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ously extracted with ether. Evaporation of the ether from
the first ether extraction gave scopolamine (4.2 g.) as a
cloudy viscous oil.

Evaporation of the ether from the continuous extraction,
after drying over anhydrous magnesium sulfate, gave 3.35
g. of scopine as a clear viscous oil. This is a 969, vield
based o1t unrecovered scopolamine.

The colorless oil was taken up in excess pentane and
treated with 0.1 g. of charcoal. After removal of the char-
coal, hexane was added and the solution was concentrated
by gentle warming. The solution was cooled to room tem-
perature and then in the refrigerator overnight. This gave
crystalline scopine, m.p. 73-75°. One further crystallization
from pentane gave colorless needles, mn.p. 76°.

Solid scopine as a Nujol mull showed the following infra-
red maxima: 3.04, 7.52, 7.65, 7.80, 8.07, 8.23, 8.33, 8.68,
8.85, 9.28, 9.60, 9.77, 10.05, 10.18, 10.60, 11.50, 11.80,
12.29, 13.70 and 14.11 u.

Scopine in aqueous solution formed a picrate in good yield
when treated with a methanolic solution of picric acid. The
picrate had nt.p. 242-243° (identical with the melting point
of authentic scopoline picrate). A mixture melting point
with authentic scopoline picrate showed no depression.
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The infrared spectra of scopine picrate and scopolinte pic-
rate were, however, distinctly different, eaclt spectrum cou-
taining maxima totally absent in the otlier. The couver-
sion of scopine picrate to scopoline picrate on heating to the
melting point is not surprising in view of the report by
Moffett and Garrett that scopine methobromide rearranges
to scopoline methobromtide on heating to tlie inelting point.b

Scopine Methobromide.—A solution of scopine in meth-
anol was treated with excess methyl bromide and left over-
night at 0°. Scopine methobromide was then collected in
nearly quantitative yield (m.p. 294-296° dec.).

Scopoline (III).—Scopolamine, dissolved in excess 109,
potassium hydroxide, gave scopoline as a clear viscous oil
in 98%%; vield after 17 hours reflux.

Scopoline showed the following infrared maxima: 2.97,
3.47, 6.86, 6.98, 7.16, 7.41, 7.54, 7.65, 7.74, 8.04, 8.21,
8.35, 8.56, 8.95, 9.31, 9.49, 9.60, 9.68, 9.82, 9.98, 10.20,
11.08, 11.20, 11.44, 12.00, 12.21, 12,50, 12.95 and 14.30 u.

Scopolinte picrate, obtained by mixing an aqueous solu-
tion of picric acid an an aqueous solution of scopoline, had
m.p. 242-243° dec.
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Variation of the Michaelis Constant in Polyphenol Oxidase Catalyzed Oxidations:
Substrate Structure and Concentration

By Lroyp L. INGRAHAM
RECE1VED JULY 2, 1956

A study is reported of the variation of the oxygen Michaelis constant with the structure of the hvdrogen donor i1 a system

catalyzed by polyphenol oxidase.
study.

Three hydrogen donors, catechol, chlorogenic acid and caffeic acid, were chosen for this
From the assumption that the rate constants governing the equilibrium between enzyme and oxygen are independent

of hydrogen donor structure and the fact that the Michaelis constant for oxygen is highly dependent upon the maximum ve-
locity for three different hydrogen donors, the conclusion is drawn that the oxygen Michaelis constant is not an equilibrium

constant,

A study is also reported of the variation of the oxygen Michaelis constant with the hydrogen donor coucentration.
This effect had been predicted previously from theoretical considerations.
~1.5%, oxygen at low values of the hydrogen donor concentration regardless of the hydrogen donor structure.

The Michaelis constants approach a value of
These facts

are consistent with the ideas that the equilibrium constant between enzyme and oxygen is ~1.5%, oxygen and also that the
enzyme combines with oxygen before it does with the hydrogen donor.

In a recent paper! the kinetics for a two-sub-
strate enzyme-catalyzed system were discussed.
This discussion showed theoretically how the Mi-
chaelis constant for one substrate may vary with the
concentration of the other substrate. Previous
variations of Michaelis constants have been re-
ported for glucose oxidase,? lipoxidase® and dextran-
sucrase.* The purpose of this paper is to report a
study of the variation of the Michaelis constant for
oxygen with both structure and concentration of the
other substrates, the hydrogen donors, in the poly-
phenol oxidase catalyzed system and also a discus-
sion of the significance of these variations in under-
standing the mechanism of the polyphenol oxidase
catalyzed aerobic oxidation of catechol.

Measurements of Michaelis Constants.—The
Michaelis constants for the substrate oxygen were
determined from the curvature in the plots of the
consumption of oxygen wvs, time as measured by
means of a rotating polarized electrode.® The

(1) L. L. lugraham and B. Makower, J. Phys. Chem., B8, 260
(1954); see also J. Z. Hearon, Physiol. Revs., 82, 499 (1952).

(2) H. Laser, Proc. Roy. Soc. (London), 140B, 230 (1952).

(3) A, L. Tappel, . D. Boyer and W. O. Lundberg, J. Biol. Chem.,
199, 267 (1952).

(4) H. M. Tsuchiya and C. S. Stringer, Soc. Am, Bact. Meeting, New
York, N. Y., 1955.

(5) L. 1. Ilngraham, A xal, Chem,, 28, 1177 (1956).

decrease in rate of oxygen consumption with timne
may be the result of either or both the diminution of
the oxygen supply in solution or a decrease in
catalytic activity of the enzyme from reaction-
inactivation.” The hydrogen donor is kept at a
constant concentration by the excess of ascorbic
acid in solution. Omne may calculate when reaction-
inactivation is important in affecting the curvature
as follows:
The rate of consumption of oxygen has a Mi-
chaelis dependence on oxygen concentration®
40y _ _ B(E)O)
dt (0): + K
where k; is the rate constant for oxidation, A is the
Michaelis constant and (E) is the enzynie concen-

I

tration. In addition, the rate of disappearance of
enzymie _
dUE) _ ki (E)O) .
d¢ (0): + K

has a similar dependence on oxygen concentration.®
A combination of equatious I and IT gives
kr d(o:) = knd(E) 111

(6) W, H. Miller aud C. R. Duwson, THis Journat, 63, 3375
(1941).

(7) .. L. laograham, J. Corse and B. Makower, ibid., T4, 2023
(1952).
(8) L. L. lngraham, zbid . T7 2875 (1933).
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Equation III may be integrated and the value of
(E) substituted in equation I. The resulting equa-
tion may be integrated to give equation IV,

a(a—S—K), (a+S—5)

v, (a—-S9 B @ T
Ko (@) S _ _, |y
A (a—Sg)lnSg_ t IV

In the above equation, the ultimate amount of
ascorbic acid oxidized ¢ = koFo/k1 and the initial
velocity, Vo = kyE,. The symbols E; and .S; de-
note initial enzyme and oxygen concentrations, re-
spectively, and .S denotes the oxygen concentration
at time, . When Sy + K < ¢ then equation IV
reduces to equation V

S
S—Sg+Km1r1§]

the integrated Michaelis equation for one sub-
strate. Therefore, when Sy + K < g, which is
commonly true, the experimental curves drawn by
the recording potentiometer obey equation V.
Curves are shown in Fig. 1 for two substrates hav-
ing a large difference in oxygen dependence. The
easiest way to determine the values for 7y and K is
to read the rates directly from these curves by
means of a prism and to construct conventional
Lineweaver-Burk plots. The parameters found
from these plots have been used in the integrated
equation V to calculate the points shown in Fig. 1.

= - Vgt \7

0
e
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Fig. [.—A recorder tracing of the oxygen consumption
of caffeic acid (A) superimposed over a similar tracing for
chlorogenic acid (B). The vertical axis measures oxygen
(expressed as millivolts) and the horizontal axis measures
time. Notice how the caffeic acid rate is almost constant to
quite low oxygen concentrations whereas the chlorogenic
acid rate decreases very rapidly with a decrease in oxvgen.
The effect is even more pronounced than these curves indi-
cate because the caffeic acid solution was saturated with air
and the chlorogenic acid solution was saturated with oxygen.
The recorder range was changed between determinations so
that both curves would use the full width of the paper.
The circles were calculated from equation V with Kn =
429%, oxygen and Vy; = 0.0420 mv./second. The triangles
were calculated with Kn = 1.19% oxygen and V, = 0.0675
mv./second.

Notice all the points fit the experimental curves
quite well except one at the base of one curve.
This was a common occurrence and is probably be-
cause the electrode or cell required a few seconds to
come to equilibrium. For this reason the value of
initial time was in doubt and it was easier to con-
struct Lineweaver—-Burk plots than plots of equa-
tion V which requires a knowledge of the initial
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time. However, in all determinations the param-
eters determined by the Lineweaver-Burk plots
fit the integrated curves quite well.

Experimental

The enzyme used in these determinations was prepared
from French prunes by the same procedure as used by
Baruah and Swain® to prepare potato enzyme. All rates
were determined at 25°, The solution was 0.02 M in citric
acid, 0.04 M in disodium phosphate and 2-3 m 3/ in ascorbic
acid. The pH was 5.5. The substrate concentrations are
shown in Fig. 2. The Michaelis constants for caffeic acid

50

a0k

o}

20+

o Cotechol.

Michaelis Constant for Oxygen.

10 -
Coffeic Agid
L. 1 SR
25 50 100
Chlorogenic ALCIG )
25 50 75
L . Cotechol ) .
0.25 050 075 1.00
Caffeic Acid.

Fig. 2.—The Michaelis constant at 25° for oxygen at vari-
ous concentrations of 3 hydrogen donors. The electron-
donor concentrations are in millimoles per liter, Notice
that the oxygen Michaelis constant for the enzvme saturated
with chlorogenic acid is very likely higher than that meas-
ured at 82 m3{ chlorogenic acid. A value of 469, oxvgen
has been estimated. Measurements at higher concentrations
were impossible because of the limited solubility of chloro-
genic acid.

were determined in solutions saturated with air whereas it
was necessary to determine the Michaelis constants of cate-
chol and chlorogenic acid in solutions saturated with oxygen
because of higher Michaelis constants for oxygen of these
two hydrogen donors. In all determinations the value of
a, determined by a method described previously,!® was
found to be at least 10(S; + K). However, in order to main-
tain the relationship a = 10(S; + K) when determining
the Michaelis for oxvgen with catechol in pure oxygen it was
only possible to analyze the last half of the curve, thus re-
ducing the value of Sy.

The values of the Michaelis constants for oxygen are shown
in Fig. 2 as a function of the concentrations of the hydrogen
donors, catechol, caffeic acid and chlorogenic acid. The
Michaelis constants for oxygen are different for the three
hydrogen donors at high concentrations of the hydrogen
donor but decrease with decreasing concentration of the
donors catechol and chlorogenic acid and increase slightly
with decreasing concentration of the donor caffeic acid.
In all previously reported examples?—¢ the Michaelis con-
stants decreased with decreasing concentration of other sub-
strate. The most noticeable and certainly the most sig-
nificant result is that all the Michaelis constants approach
the same value of approximately 1.59; oxvgen at low con-
centrations of the hydrogen donors for all three donors—
catechol, chlorogenic acid and caffeic acid.

The variations of the Michaelis constant for oxygen with
hvdrogen donor structure and concentration will be discussed
separately.

Part I: Hydrogen Donor Structure. Kinetic
Form of the Michaelis Constant.—The variation of
the Michaelis constant for oxygen on the structure
of the hydrogen donor at large concentrations of
hydrogen donors enables one to make certain state-

(9) P. Baruah and T. Swain, Biochen. J. 85, 392 (1933),
(10) L. L. Ingraham, THIs JOURNAL, T6, 3777 (1954).
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ments about the kinetic form of the Michaelis con-
stant for oxygen.

The problem of the kinetic form of the Michaelis
constant has long been of interest to enzyme kineti-
cists. Originally Michaelis assumed it was the
equilibrium constant for the reaction between en-
zyme and substrate, but later Briggs and Haldane!!
showed it could be of the form (ky + k;)/k; where
By, kyand kj refer to the reactions

ks .
S+E > ES g + P
ky
In the above reactious, .S stauds for substrate cou-
centration, E for enzyine concentration, and P for
products.

The kinetic forms of Michaelis constants have
been determined by a study of the kinetics of the
enzyme-substrate complex!? but this method re-
quires an analytical method for the actual concen-
tration of the enzyme-substrate complex.

An attempt was made to determine the kinetic
form of the Michaelis constant for the combination
of trypsin with benzoyl-L-argininamide.!® The
Michaelis constant for a substrate slow to hydro-
lyze was compared with the competitive inhibition
constant for this same substrate in the presence of a
substrate that hydrolyzes much faster. Because
the inhibition constant is usually of the form k./ky
and the Michaelis constant was found experimen-
tally to be numerically equal to the inhibitor con-
stant, it was assumed that the Michaelis constant
was of the form k./k; also. In this system, as we
shall prove below, the inhibition constant is not of
the form ks/k; but is of the form (ke + k3)ki. We
shall assume that %; > %’; and that these reactions
take place!d

k

E+S —ﬁ_[_ Bs 2> E+ P
ke
k/[ k/a

E+S8 > ES —> E+ P
ks

A solution of the steady state equations for this
system gives equation VI
kaEo _ ks + k3 ky + ks o, R+ kB
m et B J T
where 171 is the initial rate with the inhibitor S’ pres-
ent. Comparison of this with the equation for
competitive inhibition
ksEy Ko Kﬁ
v =TS TS
where K’y is the inhibition constant, shows that

_ k'y + ks
k'

As the Michaelis constant, K'm, is also (&'y + &'5)/
E’y, it is clear that no statements can be made about

(11) G. E. Briggs and J. B. S. Haldane, Biochem. J., 18, 338 (1925).

(12) B. Chance, D. S. Greenstein and F. J, W. Roughton, Arch.
Biochem. and Biophys., 87, 301 (1952),

(13) S. A. Bernhard, THis JOURNAL, 77, 1973 (1953).

(14) These reactions assume that the substrate S’ acts as an inhibi-
tor at the same site on the enzyme as it acts as a substrate, Without
this assumption no conclusion whatsoever can be drawn concerning the
relative values of the Michaelis constant and the inhibitor constant.

V1

K’y
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the relative magnitudes of &'y, ks and &'; if K'm
is found to be equal numerically to K’1.

In the method described in this paper to deter-
niine the kinetic forin of the Michaelis constant,
advantage is taken of the dependence of the Mi-
chaelis constant on hydrogen donor structure at high
concentration of the hydrogen donors. One iay
assume that k4 and k5, the rate constants governing
the equilibrivm between enzyme and oxygen, are
independent of hydrogen donor structure. How-
ever, the rate constant, k;, determining the rate of
formation of product is certainly dependent upon
hydrogen donor structure. A plot of the oxygen
Michaelis constant against k; for hydrogen donors
of different structures would indicate the kinetic
form of the Michaelis constant. The form (k; +
ks)/ks would give a grapl with a slope of 1,/ks and
an intercept on the (ks + k;)/ks axis of ky'ky. 1
the Michaelis constant is of the form ki/k; the
Michaelis constant for oxygen would be independ-
ent of the hydrogen donor structure. If tlie
Michaelis constant is of the form k;/k;, it would be
proportional to the k; for the various hvdrogen
donors. It should be pointed out that this method
of determining the kinetic form of the Michaelis
constant is quite similar to the ideas presented by
Lumry, Smith and Glantz.1

Actually the kiunetics for this two-substrate sys-
tem, oxygen and hydrogen donor, are more complex
than indicated above. The assumption that the
enzyme coinbines with one of the substrates faster
than the other one and the fact that the rates have
a first-order dependence on substrate at low con-
centrations of both substrates® but a zero-order de-
pendeuce on substrate at high concentrations of
both substrates® leads to the reaction niechanism

ks
T’ I7A
ko

ks
—
-~

ks

A-E

B 4 EA EAD

k;
EAB —> E + P

The symbols A and B stand for the two substrates,
E stands for enzyme, and P for product. The
Michaelis constants for this system! are summarized

in Table I. A priori, it is not possible to know
TaBlE 1
Mic1iaELls CONSTANTS
Concn. of B For A
Any Roks + koks + RikoB
ki(ks 4+ ks + k3B)
High ka/ k1
Low ka/k1
Concn. of A For B
Any koks + RiksA + koks + RiksA
ksks + kiksA
High (ks + ks) /ks
R\ (ks + k5
Low (B)(5)

(15) R. Lumry, I5. L. Smith and R. R. (flantz, Tris Jour~at, 73,
4330 (1951).
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which Michaelis constants apply because it is not
known which substrate combines with the enzyme
first.

At high concentrations of hydrogen donors the
Michaelis constants for oxygen may be either
ks/k1 or (k4 + k5)/kg

Results

In Fig. 3 the Michaelis constants for oxygen are
shown as a function of the maximal velocities for
these three compounds. It should be pointed out
that these values are maximal velocities with re-
spect to both oxygen pressure and hydrogen donor
concentrations. The very small intercept indicates
either that the Michaelis constant is of the form
ks/k1 or of the form (ks + ks)/ks with ks > ks

If an error of =109, is allowed in the Michaelis
constants and an error of + 5% in the maximal veloc-
ities, the intercept may be as large as +0.35 so
that the Michaelis constant, K, follows the equa-

tion VII. B .

440 k:') 0

Am = T7h

If the Michaelis constant is of the form (ks + &5)/k2
and if the outer limit for the intercept is used, the
minimum ratios of ks/ks = 130 for chlorogenic acid,
31 for catechol and 3.1 for caffeic acid can be de-
rived.

Part II. Hydrogen Donor Concentration.—Al-
though the Michaelis constants for oxygen are
quite different for the three hydrogen domnors at
high concentrations they approach the same value
of 1.5%, oxygen at low concentrations of each hy-
drogen donor. This phenomenon will be discussed
with the aid of Table I and with two hypotheses as
starting points for the discussion.

Hypothesis I. The Enzyme Combines with the
Electron Donor First.—Oxygen is B in the re-
action sequence and the Michaelis constant for
oxygen at high concentrations of the hydrogen
donot is (ks + k;)/k;. At low concentrations of the
hydrogen donors the Michaelis constant would ap-
proach (ko/ks) (ks + ks)/ks or ko/k; if k4 is neglected
with respect to k5. (This is a good approximation
for catechol aud chlorogenic acid but rather poor for
caffeic acid; ¢f. minimum ratios of ks/ks in part I).
One would expect that k; would depend upon the
hydrogen donor structure. Hypothesis I therefore
seems unlikely because the Michaelis constants for
oxygen at low concentrations of hydrogen donors
were found to be the same for the three different
hydrogen donors.

VII

= *£0.35 + 10k:E
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Fig. 3.—The Michaelis constants for oxygen as a function
of the maximal velocities of the hydrogen donors, caffeic
acid (A), catechol (B) and chlorogenic acid (C). The
estimated value for C is described in the legend for Fig. 2.

Hypothesis II. The Enzyme Combines First
with Oxygen.—The symbol A is now oxygen and B
denotes the hydrogen donor. The Michaelis con-
stant for oxygen at high concentrations of the hy-
drogen donors is k;/k; which is consistent with the
fact that the Michaelis constant for oxygen could be
of the form ks/k1 (¢f. discussion, part I). At low
concentrations of the hydrogen donors the Mi-
chaelis constant for oxygen approaches the value
ks/ k1, the equilibrium constant for the combination
of enzyme with oxygen. It seems logical to as-
sume, as was done previously, that this value
would be independent of the hydrogen donor struc-
ture. The approximate value 1.59, oxygen is
therefore a measure of the equilibrium constant be-
tween oxygen and enzyme, whereas the values
found at higher concentrations of the hydrogen
donors are the steady-state Michaelis constants.
It is interesting to note that the steady-state
Michaelis constant may be either higher (catechol
and chlorogenic acid) or lower (caffeic acid) than
the equilibrium constant between enzyme and
oxygen.

The possibility that the enzyme combined first
with the hydrogen donor at high concentrations of
hydrogen donor but combined with oxygen first at
lower concentrations of hydrogen donors can be
ruled out for the hydrogen donors chlorogenic acid
and catechol because the oxygen concentration at
the Michaelis constant is reduced by about the
same factor or more than the hydrogen donor con-
centration. This possibility exists for the hydrogen
donor, caffeic acid.

ALBANY 10, CALIR,



