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mum amounts ofmagnesium chloride in the digest.
The effect of activators on the relationship between
pH and Km is discussed.
The author is most grateful to Dr A. MK Wynne and

Dr H. D. Branion for their advice and encouragement in
this work, and to Miss M. Briggs, Miss G. Ritoey and
Mr D. Smith for valuable technioal asistance.
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Studies on Alkaline Phosphatases
2. FACTORS INFLUENCING pH OPTIMA AND MICHAELIS CONSTANT
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(Received 22 May 1958)

It has become quite evident that the pH required
for optimum activity of alkaline phosphatases, as
well as for some other enzymes, is not a constant
entity. For example, the optimum pH for phos-
phatases from various sources has been shown to
vary with the initial concentration of substrate
(Motzok & Wynne, 1950; Ross, Ely & Archer, 1951;
Morton, 1957). This phenomenon has been ob-
served with other enzymes, namely urease (Van
Slyke & Cullen, 1914) and ,-glucosidase (Hofstee,
1955). Other factors, such as buffers (Aebi &
Abelin, 1948; Zittle & Della Monica, 1950), type of
substrate (Delory & King, 1943; Walker & King,
1950), source of enzyme (Zittle & Della Monica,
1950; Motzok, 1950; Morton, 1955) and activators
(Motzok, 1945; Aebi & Abelin, 1948; Sadasivan,
1952; Morton, 1957) also have been found to exert
an influence on the optimum pH for phosphatase
activity. In our studies on the kinetics of alkaline
phosphatases of tissues and plasmas of different

species of birds and mammals, the pH optima were
determined for a wide range of concentration of
substrate with each enzyme preparation. Several
factors were found to influence the optimum pH
and some of the data are recorded in this paper.

It was demonstrated (Motzok, 1959) that Km
values (Michaelis constant) for chick plasma phos-
phatase varied with the amount of enzyme in the
reaction mixture when the activities were measured
at a constant high pH for all dilutions of substrate
and enzyme. However, when the activities were
measured at the optimum pH for each concentra-
tion of substrate, the variation in Km values due to
variation in the concentration of enzyme was
largely eliminated. In addition, the plotting of
reciprocals of velocities and substrate concentra-
tions, according to Lineweaver & Burk (1934),
resolved the data into two parts from which two
values for Km were calculated, Km. from the data
with low concentration of substrate and K., from
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I. MOTZOK AND H. D. BRANION

velocities with high concentrations of substrate.
In the present study values for K,n and Km

derived from velocities at the optimum pH for each
concentration of substrate, were determined for the
alkaline phosphatases of various tissues from
different species of birds and mammals. These
constants are compared with Km values determined
at a constant pH, the optimum for a concentration
of substrate large enough to maintain zero-order
rate of reaction.

METHODS AND MATERIALS

Methods for the preparation of plasma and tissue phos-
phatases and for the determination of phosphatase activity
have been described previously (Motzok & Wynne, 1950;
Motzok, 1950, 1959). With the exception of the study on

pH optima without added Mg2+ ions (Fig. 3), phosphatase
activities were determined in the presence of optimum
amounts of MgCl2 in the reaction mixtures, i.e. 5 mm for
the phosphatases of plasma, bone, liver and kidney, and
0-01Mx for the enzyme of intestinal mucosa. The strains
and breeds used in this study were Sprague-Dawley ats,
giant white rabbits, Yorkshire pigs, Chinese x Emrden
goslings and Columbian Rock, Barred Plymouth Rock and
New Hampshire fowls. The pigeons were of the common
breeds. The goslings were raised on a practical type of diet
(Branion & Hill, 1952). The other birds and the mamma
were fed with commercial diets.

EXPERIMENTAL AND RESULTS

Influence of species of birds and mammals
on pH optima of intestinal phosphatase

Fig. 1 shows that the phosphatase of intestinal
mucosa of rats exhibited optimum activity with
each concentration of ,-glycerophosphate at the
lowest pH values and the enzyme from the in-
testinal mucosa of swine had optimum activities

V-

t.o
0

8-8 9-0 9-2 9.4 9-6
Optimum pH

9-8 10.0

Fig. 1. Relationship between initial concentration of
sodium ,B-glycerophosphate, expressed logarithmically,
and pH for optimum alkaline phosphatase activity of
intestinal mucosa of rats (x), goslings (A), fowls (0),
rabbits (-), pigeons (0) and pigs (-). Activities were

measured in the presence of 001m-MgCI,.

at the highest pH values. There was little difference
in the pH optima for the enzymes of goslings and
of rats, on the one hand, and in the pH optima for
the enzymes of pigeons and of swine, on the other.
The pH optima for the enzyme of rabbits were
somewhat lower than those for the enzyme of
swine. In the avian class the intestinal enzyme of
fowls (Columbian Rock) exhibited maximal
activities at pH values which were intermediate
between those required by the enzyme of goslings
and those needed by the enzyme of pigeons.
The data also show that a linear relationship

exists between the logarithm of the initial concen-
tration ofsubstrate and the respective optimum pH
for each enzyme preparation, the shift being to
higher pH values with increasing concentrations of
substrate. It was also found that the linear re-
lationship between substrate concentrations, ex-
pressed logarithmically, and pH optima for the
phosphatase of rat intestinal mucosa extended to
physiological pH values with dilutions of substrate
beyond the amounts shown in Fig. 1. With an
initial concentration of 0-02 mM-substrate the
optimum was pH 7.7. This confirms the findings of
Ross et al. (1951) that with very dilute substrate
the optimum pH for alkaline phosphatase is near
neutral pH values.

pH optima of phosphata8es of different tissues

Rat. Fig. 2 (A) shows that the pH optima for the
enzymes of bone and kidney of rats were practic-
ally the same for each concentration of ,-glycero-
phosphate, whereas the optima for the enzyme of
liver were slightly lower. The differences in the pH
opt ima for the phosphatases of plasma and in-
te stinal mucosa were very small, if not negligible.
Th ese optima, however, were considerably below
th ose for the enzymes of bone and kidney.

Rabbit. The phosphatases of liver and kidney of
rab bits (Fig. 2B) were found to possess the highest
p fl optima with P-glycerophosphate recorded in
th ese studies. In fact, the pH optima for high
co ncentrations of substrate could not be deter-
mined because these appeared to be beyond the
effectiv e range of the buffer system employed. The
pH optima for the phosphatases of bone and
intestinal mu cosa were considerably lower than
those for the enzy m es of liver and kidney, whereas
plasma phosphata se exhibited maximum activities
at interm ediate values of pH.

Pigeon. The phosphatases of bone, kidney and
intestinal mucosa of pigeons (Fig. 2 C) appeared to
possess comparable pH optima for the respective
concentrations of P-glycerophosphate. On the
other hand, the pH optima for the enzyme of liver
were considerably lower than those required by the
enzymes of the other tis sues.
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Fig. 2. Relationship between initial concentration of
sodium fi-glycerophosphate, expressed logarithmically,
and pH for optimum alkaline phosphatase activity of
plasma (E), intestinal mucosa (0), liver (A), kidney (S)
and bone (x). (A) Rats; (B) rabbits; (C) pigeons.
Activities were measured in the presence of optimum
concentrations of MgCl, in the reaction mixtures: 5 mmi
for the phosphatases of plasma, bone liver and kidney
and 0 01M for the phosphatase of intestinal mucosa.

1 0-

IS5

9-1 9.3 9.5 9-7 9-9 10-1 10-3 10-5
Optimum pH

Fig. 3. Relationship between initial concentrations of sub-
strate, expressed logarithmically, and the pH for
optimum activities of alkaline phosphatase of intestinal
mucosa of fowls (sodium ,-glycerophosphate as sub-
strate) in the presence of OOlm-MgCl, (A) and without
added magnesium (x), and of plasma phosphatase of
fowls (disodium phenyl phosphate as substrate) in the
presence of 5 mm-MgCl, (0) and without added mag-
nesium (0).

Influence of magnesium on pH optima

The data in Fig. 3 show the influence of added
MgCl2 on the pH optima required by alkaline phos-
phatase of plasma of fowls with phenyl phosphate
as the substrate and by the enzyme of intestinal
mucosa with sodium P-glycerophosphate. A linear
relationship between the initial concentrations of
substrate, expressed logarithmically, and the pH
optima existed with and without added mag-
nesium. However, the addition of magnesium to
the reaction mixture changed the pH optima for
both plasma and intestinal mucosa phosphatases,
causing the optima to shift to higher values for the
enzyme of plasma and to lower values for the
enzyme of intestinal mucosa.

Km values at optimum pH for each
concentration of substrate

In studies on the kinetics ofalkaline phosphatases
of plasma and tissues of several species of birds and
mammals, pH optima were determined for a wide
range of concentration of substrate with each
enzyme preparation. The activities of the phos-
phatases from various sources were measured at
the optimum pH for each concentration of sub-
strate and the velocities were plotted according to
the method of Lineweaver & Burk (1934). The
I/v: 1/[S] relationship for all enzyme preparations
was similar to those found previously (Motzok,
1959, figs. 4 and 8). The points which fell along
straight lines were used for the calculation of the
lines of best fit (Treloar, 1939). The constants, Km,
for dilute substrate and Ki'n for substrate present in
high concentrations, were derived from the calcu-
lations of the lines of best fit and are presented in
Tables 1 and 2.
Twelve preparations of plasma phosphatase and

six preparations of the enzyme of intestinal mucosa
were obtained from several breeds of chicks used in
diverse experiments and varying in age from 3 to
8 weeks. The average values for Kn1 and K 2
(Table 1) were 2-1 mM and 22-5 mm for plasma
phosphatase and 2-2mm and 9 Omm for the
intestinal enzyme. Whereas the values for Km1 for
the phosphatases of the two sources were quite
similar, the average values for K., for plasma
phosphatase were more than twice that for the
enzyme of intestinal mucosa. Although Km1 values
for intestinal phosphatase of mature fowls were
somewhat lower than those for the enzyme of
chicks, the values for Kim2 were within the range of
values found for the young birds. The data for
chicks and mature birds were arranged in increasing
order on the numerical values for Kmi to show that
variations in the respective values for Kma were not
related to the variations in Km.,
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I. MOTZOK AND H. D. BRANION
Values for K,, for plasma phosphatases of

goslings and chicks were about the same, whereas
K,,,, for the plasma enzyme of goslings was only
about one-tenth of K,, for the enzyme of chicks.
Values for K,,,1 and K2 for intestinal phosphatase
of pigs and calves were comparable with those for
fowls. The calf intestinal phosphatase was a com-
mercial product, prepared by partial purification

I959
according to the method of Schmidt & Thann-
hauser (1943).
With disodium phenyl phosphate as the sub-

strate for intestinal phosphatase of chicks, the
values for K,, and K,, were lower than the
corresponding constants obtained with f-glycero-
phosphate. With calf intestinal phosphatase, the
value of 2 mM for K,,, for phenyl phosphate was

Table 1. Km Value of alkaline pho8phatasew from vanriows ource

Activities were determined at the respective pH optima for the different concentrations of substrate with each enzyme
preparation. K, and values were caloulated from activities with low and high concentrations of substrate respec-
tively and plotte accordig to Lineweaver & Burk (1934).

K. (mm)

Sodium fi-glycerophosphate

Plasma

Kmn K,,
1-8 23
1.9 15
1.9 15
1.9 17
2-1 30
2-2 20
2-2 20
2*2 23
2-2 26
2*2 30
2-2 30
2-4 21

Intestinal mucosa

1-8 9
1.9 9
2-3 8
2-3 12
2-4 11
2-5 7

Disodium phenyl phosphate

Intestinal mucosa

Km, Kfn
0.8 2.3
0*9 2*3
1-2 3.8
1.3 3-2

Mature fowl

1*5

1-3 7
1B5 6
1.5 6

2*7 2-4 11
2X1 10

- 1-7 11 2-2 t

* Calf intestinal mucosa purified commercially by the method of Schmidt & Thannhauser (1943).
t No estimate was possible because pH optima for high concentrations of phenyl phosphate were beyond the effective

range of the buffer system.

Table 2. Km value8 of alkaline phosphatase8 of rat, rabbit, and pigeon

Activities were determined at the respective pH optima for the different concentrations of sodium ,-glycerophosphate
with each enzyme preparation. K.1 and K., values were calculated from activities with low and high concentrations of
substrate respectively and plotted according to Lineweaver & Burk (1934).

Km (mM)

Source of enzyme
Plasma
Intestinal mucosa
Bone
Kidney
Liver

Rat

K mi, K

1-3 16
1-6 9
1-6 11
1-3 11

Rabbit

K-
* *

1-2 5
1.9 11
2-1 t
2-0 t

Pigeon

Km KEms

2-4 11
1-9 10
3-0 11
2-1 19

* No estimate was possible owing to low phosphatase activity.
t No estimate was possible because pH optima for high concentrations of substrate were beyond the effective range of

the buffer system.
t No estimate was possible owing to high content of inorganic phosphate in the enzyme preparation.

Species
Chick

Goose
Pig
Calf*

1-80



STUDIES ON ALKALINE PHOSPHATASES. 2

comparable with the value obtained with f3-glycero-
phosphate for the intestinal enzyme of other
species. The pH optima for calf intestinal phos-
phatase were considerably higher with phenyl
phosphate than with ,B-glycerophosphate (un-
published data) and activities with high concentra-
tions of phenyl phosphate could not be determined
because the pH optima appeared to be beyond the
range of the buffer system employed.

In Table 2 are shown the values for Km. and Ki,
for the phosphatases of several sources in rats,
rabbits and pigeons with ,B-glycerophosphate as the
substrate. It appears that K., values for intestinal
mucosa and kidney phosphatases of pigeons were
somewhat higher than those for the enzymes of the
same sources in rats and rabbits, whereas values
for K and K,, for bone phosphatase were quite
similar in the three species.
The preparation of rat liver was found to contain

an appreciable amount of inorganic phosphorus.
This reduced the sensitivity of the method for
determining the inorganic phosphate liberated
enzymically and Km values were not calculated.
It was also observed that the phosphatase activity
of the plasmas of pigeons and rabbits was very low
and the method employed was inadequate to
measure accurately differences in reaction velocities.

Km values at a constant pHfor all
concentrations of substrate

Km values for a number of preparations of phos-
phatase from several sources were also calculated
from velocities measured at a constant pH for all
concentrations of substrate. In each case the pH
used was optimum for a concentration of substrate

large enough to maintain zero-orderrate ofreaction.
This study was made on the same preparations of
enzymes used in obtaining the data in Tables 1
and 2 and the values presented in Table 3 can be
compared directly with the data on the correspond-
ing preparations recorded in Tables 1 and 2.

These studies show that, when the activities are
measured at a constant pH for all concentrations of
substrate, there is considerable variation in the
calculated values for Km for the phosphatases of
various sources. In addition, these Km values are
in some cases four and five times the corresponding
values for K,,, calculated from velocities at the
optimum pH for each concentration of substrate.

DISCUSSION
Factors affecting pH optima

The direct linear relationship between substrate
concentration, expressed logarithmically, and
optimum pH, reported by Ross et al. (1961) for the
alkaline phosphatase of intestinal mucosa of rats, is
exhibited by the alkaline phosphatases of various
tissues ofa number ofspecies ofbirds andmammals.
There are, however, marked differences in the pH
optima for the enzyme of a specific tissue from
different sources, e.g. intestinal phosphatase
(Fig. 1), which cannot be related to differences in
families, orders or even classes of vertebrates. In
addition, there appears to be no explanation for
some of the differences and similarities in pH
optima for the phosphatases of various tissues in
the same animal. For example, in pigeons (Fig. 2 C)
the optimum pH with each concentration of sub-
strate was the same for the phosphatases of bone,

Table 3. Km value of alkaline phosphatases of various so8urces

Activities were determined at one pH for all concentrations of substrate with each preparation of enzyme.

Substrate
Sodium /3-glycerophosphate

Disodium phenyl phosphate

Species
Mature fowl

Pigeon

Rabbit

Calf
Pig
Chick
Calf

Source
Intestinal mucosa
Intestinal mucosa
Intestinal mucosa
Intestinal mucosa
Bone
Kidney
Liver
Intestinal mucosa
Bone
Kidney
Liver
Intestinal mucosa
Intestinal mucosa
Intestinal mucosa
Intestinal mucosat

pH*
9.7
9.7
9.7
9.95
9.95

10.0
9-8
9.9
9-98

10-1
1016
9.9
9-95

10.0
10-0

Km (mM)t
7-6
8-3

10.9
6*1

11.0
14*8
5.1
2-6
107
6-7
5.4

11.5
8-8

3-1
4-0

* Optimum pH for a concentration of substrate large enough for zero-order reaction rate.
t Calculated from activities plotted according to Lineweaver & Burk (1934).
1 Calf intestinal mucosa purified commercially by the method of Schmidt & Thannhauser (1943).

V01. 72- 181



1. MOTZOK AND H. D. BRANION
kidney and intestinal mucosa, whereas in rats
(Fig. 2A) the pH optima were the same for the
phosphatases of bone and kidney and markedly
different for the enzyme of intestinal mucosa. In
the chick it was found (Motzok, 1950) that the pH
optima were the same for the phosphatases of bone,
kidney, liver and plasma, whereas the optimum pH
for the enzyme of intestinal mucosa was consider-
ably lower. In the present study the data show
that in rats the pH optima for the enzymes of
plasma and intestinal mucosa are quite similar
(Fig. 2A).
Bodansky (1934) concluded that the source of

phosphatase in blood was of diverse origin. In
diseases of liver and bone he considered the in-
crease in serum phosphatase to arise from the
particular organ that was involved. Kay (1933)
had suggested that the phosphatase of serum was
identical with that of various tissues, being the
result of leakage into the circulatory system from
tissues of higher phosphatase content. Motzok
(1950) presented evidence that in rachitic chicks the
skeleton is the main source of the increased plasma
phosphatase. The similarity in the pH optima for
the phosphatases of plasma and intestinal mucosa
in rats (Fig. 2A) lends support to the suggestion of
Flock & Bolhman (1948) and Madsen & Tuba (1951)
that in the rat the alkaline phosphatase is supplied
to the plasma by the small intestine.

If the phosphatase of plasma in rats originates in
the intestinal mucosa, the similarity in pH optima
for the enzymes ofthe two sources suggests that the
environmental medium of the plasma did not
contain factors which altered the characteristics of
the enzyme governing thepH required for optimum
activity in vitro under the conditions of the experi-
ment. The data in Fig. 3, however, show that the
addition of magnesium may exert an opposite
effect on pH optima for phosphatase of different
sources, e.g. raising the pH optima for the phos-
phatase of plasma and lowering the pH optima for
the enzyme of intestinal mucosa of fowls. It was
shown previously (Motzok, 1945) that the addition
of magnesium also caused the pH optima for
plasma phosphatase of chicks to shift to higher
values with ,B-glycerophosphate. Therefore the
shift in pH optima in opposite directions for
intestinal phosphatase with ,B-glycerophosphate
and plasma phosphatase with phenyl phosphate
cannot be attributed to the type of substrate used
in measuring phosphatase activity. The addition of
magnesium does not change the pH optima of
alkaline phosphatase ofall sources, as was shown by
Aebi & Abelin (1948), who found that added
magnesium had no effect whereas added manganese
caused a definite shift in optimum pH for the un-
purified enzyme of rat kidney. It appears that the
factors which determine the optimum pH of a

particular phosphatase reside in the nature of the
enzyme. Consequently, the manner and degree of
the influence of environmental factors are probably
governed by the characteristics ofthe enzyme itself.
There remains for further study the effect of
activators on the pH optima for phosphatases of
other sources.
The present findings serve to emphasize the

fallacy of applying optimum conditions established
for the phosphatase of one source to the phos-
phatases of other sources. Consideration of all
known factors is desirable in order to avoid further
confusion in the literature with respect to pH
optima of alkaline phosphatase, as indeed of other
enzymes.

Factors influencing Km value8

The problem of the choice of pH for measuring
phosphatase activity with a range of concentration
of substrate large enough for an accurate estima-
tion of Km has been discussed (Motzok, 1959). The
data in Table 3 show that there was considerable
variation in Km derived from activities measured
at a constant pH for all concentrations of substrate.
At least a part of the variation in Km derived in
this manner was found to be caused by variation in
the amount of enzyme in the reaction mixture
(Motzok, 1959). Even if the amount of enzyme
employed were kept constant on the basis of
activity, one cannot safely assume that the pH-
activity curves with each concentration of sub-
strate are the same for the phosphatases from all
sources. Certainly, the use of one pH for all phos-
phatases would yield Km values which would be
affected to an appreciable extent by differences in
pH optima which exist among species and tissues of
individual species. The influence of other factors,
such as buffers and activators, on pH optima would
also have to be taken into consideration.
Van Slyke (1942) has pointed out that, although

Km is a useful value, it can be called a constant
only for defined conditions; e.g. a drop of 1 unit in
pH will increase the Km of urease 11-fold (Van
Slyke & Cullen, 1914). Similarly, Km values for
phosphatases, which have been recorded in the
literature, can at best be regarded as being applic-
able only to the particular preparation of enzyme
used and for the specific set of conditions in vitro
under which the activities were measured. Un-
fortunately, in many instances no details of the
methods employed have been recorded. In cases
where such information has been given, the direct
comparison of Km values, as distinguishing
characteristics ofphosphatases, could be made only
with due regard to various factors such as those
mentioned above.

It was shown previously (Motzok, 1959) that the
effect of the amount of enzyme in the reaction
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mixture on Km, when the velocities were measured
at a constant pH, was largely eliminated by
measuring velocities at the optimum pH for each
concentration of substrate. Indeed, there was only
a small variation in the values for K,, and K., for
the phosphatases of a number of preparations of
plasma and intestinal mucosa of chicks (Table 1)
when the optimum pH for each concentration of
substrate was used. Considerably more data are
required on the phosphatases of other sources with
different substrates to evaluate fully the differences
and similarities in the values for K., and K..
reported in this paper.

SUMMARY

1. Marked differences, and in some cases un-
expected similarities, were found in the pH optima
(for the respective concentrations of substrate)
required for the activities of the alkaline phospha-
tases from various tissues of different species of
birds and mamals.

2. Linear relationships were shown to exist
between the initial concentrations of substrate,
expressed logarithmically, and the pH optima for
the activities of the phosphatases from various
sources. The optimuxm pH shifted to higher values
with increasing concentration of substrate.

3. The addition of magnesium concentrations
(5 mm for plasma phosphatase and 001M for
intestinal phosphatase) for maximum activation
caused the respective pH optima to shift to higher
values for the plasma phosphatase and to lower
values for the intestinal enzyme of fowls when
compared with pH optima without the addition of
magnesium.

4. By the use of velocities at the optimum pH
for each concentration of substrate, values for
Km1 from data with dilute substrate, and K,,, from
data with high concentrations of substrate, were
calculated for the phosphatases of various tissues
and plasma of fowls, geese, pigeons, rats, rabbits,
pigs and calves.

5. The average values for KR and K. with
,B-glycerophosphate were 2 1 mi and 22-5 mm for

12 preparations of plasma, and 2-2 mm and 9 mM
for six preparations of intestinal mucosa of chicks.
With phenyl phosphate, the average values for
R,,,, and Ki, for four preparations of intestinal
mucosa of chicks were 1 and 3 mm. Variations in the
values for Km1 and Kin2 were quite small. More
data are required on the phosphatases of other
sources with different substrates to evaluate the
similarities and differences in the constants
recorded.

6. There was considerable variation in Km
derived from velocities measured at a constant pH
for all concentrations of substrate.
The authors wish to thank Miss G. Ritcey and Mr G.

Amos for valuable technioal assistance.
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