperature dependence of the luminescent
process in the temperature range 10 to 20°C, an apparent activation energy
of approximately 8 400 cal mole™ was obtained. This value is considerably
lower than that which may be calculated from the figures reported by Will-
stitter and Weber” using leuco-malachite green as hydrogen donor. In the
latter case an activation energy of about 11 500 cal mole™ will be found for
the over-all activity of the enzyme in the same temperature range. The
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formation of malachite green from the leuco-base closely agrees with the
reaction kinetics of the rate determining enzyme-substrate complexes, and
thus constitutes a more reliable index of the true enzymic activity, than is
given by the purpurogallin number.! The luminescence is clearly associated
with a secondary, non-enzymic reaction step in the oxidation of pyrogallol
of much lower energy of activation than the enzymic reactions.

The spectrophotometric identification
of an intermediate product formed by
the enzymic oxidation of pyrogallol

In order to confirm our hypothesis concerning the existence of an active,
chemiluminescent intermediate which is eliminated by a process slower than
the enzymic reaction, the formation of end products in time was studied
spectrophotometrically at different wavelengths. When the light absorbtion
of the reaction mixture was registered at 6000 A, it was found, that the optical
density, instead of displaying the continuous increase reflecting the accumu-
lation of coloured end products, reached a maximal level after an induction
period of several minutes and then decreased, asymptotically approaching a
much lower, constant value. Thus, it could be established, that during the
course of the reaction, a blue, intermediary compound accumulates which
then is eliminated by a slower, secondary reaction.

To investigate whether the blue compound in some way was associated
with the luminescent process, the light intensity was recorded under identical
experimental conditions. It was found, that the position of the maximal
light intensity at pH 7.0 and 6.2 coincides with the position of the maximal
light absorption. However, after the maximum had been reached, the optical
density decreased somewhat slower than that observed for the light emission,
and when the luminescence had practically ceased, the absorbancy was still
considerable, amounting to approximately one third of the maximum. We
attributed this discrepancy between the changes in absorbancy and light
intensity, which becomes increasingly more accentuated as the reaction ap-
proaches its end point, to the formation of end products also causing some light
absorption at this wavelength. This assumption could be proved by the follow-
ing observations.

By the addition of a strong reducing agent, e.g. ascorbic acid, an immediate
decrease of the absorption at 6000 A was obtained, whereas the absorbancy at
4300 A, the wavelength usually employed? for the registration of end products,
was not appreciably altered. Under the same conditions ascorbic acid was
also found to cause an immediate and complete extinction of the chemilumi-
nescence which is shown in Fig. 2. The absorbancy values, obtained after the
reducing agent has been added at different time intervals, thus represent the
relative amounts of end products irreversibly formed. Under the experimental
conditions in question, the formation velocity of these end products (presumable
mostly purpurogallin) is constant during the first period of time, and then
gradually decreases as the supply of initial reactants is consumed. This charac-
teristic will also apply to the formation of purpurogallin as usually registered
in the spectrophotometric adaptions of the conventional purpurogallin method
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Fig. 2. The effect of ascorbic acid on the Fig. 3. The variations in time of the absor-
concentration of the blue compound and bance caused solely by the blue intermedi-

on the luminescence intensity. HRP =  ate, plotted together with the variations
3.6x10® M. Pyrogallol = 6.3x10"* M. in luminescence intensity measured under
H,0, = 7.0x10"* M. pH = 7.0. identical conditions. HRP = 3.6 X 10~ M.

Pyrogallol = 6.3x10"* M. H,0, = 3.5
10-* M. pH = 17.0.

of Willstitter. The differences in absorbancy at 6000 A, obtained by subtrac-
ting the values observed after the injection of the ascorbic acid from the values
observed before the reducing agent was added, thus represent the absorption
solely caused by the blue compound. When the variation in absorbancy
induced by this readily reducible intermediate is plotted against time in a
diagram together with the variations in luminescence intensity, a good corre-
lation between the two curves is obtained, as shown in Fig. 3.

The effect of different variables
on the formation and elimination
of the blue intermediate <. ]

Effect of pH. To determine the position of the luminescent step and its
relation to the formation and elimination of the blue compound in the reaction
sequence resulting in the formation of purpurogallin, the influence of pH
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on the correlation of the luminescence and the levels of the intermediate was
studied. Whereas at pH 6.2 and 7.0 there is a close correspondence in time
between these two curves, the luminescence peak at pH 7.6, however, consider-
ably lags behind the position of the maximum in the concentration of the blue
intermediate. Another interesting feature is that the hydrogen ion concentra-
tion was found to have a relatively small effect on the levels of the blue
compound in the pH region where the luminescence had a marked optimum.
Consequently, neither the formation of the blue compound, nor its elimination,
is identical with the luminescent reaction. This might be understood more
clearly on basis of the following considerations.

If the formation of the blue compound is identical with the luminescent
reaction then the maximum of the light emission (indicating a maximum
turnover rate of the immediate precursor of the blue compound) would precede
the position of the maximum of the concentration of the intermediate, when
the rate of formation of the latter equals the rate of its elimination. If, on the
other hand, the luminescent reaction is identical with the elimination of the
intermediate, the maximum in luminescence should correspond to a maximal
concentration level of this compound. Thus, both the formation and the elimi-
nation of the intermediate precedes the pH dependent luminescent step.

The effect of peroxide and pyrogallol concentrations. In order to gain
more concrete information on the true nature of the blue intermediate, an
investigation was undertaken of the effect of certain variables known to
affect the levels of the intermediate such as enzyme and peroxide concentra-
tions.

By means of electron paramagnetic resonance measurements, Yamazaki,
Mason and Piette have identified free radicals formed from various hydrogen
donors by one-electron-reductions of the active primary and secondary peroxi-
dase-peroxide complexes. The general reaction mechanism proposed for the
oxidation of a hydrogen donor, AH,, may be written ag10-12

k
HRP + H,0, \——k;l* ES, (1)
2
k
ES; + AH, —> ES; -+ AH- (2)
k
ES, + AH, —> HRP + AH. (3)
k
9AH. —> AH—HA (A-+AH,) (4)

where AH. represents the (semi)—oxidized donor molecule formed by the
reduction of the active complexes ES; and ES;;. The reaction between com-
plex II and the donor molecules is usually the rate determining step. From
these equations we obtain the following rate expressions:

d[ES;J/d¢ = [E] [Hy0,] &y — [ES;] (k + [AH,] k) (5)

d[ESy])/dt = [ESI] [AH,] k; — [ESy] [AH,] k, (6)

d[AH:]/dt = [ES,] [AH,] k, + [ES;] [AH,] &, — [AH-Tks ()
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If the steady state conditions d[ES;]/dt = d[ES,]/df = 0 are applied,
we obtain from eqns. (5) and (6):

¢ [EO] [H2O2] kl _ [ESII] [H202] kl

[ES,] = ky + [AH,] ky + [H,0,] &y ®
_ [Bo] [H,0,]
(8] = (H,0, T T Hkr) + Eufls (T, + TAHL) @

where [E,] represents the total enzyme concentration. As k,/k, is much smaller
than [AH,}, and k,, as far as investigation of this constant is possible, has
been shown to be much greater than k, for HRP, eqn. (9) may be simplified
to

~ [E,]
[ESy] = 1 + [AH,] kZ/[Hgoz] ky oo

If it is assumed, that the blue intermediate is identical with the free radical
directly formed by the reduction of the active enzyme-substrate complexes,
the expression for the steady state concentration of this compound should
agree closely with that of complex II and will be given by expression (11):

2[E,] 4
[AH.] = [ k| ha :I (11)
ki[HyOp] * key[AH,]

Eqn. (11) will be valid under steady state conditions, 7.e. d[AH.]/d¢ = 0,
provided that the free radicals disappear only by reaction with one another.
However, in the case of pyrogallol, the course of reaction is considerably more
complicated, and one or more steps, involved in the formation of end products,
are slower than the reaction between the hydrogen donor and complex II.313
Thus several alternative mechanisms of elimination of the primarily formed
free radicals are possible.

The dependence of the initial formation velocity of the intermediate
on the enzyme concentration at different levels of oxidizing substrate was

K [Xs] (a)

-

Fig. 4. The dependence of the concentra-

tion of the blue compound on the enzyme

concentration at five different levels of

oxidizing substrate. Pyrogallol = 6.3 x 10

M. H,0, = (a) 7.0x10-%, (b) 10.5x 102,

(c) 17.5x10°%, (d) 26.2x10% and (e)
35.0% 10" M. pH = 7.0.
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investigated. The relationship was found to be linear, which is consistent
with the blue compound being identical with the free radical. This evidence
can, however, as well be interpreted on the basis of the intermediate being
identical with a dimerization product of the radical. In order to decide between
the two alternatives, the influence of the enzyme concentration on the steady
state levels of the blue compound at different peroxide concentrations was
studied. The results of this investigation are represented in Fig. 4. For none
of the five curves is the steady state concentration of the intermediate pro-
portional to [E,]}, and the intermediate cannot, thus, be identical with
the free radical. The steady state concentrations are directly proportional to
the enzyme concentration which satisfies an expression representing the steady
state concentration of a hypothetical recombination product formed from
the free radicals, either with or without the participation of peroxide, as
shown below in the reaction sequences (12) and (13).

k. k.
2 AH. —> AH—HA —> Prod. (12)
k, k. k;
2 AH. —5 AH_HA —g A—A —> Prod. (13)
22

From the expressions above, the following equations for the steady state
concentrations of the intermediates are obtained:

[AH—HAJ = 7 2 [Bo] 7 (14)
b (0,05 T &, [AH;]
2 [E,]
[AH—HAL = — +°k'e [F,04] (15)
%y y [AH,]
[A—A) = — 2l : (16)

by H,0,] T F, [AH,)

At peroxide concentrations considerably below 10~ M, deviations from
the linear relationship were observed for the highest enzyme concentrations.
This might probably be ascribed to the fact that the consumption of peroxide
becomes relatively important as compared with the total concentration,
and may not longer be regarded as constant in the expressions representing
the steady state levels throughout the whole range of enzyme concentrations,
but represents a limiting factor. The steady state of the blue intermediate
was established at a markedly slower rate in this lower concentration range.
This is contrasted with the extremely rapid establishment of the steady state
levels of the active enzyme-substrate complexes in the presence of a hydrogen
donor.14

The first part of the reaction sequence represented in eqn. (13), which -
results in the formation of the oxidized product of recombination, A-A,
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should be analogous to the formation of the blue, stable, quinoid compound
cerulignone (3,5,3',5',-tetramethoxy-4,4'-diphenoquinone) from pyrogallol-
1,3-dimethylether, which evidently proceeds by the dimerization of free radicals
with trivalent carbon in the para-position.’® In this case, however, the blue,
quinoid intermediate could be expected to be unstable due to the absence
of the stabilizing effect of the methoxy groups, and subjected to a consequent
decomposition.

Important information concerning the mode of formation and elimination
of the blue intermediate was expected from a study on the effect of peroxide

K-[Xs]
L ' K-[Xgl, (A} /luminescence intensity, (B)
10+
—e. v - —t— B
- A
r—-
05
1 1 1 1 1 1 p"?o-?] 1 | ! 1 [l 1 l[';"zo)!
] 2 3 4%107M 4 [} 12 16 20x103M

Fig. 5. The dependence of the steady Fig. 6. The dependence of the steady state
state concentration of the intermediate concentration of the intermediate on the

on the peroxide concentration. HRP = peroxide concentration plotted together
3.6x10"® M. Pyrogallol = 6.3x10* M. with the luminescence intensity measured
pH = 7.0. under identical conditions. HRP = 3.6 x

10-8 M. Pyrogallol = 6.3 x 10* M. pH =17.0

on the intermediate. Fig. 5 shows the effect of the concentration of oxidizing
substrate on the steady state levels at a constant enzyme concentration.
In Fig. 6 the same function is plotted together with the luminescence intensity
over a wider range of peroxide concentrations. (The correlation of luminescence
with the blue compound will be discussed in the next section). The steady
state level rises steeply at first to reach a maximum, and then slowly decreases
with further increase of the peroxide concentration. The presence of this
optimum is, however, explained by an inhibition of the enzyme which could
be observed when the overall activity was measured by recording the formation
of end products at 4300 A. This inhibition has previously been observed by
early investigators of peroxidase kinetics, and was found to be reversed by
the removal of excess of peroxide by catalase.4,® Keilin et al.17,'® have shown
a third, inactive complex of HRP to be formed in the presence of high concen-
trations of peroxide. Investigations by George!® indicate compound III to
be formed from compound II by the action of peroxide. In the presence of
a reversible formation of the inactive complex III, the following expression
for the steady state concentration of the oxidized recombination product,
A-A, is obtained:
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2 [y
A=Ak = TR B0y, & an

F A, T gk, [AH,] T Ty [H,05]

where kg is the second order rate constant for the formation of complex III,
and k, is the rate constant for the reverse reaction. The general form of the
curves represented in Figs. b and 6 agrees with eqn. (17) if the blue compound
is identified with the quinoid intermediate in the hypothetical reaction se-
quence (13), but is not valid for the simple recombination product, AH-HA.

08
H
062
o
1]
G
0.4 |-
Fig. 7. The effect of reducing substrate 021
on the concentration of the intermediate
at the steady state. HRP = 3.6 x 10-® M. [pyrogaliol]

H,0, = 1.75x 10-2 M. pH = 7.0. L
e P 1 2 3109 M

The effect of the pyrogallol concentration on the steady state is shown
in Fig. 7. The levels of the blue intermediate increase with increasing concentra-
tion of reducing substrate to reach a maximum at about 3 X 103 M. The
form of the curve will thus conform to the equations given above.

Correlation of the elimination
of the blue compound and the
luminescent reaction

The reaction kinetics of the primary and the secondary complexes of HRP
are practically unchanged in the pH region 3.6—8.8.14 The existence of a
sharp pH optimum for the luminescent reaction is thus not directly associated
with the activity of the enzyme, but reflects the presence of pH sensitive
steps slower than the reaction of pyrogallol with complex II. The effect of pH
on the concentration levels of the blue intermediate in the range in question
was, however, found to be comparatively small. This indicates that the meas-
urement of the steady state levels of the blue compound at 6000 A probably
gives a more reliable index of peroxidatic activity than does the conventional
purpurogallin method. The formation of the strongly coloured oxidation
products from pyrogallol under these experimental conditions, however,
makes a more thorough investigation of this question impossible by means
of the usual spectrophotometric methods.
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The maximum in light intensity at pH 7.6 was not found to coincide
in time with the concentration maximum of the intermediate, but is somewhat
retarded as compared to the latter. This fact, as well as the relative insensiti-
vity of the steady state levels of the blue compound to changes in pH, excludes
the possibility of the elimination of the blue compound as being directly
associated with the chemiluminescence. Several observations, however, indicate
that the light emission accompanies a pH-dependent step immediately follow-
ing a peroxide-dependent elimination. A change in the reaction velocity
with the hydrogen ion concentration would explain the fact that the elimi-
nation and the luminescent reaction at pH 6.0-7.0 are telescoped into one ap-
parently synchronous process.

The chemiluminescent reaction is extremely sensitive to changes in per-
oxide concentration and the luminescence is characterized by a very sharp
optimum of oxidizing substrate.? The peroxide level required for maximum
luminescence considerably exceeds the minimum concentration necessary
for maximum formation velocity of free radicals. A higher luminescence
intensity was found to be correlated with a lower steady state level of the
blue compound which is shown in Fig. 6, i.e. whereas the activity of the en-
zyme is inhibited, the luminescence is greatly activated by increasing peroxide
concentrations. This phenomenon is consistent with the presence of two
competing mechanisms of elimination of the intermediate, only one of which
being activated by peroxide and associated with luminescence. The possibility
that a peroxide-dependent decomposition constitutes the luminescent reaction
sequence is not surprising, in view of the fact that luminescent reactions
almost without exception involve molecular oxygen or peroxides.

prod.
A

>
(18)

k'
H202 \

blue intermediate

X* —> prod. + light

PH sensitive step

The injection of peroxide at the steady state of the blue compound will
result in a momentous activation of the luminescence which is accompanied
by the rapid disappearance of the intermediate. When ethyl hydrogen peroxide
was used as oxidizing substrate, pyrogallol was also found to undergo a lumi-
nescent oxidation in the presence of HRP. The blue compound formed was
found to be eliminated by the addition of hydrogen peroxide in a reaction
accompanied by an increased luminescence intensity in the same way as when
hydrogen peroxide was used initially.
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Final confirmation of the close association of the luminescent reaction
and the fast, peroxide-dependent elimination of the blue compound was
obtained by measuring the increase in luminesensce intensity caused by a
single injection of peroxide of varying concentration at the steady state

80
2 1
4 60 -
s 3
Fig. 8. The effect of injection of varying < T 4
concentrations of hydrogen peroxide on ?é’ s
the luminescence at the steady state into s 5
a reaction mixture containing: HRP = @ 6
3.6 x10® M. Pyrogallol = 6.3 x10* M. £,
H,0, = 7.0 x 10~ M. Amounts of peroxide g2~ 7
injected; 1) 22.1x 1075, 2) 17.6x 10-5, 3) = L
13.2x 105, 4) 8.8x107% 5) 6.6x 1075, 6)
4.4x107°, and 7) 2.2 X 10~® moles. pH =17.0. ! 1 1 ] ] :
3 6 min

(Fig. 8). The increase in reaction velocity of the luminescent reaction is
given by the sudden increase in luminescence which is obtained upon the
injection of the peroxide. When these values, or alternatively, the values
found by integration of the curve peaks up to a time 15 sec after the initiation
of the activated luminescence, are plotted together with the relative amounts
of the blue compound eliminated during this first phase of the reaction, an
absolute correlation is obtained (Fig. 9). Each of the two curves are composed
of two linear parts, the points of intersection of which are situated at the
same peroxide concentration, 2.0x 1072 M. This concentration corresponds
exactly to the point where a peak in the dependence of the maximal
luminescence intensity in the enzymic oxidation of pyrogallol is observed
when the oxidizing agent is present initially. Above this concentration, the
enzymic overall activity as measured by the luminescence, becomes inhibited.
This shows conclusively that the inhibition observed is not due to a decrease
in elimination velocity of the intermediate blue compound, but must be loca-
lized to one of the earlier steps in the reaction sequence. Theoretically, since
the position of the optimum was found to be absolutely independent of the en-
zyme concentration, an explanation may be offered by the formation of the
catalytically inactive complex III, which then decomposes in a unimolecular
reaction or in a reaction independent of the peroxide concentration. The
sudden change of the elevation of the relationships of Fig. 9 probably indicates
a change in elimination mechanism of the intermediate.

Pyrogallol was found to be oxidized in luminescent reactions by peroxide
also when the enzyme was replaced by Fe** or Fe?*. The luminescence-time
dependence curves exhibited the same characteristic induction phase as
when peroxidase was utilized although the molar efficiency of the inorganic
ions was of course much lower. When the dependence of the reaction velocity
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Fig. 10. The dependence of the lumines-
cence intensity at the steady state on
peroxide concentration for the enzymic
reaction as well as for non-enzymic model
systems containing ferrous and ferric iron.
HRP = 3.6x10"%. Fe’t =7.4%x10° M.
Fe?t = 7.4 x 10-* M. Pyrogallol = 6.3 x 10~*

3.6 x 10 M. Pyrogallol=6.3 x 10-*M. H,0,

M. pH = 7.0.
initially present = 7.0x10-* M. pH 7.0.

of the luminescent oxidation on peroxide concentration was studied in the
presence of inorganic iron, a luminescence optimum, remarkably enough,
was obtained at the same peroxide concentration as for the enzymic reaction
(Fig. 10). It thus appears that the inhibition of the peroxidatic activity
induced by high peroxide concentrations is due to a general property of
ferric iron, both in peroxidase and in the free state, of becoming transformed
into a catalytically inactive form by the oxidizing substrate.

The preparation of the blue
compound from purpurpogallin

Early investigators concerned with the elucidation of the chemical structure
of purpurogallin found, that alkaline solutions of this substance would turn
blue in the presence of oxygen. In order to find out if this compound is, in
fact, identical with the blue compound involved as an immediate precursor
in the luminescent step, the following investigation was undertaken.

To a 1 %, sodium carbonate solution varying amounts of an etheral solution
of analytically pure purpurogallin, containing negligible amounts of pyro-
gallol, were added in a series of samples. Oxygen was then bubbled through
the solutions which quickly acquired a deep indigo blue colour. Willstitter
and Heiss?® have shown that, by this procedure, the purpurogallin is com-
pletely transformed into the blue pigment, and no purpurogallin will be found
in the solution. When hydrogen peroxide was then added, together with a
phosphate buffer of pH 7.0, the blue colour rapidly paled and the solution
regained its original yellow-brown hue. This reaction was found to be accom-
panied by a chemiluminescence, the intensity of which was directly proportio-
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nal to the amount of purpurogallin originally present in the sample. Purpu-
rogallin alone gave no light emission under identical conditions. In the time
dependence curve of the luminescence intensity, no induction phase in the
luminescence was found, but the light intensity immediately reached the
maximum level and then slowly decreased.

The formation of the blue compound from purpurogallin is reversible,
and the purpurogallin may be regained, at least in part, by the acidification
or by extensive dilution of the aqueous solution. The exact nature of the blue
compound remains obscure, however, for the time being, and this matter
will be more thoroughly investigated in the near future.
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