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INTRODUCTICHK

The study of the influence of variations in pH on the rate of an
enzyme catalyzed reaction and the determination of the optimum pH for
activity are fundamental steps in the characterization of an enzyme.

Such data are available for most of the enzymes which have, so far,
been investigated in detail. However, with the exception of some of
the proteolytic enzymes, (1), little has been discovered concerning the
mechanisms by which the pH of the medium influences enzymatic activity.
Theoretically, such influences might be classified as follows:

(i) as an effect of changes in the pH of the medium on the ioniza-
tion of the substrate, and

(ii) as the effect of changes in pH of the medium on the properties
of the apo-enzyme (protein), the co-enzyme or both.

The amphoteric eharacter of proteins would lead one to expect that
any change in pH would change the nature of all enzymes to some extent.
On the other hand, the non-ionizable, comparatively non-polar character
of a few biological substrates, such as the sugars, would not sugzest
any influence of pH on tke nature of the substrate as an important factor
in the variation of enzyme activity. If however, the whole group of
naturally occurring substrates is examined, it can be seen that mon-ion-
izable substrates constitute the exception rather than the rule. The
ionizable character of most of these compounds would lead one to expect
that changes in the acidity of the medium could affect both the nature

of the substrate and of the enzyme. Of course, it always remains to be
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seen whether effects of changes in the ionic nature of the substrate or
effects on enzyme and co-enzymes are the more important factors in deter-
mining the rate of the reactions at different pH.

Among the important biological enzyme-substrate systems, the indi-
vidual reactions of the tricarboxyllic acid cycle, are characterized by
their ionizable substrates and the rather limited range of pH in which
enzyme activity may be demonstrated. Oxalacetic acid, a key substance
of this metabolic cycle, may undergo enzymatic decarboxylation to pyruvic
acid and carbon dioxide, in a reaction which is markedly influenced by
changes in the pH of the medium. In addition, this is a system which is
relatively easy to study, because the reaction may be followed by measur-
ing the liberation of carbon dioxigde.

It was therefore considered of interest to study the effect of varia-
tions in pH on the rate of enzymatic decarboxylation of oxalacetic acid
to ascertain (i1): the relationship between pH and the shape of the pH -
activity curve, and

(ii), to utilize this data to gain an insight into the mech-

anism of the decarboxylation of the substrate.

(2)



HISTCORICAL INTRODUCTICN

In 1934, Northrop and Kunitz (2), in studies on the isolation and
characterization of crystallire trypsin and persin, were able to explain
the existence of regions of optimal hydrogen ion concentration for the
hydrolysis of different protein-substrates.

To explain the acid pH optimum shown by repsin, it was assumed that
this enzyme was only effective when acting on the positively charged
protein-substrate. As evidence for this, it was shown that the titration
curve of different substrate-proteins, over a given pH range, coincided
entirely with the curve obtained for amount of peptic hydrolysis of the
same substrate.

In a similar manner, the pH optimum of approximately eight, shown
by trypsin, acting on several proteins, could be explained. For this, it
was assumed that this enzyme only acts on the negatively charged form of
the substrate, and that the enzymatic activity is in proportion to the
amount of this‘form present at a given pH. However, the pronounced de-
creas® in activity shown by this enzyme above pH eight, seemed to be due
to an action of base on trypsin itself, since the enzyme could be shown
to exist in an active and inactive state, which were in an equilibrium,
which was shifted to the inactive form & pH above eight. In this case
then, the combination of two factors, each conditioned by pH, but opposing
one another in their effects on the rate of the reaction, explained the

typical, bell-shaped character of the curve of tryptic activity vs, pH.
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In 1926, Willstaetter, Grassmann and Ambros (3), with similar exper-
imental evidence, indicated that the close relationship between the optimal
PE for the action of papain, and the iso-electric point of its protein
substrate could be used to postulate that the enzyme was only effective
when acting on a protein substrate with no overall chargs.

¥oelwyn-Hughes (4), on basis of a series of comparisons between opti-
mal enzyme activities and treir iso-electric points observed that all
enzymes are most effective catalysts within a range of two rH units from
their iso-~electric points. This would confirm the old postulate of
Michaelis (5)'that enzymes are only active when in the net-uncharged state.

Vhile an aprreciable amcunt of research has been done concerning the
mechanism of the influence of pH on the activity of the proteclytic enzymes,
little is known concerning the influence of H-ions on otlier enzyme systems.

Chance (6) working with peroxydase and catalase systems has shown
that in the system hydrogen peroxide-catalase, with formic acid acting
as the electron donor, catalase shows a srecific requirement for the un-
dissociated form of formic acid. Working at low pH ranges, to rrevent
influences of enzyme denaturation on the rate of the reaction, Chance was
able to show that the rate was practically constant with increasing pH.
However, he observed that from the pE where formic acid begins to disso~
ciate to an appreciable extent, onwards, a decrease in enzymatic activity
set in, which could be shown to parallel the titration curve of formic
acid. Therefore it was postulated that formic acid would only function
in this reaction wnile in the undissociated state, and that the amount
of reaction produced was proportional to the availability of this form.

It is interesting to note here that changes in rH within a given range

(4)



had no effect on the rate of the enzyme catalyzed rezction, although there
must have been, un¥oubtedly, a change in tke charge on the protein.

The enzymatic decarboxylation of oxalacetic acid was first demonstrated
in 1941, by Krampitz and Werkman (7), who showed that lysed cells of
Micrococcus lysodeikticus promoted the change of this acid to pyruvic
acid and carbon dioxide. The enzyme responsible for the reaction, has
since then been partly purified, and was shown to have two relatively
sharp pH optima at pH 5.2 and pH 7.0 (8).

Similar enzymatic activity was found in piggeon liver extracts'which
were shown to actively catalyze the decarboxylation of oxalacetic acid
in the preseﬁce of Mn*' (9). The enzyme responsible for this reaction
has been shown to have its optimum activity at pH 4.5 (10).

Oxalacetic carboxylase has also been isolated, in a highly purified

form from Azotobacter vinelandii (11). A broad pH optimum, lying around

pH seven has been demonstrated for tkis preparation. th*or Co**were
found to be required for activity, in this.case.

Vennesland and co_worke;Q:Lave obtained extracts having oxalacetic
acid carboxylase from a variety of higher plants; in most cases Mﬁ?’or
Co”have been found to be needed for the activity of the preparations.

The preparation obtained from parsley roots (12), has been investi-
gated in more detail, and is believed to have a pH ortiuum around five.
The rate of the enzymatic reaction, which aprarently follows first order
kinetics at low substrate concentrations, ean be accelerated by a variety
of divalent cations, as shown by Speck (13).

The decarboxylating activity of certaln crystalline seed globulins
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has first been reported by Vennesland and Felsrer (14). It was observed
by these authors, that the enzymatic activity of a prepa;ation obtained
from squash seeds, could not be enhanced by the addition of Me’*, in con-
trary to the results reported for most of the enzymes obtained from the
other sources listed. Byerrum, Brown and Ball have shoﬁn that a similar
Freparation, contained 0.12 milligrams of manganese per 100 grams of protein
and that this metal was not lost by a repeated washing and dialysis pro-
cegdure (15). It was also shown by the authors, that the activity of the
enzyme obtained from saquash seeds cnuld be influenced by the ionic strength
and the basic character of the buffer used in the reactions.

Steinberger and Wq}sheimer (16) have studied the Me-ion catalyzed
decarboxylation of dimethyl oxalacetic acid in an effort to produce a
model system which could explain the enzymatic decarboxylation of oxal-
acetic acid. According to the results presented by the authors, the diion
of dimethyl oxalacetic acid participates in the reaction by forming a
chelate complex with the metal ion. In a previous work (17), the same
authors had demonstrated that the spontaneous decarboxylation of the mono-
ethyl-ester of dimethyl oxalacetic acid cannot be accelerated by the addi-
tion of metal ions. It is postulated by the authors that since the ester
cannot form a complex with added metal ions, no catzlytic effect can be

expected from them in this case.

(o)



EXFERI:I'EATAL

I -« The Influence of Ionic Strength on the Shape of the pH

vs. Activity Curve of Cxalacetic Acid Carboxylase.

In those cases where determinations of the optimum pH for oxal-
acetic acid carboxylase activity have been reported (10, 11, 12) the
experiments had been conducted in buffers of equal molarity. Arparently
however, no precautions had been taken to avoid the variation of the ionic
strength of the buffers, at different rH. In view of the results of
Byerrum, Brown, Ball (15), in which it was demonstrated that increasing
ionic strength of the system decreases enzymatic activity, it was con-
sidered of interest to determine whether the shape of the pH vs. activity
curve, obtained using acetate butters could be a result of the variation
in acetate ion concentration, in the different, equimolar buffers.

In the following experiments, the velocities of decarboxylation of
a series of enzymatic reactions, conducted in buffers of equal ionic
strength, but different pH, were evaluated. The resulting P vs. activity
curves were compared with corresponding results obtained using a series
of buffers of equal total molaritye The rates of the enzymatic reactions
were determined in a Warburg apparatus, using a substrate of oxalacetic
acid, prepared by the method of Schneider (18), and purified by recrys-
tallizations from a warm, acetone-benzene mixture. Tre enzyme preparation
used, was the crystalline globulin isolated from the sesds of Cucurbita

pepo, according to the method of Vidunuet.al. (19). A similar preparation
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had first been shown to have oxalacetic acid decarboxylating activity by
Vennesland and Felsher (14). Activities were deteruined by measuring

the increase in pressure resultinz from the carbon dioxide evolved after
given intervals of time. As incubation vessels, one side-arm Warburg
flasks, of 15 milliliter capacity were employed. The enzyme was dissolved
or suspended in a buffer of desired pH, and a volume containing 3.1 milli-
grams of protein, was pipetted into the Warburg flaske One tenth milli-
liter of oxalacetic acid containing one milligram of this substrate, was
added to the side arm. Since fairly diluted buffers were employed in all
experiments, it was considered advisable to neutralize the solution of

the substrate by adding to it enoush sodium hydroxide to bring the ¥ of
the solution to aprroximately four. The oxalacetic acid was dissolved
immediately befors use and the Warburg flasks were filléd and incubated

at the same time, since the spontaneous decarboxylation of a solution of
this acid was shown to be fast enough to promote a significant decrease

in its concentration, over a period of ten minutes. An additional quantity
of buffer, was added to give a final volume of three milliliters in the
flask. After a ten minute equilibration period at 30° (¥ .1) C, zero-time
readings were taken, and the reaction started by tipring the flask to mix
epzyme and substrate. Readings were tzken at desired time intervals.
Except for pauses necessary for the readings, the flasks were constantly
shaken at the rate of four oscillations per second. To account for the
spontaneous decarboxylation of oxalacetic acid during the enzymatic reac-
tion, control runs, using an enzyme solution which had been heated for

2 1/2 minutes in a boiling water-bath were made at each pH. Experiments

(8)
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Activity of Oxalacetic acid Carboxylase in acetate
buffers of xarying pH and constant ionic strength.

Ordinate is activity expressed as the first order
rate constant, K/min (based on % min. readings)

1l ml. of enzyme (3.12 mg.). 0.1 ml. (1 mg.) oxal-
acetic acid, 3/4 neutralized with sodium hydroxide.
Final volume in flask 3 ml. Final ionic strength
of buffer: ® 0.006; O 0.0096; ® 0.012; @ leat
inactivated enzyme (in 0.012 buffer). :
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Activity of Oxalacetic Acid Carboxylase in acetate
buffers of varying pH, varying ionic strength and
constant molarity.

Ordinate is activity expressed as the first order

rate constant, K/min.(based on 5 min. readings)

1 ml. of enzyme (3.12 mg.). 0.1 ml. (1 mg.) oxal-
acetic acid, 3/4 neutralized with sodium hydroxide.
Final volume in flask 3 ml. Final molarity of buf-
fer, 0.06 O active enzyme; @ heat inactivated enzyme.



were always run in duplicate or tripli;ate. The results of three series
of experiments, using acetate buffers of ionic strength of 0.012, 0.0096
and 0.00b respectively, are shown in Figure 1., where velocity, expressed
as the first order rate constant, is plotted against pH. Figure 2 shows
the results of a series of experiments, covering the same pH range, in
which, however, the total molarity of the buffer was maintained constant.
By comparing the two sets of data, it can be seen that, over the same
range of pH, the shape of the pH vs. activity curve remains essentially
unchanged ' regardless of whether the reactions are run in bufters of
constant molarity or of constant ionic strength. It can therefore be
concluded that the varying amount of acetate ion rresent in the equimolar
buffers of different pH is not the factor responsible for the bell-shaped
character of the pH vs. activity curve. The differences in the height

of the curves in Figure 1, would however, indicate tnat ionic strength
definitely has an effect on the rate of the enzyme catalysed reactione

It should be observed that, althoush in these experiments, the ionic
strength of the buffering system was maintained the same at every pH,
changes in the total ionic strength of the medium, according to pH, could
not be entirely accounted for. Such changes would be principally produced
by two factors: (i) the influence of pH on the formation of the dissocia~
tion products of oxalacetic acid, and (ii) the effect of pH on the charge
and ion adsorption power of the protein. The first factor, e.g., the
variation in the amounts of the mono and divalent anions of oxalacetic
acid present in different solutions of pH between 3.7 and 4.7, could be

evaluated by the method discussed later (p.16 ). The effect of this

(9)
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Variation of the order of the enzymatic reaction
with time.

1 ml. of enzyme (3.12 mg.); 0.1 ml. (1 mg.) oxal-
acetic acid, (0.A.A.) 3/U4 neutralized with sodium
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factor on variations in ionic strength, was shown to be relatively small
when compared with the ionic strength of the buffers used, and could be
disregarded in this case., On the other hand, it is apparent, that an
evaluation of the ionic strength contribution of the protein would involve
serious difficulties, and therefore, such a determination was not attempted,
in this work.

First order rate constants were used in these experiments, since they
had been shown to be a suitable means of expressing tre rates of the enzy-
matic reactions (12, 15). It will be noted however, that the values re-
ported here are always those calculated for the early stages of the reac-
tion e.g. 300 seconds. This seemed necessary, since as plots of the log
of remaining substrate against time (Figure 3) indicate, most reactions
show a deviation from their first order charucter after certain intervals
of time. This effect can probably be explained by the decrease im overall
ionic strength and progressive exhaustion of the buffer, as a consequence

of the decarboxylation of the substrate.

II - The Influence of rH on the Solubility of the Enzyme.

Vennesland (1°) had observed that the active crystalline globulin
fraction of squash seeds became inactive and insoluble in acetate buffers
of pH above five.

Later, Byerrum, Brown and Ball (15), were able to show that this
enzyme was in suspension in acetate buffers of pH above 4.5, and in solu-
tion at lower pH's. At the time however, no attempts had been made to

correlate enzyme solubility and oxalacetic acid carboxylase activity.

(10)
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Figure 4. Solubility of Oxalacetic Acid Carboxylase at different pH

Line A: Protein snlubility vs. pH. Ordinate is solubil-
ity, expresesed as percentage of the amount of protein
dissolved at pH 4.13. 53.4 mg. of protein in 50 ml. of
acetate buffer of ionic strength 0.02; room temperature;
dissolved protein determined in supernatant after centri-
fugation.

Line B: Enzyme activity vs. pll. Ordinate is activity,
expressed as percentage of the first order rate constant,
K/min(at pH 4.30, obtained from Figure 1. 1 ml. of enzyme
(3.12 mg.); 0.1 ml. (1 mg.) oxalacetic acid, 3/4 neutral-
ized with sodium hydroxide; final volume in flask 3 ml.
acetate buffer ionic strength 0.012.

Line C: Protein solubility vs. pH. Acetate buffer of
ionic strength O.1. Other conditions are identical with
those for line A.



Therefore, in this work a measurement of protein solubility in acetate
buffers of different pH, was made. For this, weighted amounts of enzyme
were dissolved in equal volumes of acetate buffers, of EH's between k.10
and 5.00. After standing for thirty minutes at room temperature, the
mixtures were centrifuzed and the supernatant analyzed for dissolved pro-
tein, according to the semi-micro Kjeldahl method outlined by Clark (20).
The ammonia produced upon alkalization of the digested mixture, was dis-
tilled into ten milliliters of a 4 percent boric acid solution and titrated
with0.02 normal hydrochloric acid, usinz a methyl red - methylene blue
indic~tor. The total nitrogen content of the globulin was determined by
the same method, and found to be 19.1 percent, when calculated for & pro-
tein sample which had been dried for 12 hours at 110° C. This value is
fairly close to the value of 18.5 percent reported by Vickery et al., (19).
From the weight of the ammonia calculated from the titration data, the
protein contents of each solution were ascertained. It was shown that

in a buffer of ionic strength 0.02 and pH of 4.13, 94.0 percent of the
protein had gone into solution, Curve A of Figure U4 shows the amounts -
dissolved at the different pH's, expressed as percent of the weight of
protein dissolved at pH 4.13. Curve B on this figure shows the relative
rates of the enzymatic reactions, at different pH, obtained from data of
Figure i. In this plot, the first order rate constant at pH 4,30 was con-
sidered to be 100 percent enzyme activity, and all other rates were cal-
culated as a percentage of this activity. By comparing the two curves

it can be seen that for pH above 4.30, the variation in enzymatic activity
is proportional to the decrease in protein solubility over the same pH

range., Curve C of Figure U represents protein solubility, measured in a

(11)



series of buffers of 0.1 lonic strength, under otherwise identical con-
ditions as those used for curve A. The results indicate that the enzyme
becomes progressively more insoluble, even at a lower pH, as the ionic
strength of the buffer is increased. This relationship might explain
the slight sﬁift in the peaks of the curves of Figure 1. However, no
definite proportionality is postulated here, and further work would seem

indicated to settle this question.

III - The Influence of pH on the Acid=base Binding Power of the Frotein

and the Relation of this Factor to Enzyme Activity.

As a subsequent step in the investigation of how changes in pH
affected the different components of the system, the titration curve of
the protein was determined by potentiometric titration. One gram of squash
seed globulin was dissolved in 100 milliliters 0f0.02 normal hydrochloriec
acid, and the mixture diluted to 200 milliliters with carbon dioxide-free,
distilled water. The solution was titrated with alkali, by adding measured
amounts 0f0.05 normal, carbon dioxide-free sodium hydroxide to the solu-
tion, using constant stirring. The pH was ascertained after each addition,
using a Beckuann pH-metery A five-minute interval was made between the
addition of the alkali and the pH reading; this time was considered suffic-
ient to reach the equilibrium point, since no subsequent changes in the
pH of the solution took place up to twenty minutes. The results plotted
as milliequivalents of (H®) bound per gram of protein at each pH, are
shown in Figure 5. In this plot, the values in the ordinate were calculated

by formula HZ T - (M+N), where T represents the total milliequivalents

(12)



MILLIEQUIVALENTS H" BOUND/G. PROTEIN

1.4

1.0

0.6

0.2 -
] 1 | ] |
2.75 3.25 3.75 4.25 4.75 5.25
pH
Figure 5. Influence of pE on the acid binding power of squash seed

globulin.

Ordinate values are milliequivalents of hydrogen ions
bound by 1 g. of globulin. 1 g. of globulin dissolved
in 100 ml. of 0.02 M HCl, potentiometrically titrated
with 0.05 M NaOH.



of hydrochloric acid added to the solution, M, the total milliequivalents
of base added at each point, and N, the milliequivalents of free (HY)
present in the medium, as obtained from the pH reading. Although deter-
minations of this nature are usually carried out under a nitrogen atmos-
rhere, this measure was deemed dispensable in this case, since the titra-
tion was not carried beyond a pH of approximately five, which is acid
enough to rrevent the presence of more than minimal amounts of carbon
dioxide in the solution. The smooth character of the curve of Figure 5,
indicates that no irregular changes in the acid binding power of the pro-
tein occur in the range between 3.5 and 4.75, the region of enzymatic
activity.

Steinberger and Westheimer (16), had shown that the metal-ion catal-
ysed decarboxylation of dimethyl oxalacetic acid can be accelerated by
pyridine, and postulated that for this,‘the metal-ion coordinated with
two molecules of pyridine. Also, it had been shown by Byerrum, Brown and
Ball (1%), that a metallo-protein was involved in the enzymatic decarbox-
ylation of oxalacetic acid. By analogy and as an inference from these
conclusions, it may therefore be postulated that for the enzymatic reaction,
a coordinate link between the metal-ion attached to the oxygen atoms of
the carbonyl and carboxyl groups of oxalacetic acid, and a basic group
on the protein, is formed. Therefore, changes in the charge of these
groups with pH, might be expected to influence the rate of the enzymatic
reaction. However, in the pH range between 3.5 and 4.7H, essentially
only the carboxyl groups on the protein are being titrated, and no, or

very little influence is exerted on the dissociation of (-Nﬁi’) or other

(13)



basic groups on the protein, since all of these groups have pKa values
above seven (21). Of course, the effect of changes of pH on otrer groups
on the protein cannot be predicted so readily, and their influence on

the activity of the enzyme may be more or less signiticant. However, the
even shape of the titration curve, makes it seem reasonable to admit that
changes in the acid-base binding power of the rrotein over the pH range
between 3.5 and 4,75, would only affect the enzymatic activity to a very

slight extent.

IIT - Tre Influence of pH on tre Ionic Dissociation of Oxalecetic

Acig and the Relation of this Factor to Znzymatic Activity.

In looking further for an explanation for the increase in enzymatic
activity between pH 3.5 and 4.5, it was considered of interest to examine
whether this behaviour could be due to a specific affinity of the enzyme
for one of the three forms in which oxalacetic acid can be present in
solution, namely the gndissociated acid, HyA, the monovalent anion, EAT,
and the divalent anion, &®. Since a search of the literature showed that
no titration curves, nor pK values for oxalacetic acid had been mace
available so far, it was decided, for this work, to determine these values.

The electrometric titration of oxalacetic acid was carried out in
the following way: 50 milligrams of twice recrystallized oxalacetic acid
was dissolved in 50 milliliters of distilled water and the solution placed
in a water-bath maintained at 20°C (2.1). The titration was carried
out by adding measured amounts of 0.038 normal sodium hydroxide to the
solution and tzkinzg the pH of the mixture after each addition. A laboratory

type Beckmann pH meter was used for all measurements, MNixing of the

(14)
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Titration curve of Oxalacetic Acid

Abscissa values are ml. of base added at each pH. 50 ml.
of 0.0073. M oxalacetic acid titrated with 0.038 M NaOH.
Temperature 20.0° (*0.1°)C.



ML. NAOH

Figure 7. Titration curve of Oxalacetic Acid

Abscissa values are ml. of base added at each pH. 50 ml.
of 0.0071 M oxalacetic agid titrated with 0.038 M NaOH.
Temperature 30.0° (¢ 0.17)C.



solutions was provided by passing a continugous stream of nitrogen through

the mixture. Tre whole process was carried out as raridly as possible,

)
in order to prevent a significant decrease in the concentration of the
oxalacetic acid by spontaneous decarboxylation. The results, as well as
those of a second series for titrations carried out at 30°C (€ .1), using
otherwise identical conditions, are plotted in Figures 6 and 7, respec-
tively. It can be seen that in both cases the inflection points occurred
between pH 7.5 and 8.0; this point was therefore considered the equivalence
point and the exact molarity of the oxaslacetic acid was calculated from

the milliequivalents of sodium hydroxide added up to this point. Since
the smooth character of the titration curves made the graphical evaluation
of the dissociation constants impossible, an algebraic method was employed
(22). Comtining the expressions of the law of mass action with experimental
data obtained from the titration curves, the values for Kl and K2 could

be evaluated.

An example of such a calculation is presented in the appen-

dix of this worke The values for X, and K2 obtained are summarizsd in

1
Table I:
TABLE 1
IONIZATION COLSTANTS OF OXALACETIC ACID
Temperature 30°C (% .1) 20°c (¥ .1)
nproeanilll N SR U
1.05 x 10 © | 1.12 x 104 [7.45 x 10~3 [g.u4 x 107
9.9 x 103 | 1.06 x 10~4 |b.46 x 100 (.44 x 1075
1.04 x 102 | 1.17 x 10% [6.23 x 103 [8.62 x 105
g.7 x10°3 | 1.16 x 1074 [ 7.86 x 103 [8.79 x 1072
8.9 x10~0 | 1.09 x 10~
8.6 z 1003 | 1.06 x 107}
Average 9.5 x 103 | 1.1 x10%]7.0 x10°3 |8.6 x 1070
Pk 2.03 3.96 2.15 4,06

(15)
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Figure 7a. Influence of rH on the dissociation of oxalacetic acid.

Ordinate values are concentration of the monovalent
[HA=) and divalent [ A=) anions of oxalacetic acid in
moles per liter. Total concentgation of oxalacetic
acid 2.52 M/1; temperature 30.0 (+ 0.1°)C. @ concen-
trations of (A¥); O concentrations of (HAT). "



It should be noted that these values do not represent true "“activity"
dissociation constants, but should rather be regarded as "concentration"
constants, since no corrections for activities of the ions involved in
the calculations, were made. The errors in the determinations thus pro-
duced are however, aprreciably lessened by the fact that very dilute sol-
utions of oxalacetic acid were used,

It may be observed that the rK, value of oxalacetic acid is 3.96,
which is approximately in the middle of the pH range (3.5 = 4.3) over
which the rate of the enzymatic decarboxylation of this substraté was
increasing, as shown in Figure 1. Figuref shows tkhe plot of pH against
the concentration of the mono and divalent anions of oxalacetic acid cal-
culated from the experimental pK values. An examination of these data
suzgested that the divalent anion of oxalacetic acid 1s the species which
undergoes enzymatic decarboxylation, and that the rate of this reaction
depends on the avallability of this ion.

To provide experimental evidence for this postulate, it was consid-
ered of interest to determine the variation in the rate of the enzymatic
reaction in experiments at different pH, in which the iritial concentra-
tion of the divalent anion ( [A®*J), was maintained the seme at each pH.
The amounts of undissociated acid (HoA), which had to te added in each
case, to obtain a mixture, 1.20 x 10"3 molar in (A;), at the various pH,
were calculated by the equation:

(A= [] (Lel®, H’] (c)

(K; <K,

This formula was obtained by solving equations A) and B) below, for[ﬁZAJ

(16)
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different pH, containing equal amounts of the divalent
anion (A=) of oxalacetic acid.
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Figure 9. Activity of oxalacetic acid carboxylase in solutions

of different pH, to which equal initial amounts of un-
dissociated oxalacetic acid (H2A) were added.

1 ml. of enzyme (3.12 mg.); 0.1 ml. (1.3 mg.-9.850 M)
oxalacetic acid, 3/4 neutralized with sodium hydroxide;
acetate buffer ionic strength 0.02; final volume in
flask 3 ml.; @ pH 3.72; e pH 4.16; o pH 4.43;

A heated enzyme.
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The rates of the reactions were determined using the Warburg procegdure
already described (p. 7). Acetate buffers of ionic strength 0.02 were
used. This ionic strength value represents a compropise between a buffer
vhich would be dilute enough not to inhibit enzymatic activity, but at
the same time able to prevent siznificant changes in the pH of the reac-
tion, as a result of the changze of oxalacetic into pyruvic acid. The
results of these determinations are shown in Tigure g8, in which reaction
rates are expressed as A/liters of carbon dioxide evolved after given
times of reaction. It was considered admissible to use this form of
expressing the initial velocity of the reactions, since Figure 8 had
shown that arproximately a straight lire was obtained when U/ liters of
carbon dioxide were plotted against time for less than three minutes of
reaction.

The results of a series of determinations, run under conditions
identical with those in the last experiments, but in which the concen-
tration of the undissociated acid added was kept constant over the pH
range, are plotted in Figure 9. It should be noted that if the same
amount of undissociated acid is added to buffer mixtures of different
pH, different amounts of the divalent anion (A?) will be present in each
case, according to expression (C).

The values for decarboxylation in the presence of heat inzctivated
enzyme are also shown in Figure 9. The amounts of carbon dioxide evolved

in these experiments, which were essentially produced by the spontaneous

(17



decarboxylation of the substrate, were always very small, since the rate
of the reactions was followed only for short times. This induced a rather
large percentage discrepancy between duplicate determinations at the same
pH. These differences, at a given pH, were often larger than the differ-
ences between the averaged results of two series of determinations made
at different pH's. Since the evolutions observed in these determinations
were always small, when compared with those obtained, using the non-boiled,
active enzyme, it was considered admissible to average all values obtained
after given times of reaction and plot them on the corresponding curve of
Figure 9., It will be noted that although blank determinations, employing
boiled enzyme solutions, were made for each of the experiments outlined
in this work, the values thus obtained were merely listed, but never sub-
tracted from values correspending to the evolutions of carbon dioxide
obtained when non-toiled, active enzyme was used, Since Steinberger and
Westheimer had indicated that, in the absence of a catslyst, the decarbox-
ylation of dimethyl oxalacetic acid proceeds chiefly through the monovalent
anion (HA?), it did not seem valid to assume that a similar process occurred
during the enzymatic reaction. Although experimental evidence is defin-
itely lacking at this point, it is believed that during the enzymatic
process no reaction comparable to the uncatalyzed decomposition of oxal-
acetic acid occurs. Only on the basis of these assumptions did the neglect
of the values for the carbon dioxide evolution, using boiled enzyme solu~
tion, seem justified,

For the purposes of comgarison the results of Figures 8 and 9, are

combined in Figure 10. In triiis graph, values on the ordinate represent

(18)



Figure 10.

3.9 4.| 4.3

Comrarison of the influence of pH on the activity of
oxalacetic acid carboxylase acting on solutions con-
taining respectively varying and constant concentra-
tions of the divalent anion (A=) of oxalacetic acid.

Crdinate is activity expressed as 41 of CO, evolved
in the initial 150 sec. of the reaction (Q CO,.). 1 ml.
of enzyme (3.12 mg.); 0.1 ml. of oxalacetic acid, 3/4
neutralized with sodium hydroxide; acetate buffer
ionic strength 0.02; final volume in flask_3 ml.

O Final concentration of diion 1.20 x 103 M/1.

® 9.85 M of oxalacetic acid added.



/Iliters of carbon dioxide evolved after 150 seconds of reaction. The
PH of the corresponding reactions is shown on the avcissa., These results
show that the availability of tke divalent anion of oxalacetic acid, is
not the only factor responsible for the increase in the rate of the enzy-
matic reaction between pH 3.7 and 4.3. It can be seen that when the con-
centration of this ion is maintained constant, changes in pH still result
in variations in the rate of the corresponding reactions.

However, if the results of Figures 8 and 9 are compared as in Figure
10, it is seen that the rates of reactions,in which the concentration of
the divalent anion was the same in every case, changed more slowly with
rH, indicating that although the availability of the (A¥) ion influenced
the rate of the enzymatic reaction, this factor could not be the only one
responsible for this effect.s In consequence, it seemed necessary to look
for other variables of the system, which were also affected by changes
in pH within the range of enzymatic activity, and as a result could be
expected to influence the overall variation in the rate of enzymatic re-
action. Since the change of the charges on the enzyme with pH, had ap-
peared not to affect the rate of the reaction to an arrreciable extent,
it was postulated that the effect shown in Fiéure 1, could be produced
by an inhibition of the reaction by the monovalent anion of oxalacetic
acid. Supporting this hypothesis, an examination of Figure 7& showed that
the concentration of the monovalent ion present in solutions of different
pH, decreased most rapidly between pH 3.5 and 4.5. Therefore, if an iniib-
itory influence could be ascribed to this ion, this effect would be more

pronounced at regions of lower pH, and would decrease witn a decrease in

(19)



acidity. Assuming then, that the availability of the two forms of oxal-
acetic acid, (HA™) and (A?) existing in a mixture at a given pH, are the
factors determining the rate of the enzymatic reaction between pH 3.7
and 4.3, an equstion of the form dCOp/dt = k ( [A? m/[HA?]n) should ex-
press the rate of the carbon dioxide evolution.

The possible inhibition of the reaction by (FA™), could be evaluated
from the data given in Fggure 8, in which the concentration of this ion
is varied, but (A®) remains constant over the pH range. To accomplish
this, Figure 11 was plotted, in which the log of [HAﬁ] présent in a mix-
ture at a given pH, is plotted against the log of the rate of decarboxy-
lation. Again, the CHA"] present in esch case was obtained from formulas
A) and B) (p. 17). The slope of tke line thus obtained was evaluated by
the method of least squares, and found to be =0.23. Therefore:
log rate = =0.23 log [HA'] 4+ log k?, and under conditions of constant
[£], rate= k, [EL~ ~0.23

dioxide evolved per 150 seconds of resction, and under these conditions

, wnere rate is expressed aslflliters of carbon

k> = 0,38, is the intercept of the line of Figure 11, on the vertical
axis. Thus, the exponent of the denominator of the combined rate expres=
sion above, would be 0.23. It will be noted that in this and in subse-
quent experiments the rate of the reaction is expressed as,&'liters of
carbon dioxide evolved after 150 seconds of reaction. As explained on
(p. 17), this value was considered to adequatcly express the rate of the
reactions, when obtained during the first three minutes of the reactions,.
To evaluate the proportionality between the rate of the reaction

and the concentration of the divalent anion of oxalacetic acid present in

(20)
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Figure 11. Influence of the concentration of the monovalent
anion of oxalacetic acid on the rate of the enzy-
matic reaction. :

Ordinate is log rate of the reaction expressed as

L1 of COp evolved in the initial 1H0 sec. of the
reaction %log Q 002). Abscissa is log concentration
of the monovalent anion of oxalacetic acid (log { HA™))
1 ml. of enzyme (3.12 mg.); 0.1 ml. of oxalacetic acid
3/4 neutralized with sodium hydroxide; acetate buffer
ionic strength 0.02; final volume in flask 3 ml.;
final concentration of diion (A%) 1.2 x 1077 M/1.



the mixture, a series of experiments were made at different pE, in which
the amounts of oxalacetic acid initially added in each case, had been
calculated to give equal concentrations of the monovalent ion (HA™) in

the final mixtures. For this calculation, the formula,

L d

Ul = (] (Lot
which had been obtained from formulas A) and B), in a similar way as form-
ula C), was used. Rates of the reactions were measured in the Warburg
apparatus in the manner already described. Acetate buffers of ionic strength
0.02, were used. Since the ionic strength contribution of the (AF) ionms,
present in different amcunts at each pH, would be expected to be signifi-
cantly large in this case, a correction measure was adopted. For this,
the final ionic strength in each flask, was brought up to 0.02bb, by adding
calculated amounts of a 0.02 molar solution of potassium nitrate to each
mixture. As shown by Byerrum, Brown and Baliiféotassium nitrate, being
the salt of a monovalent cation and a monovalent, non-basic anion, would
only influence the system insofar as its contribution to the total ionic
strength was concerned. In Figure 12, where the results of this determin-
ation are shown, reaétion rates are again expressed a{,/liters of carbon
dioxide, evolved after given time intervals. The relationship between
rate and the concentration of thé divalent anion of oxalacetic acid avail-
able in the mixture, is shown in Figure 13. The slope of the line obtained,
when the log of carbon dioxide evolved rer 150 seconds of reaction is
Plotted against log of[A='.] s Was evaluated by the method of least squares,

and found to be 1.31. Therefore, the expression of the rate of the enzy-

matic reaction of mixtures containing equal concentrations of the monovalent

(21)
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Activity of oxalacetic acid carboxylase in solutions
of different pH, containing equal amounts of the mono-
valent anion ( HA™ ) of oxalacetic acid.

1 ml. of enzyme (3.12 mg.); 0.1 ml. of oxalacetic acid,
3/4 neutralized with sodium hydroxide; acetate buffer

of ionic strength 0.07; 0.02 M KNO3 solution added;

final volume in flask 3 ml.; final”ionic strength 0.0206.
Final concentration of monovalent anion of oxalacetic
acid 7.0 x 100" M. o pH 3.70; © PpH 3.90; e pH 4.06;
@ pH L4.28,



anion of oxalacetic acid weuld be : Rate s k2[A=J- k5, the value of
the intercept on Figure 13 was found to be 2.7b, under tunese conditions.

By combining the data obtained from Figures 11 and 13, expression
E) was obtained thus: dC0,/dt = k([A"']l'31/ [E2~] *33). 1In this formla
k represents (k1 x ke), and d002/dt is the/U’liters of carbon’ dioxide V/
evolved per initial 150 seconds of the reaction. If it may be assumed
that changes in the charge of the enzyme between pH 3.7 and 4.3, do not
influence the rate of the catalytic reaction to any appreciable extent, the
. rate of the enzymatic decarboxylation could be considered to be a function
of the concentrations of the mono- and divalent anions of oxalacetic acid
present in each case, and expressed by E). It may be noted however, that
formula E) is only valid as an expression for rates observed durinz the
first three minutes of the reaction. By proper integration, its validity
could be extended, dbut even in this caﬁe, its applicability would be limited
to the time interval in which, as shown in Figure 3, tke evolution of carbon
dioxide follows first order kinetics.

It was consideredvof interest to use formula E) to attempt to explain
the variation in the rates of the enzymatic reactions shown on Figure 1,
between pH 3.7 and the optirum points of activity. Therefore, in Figure 14,
the‘ljliters of carbon dioxide used to evaluate the rate constants shown
in Figure 1, are piotted against the ratio [A=] 1.31/ [HA"] -23, [A=]
and [EMT] are the concentrations of the two anions of oxalacetic acid
present in the mixtures at each pH. The straight lines shown in Figure 14,
illustrating these rate relationships, for reactions in buffers of ionic

strength 0.0096 and 0.012, would indicate that expression E) can also be

(22)
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Figure 13. Influence of tke concentration of the divalent anion
of oxalacetic acid on the rate of the enzymatic reac-
tion.

Ordinate is log rate of the reaction expressed as w1

of CO2 evolved in the initial 150 sec. of the reaction
(log QCOe). Abscissa is log concentration of the di-

ion of oxalacetic acid (log A= ). 1 ml. of enzyme

(3.12 mg.); 041 ml. of oxalacetic acid, 3/4 neutral-

ized with sodium hydroxide; acetate buffer ionic strength
0.02; 0.02 M KNOz solution added; final volume in flask

3 mle; final ionic strength 0.020b. Final concentration
of the monovalent anion of oxalacetic acid 7.0 x lO'u M.



Figure 14.
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Activity of oxalacetic acid carboxylase, in solutions
of different pH, containing varying concentrations of
the mono and divalent anions of oxalacetic acid.

[HA‘] is concentration of the monovalent anion, [A']
is concentration of the divalent anion of oxalacetic
acid. Ordinate is activity expressed as ¥ 1 of CO
evolved in the initial 150 sec. of the reaction (Qgg,).
1 ml. of enzyme (3.12 mg.); 0.1 ml. of oxalacetic acid,
3/4 neutralized with sodium hydroxide; final volume in
flask 3 ml. O Final ilonic strength of acetate buffer
0.0096; ® Final ionic strength of buffer 0.012.
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Activity of oxalacetic acid carboxylase, in solutions
of different pH, containing varying concentrations of
the mono and divalent anions of oxalacetic acid.

(EA™) is concentration of the monovalent anion, [A=]

is concentration of the divalent anion of oxalacetic
acid. Ordinate is activity, expressed as A 1 of CO,
evolved in the initial 150 sec. of the reaction (Qgg,).
1 ml. of enzyme (3.12 mg.); 0.1 ml. of oxalacetic acid,
3/4 neutralized with sodium hydroxide; final volume in
flask 3 ml. Final ionic strength of acetate buffer 0.02.



used to exrress the rates of the reactions in these cases.

Examining this question further, the slopes of the lines on Figure 1U4
were evaluasted, and found to be 3.6 for the determinations made in a
buffer of ionic strength 0.012, and 4.b for the determinations conducted
in buffers of ionic strength 0.0096. These values are appreciadbly dif-
ferent from the k value of 1.44 calculated in formula E) on page 22. It
will be noted however, that while this value had been calculated from
data obtained from experiments run at a total ionic strength close to
0.025, the values reported on Figures 1 and 14 had been obtained from
reactions run in media of total ionic strength 0.0155 and 0.0135. These
differences, which had at first appeared to be insignificant, do, in all
probability rlay an important role in influencing the rate of the enzy-
matic reactions and further experiments to clarify this question, although
not attempted in this work, are clearly indicated. A few more consider-
ations on this question can however be presented here. In Figure 15, the
rates of a series 6f enzymatic reactions at different pH, conducted in
buffers of ionic strength 0.02, in which the total ionic strength values
ranged from 0.0247 at pH 3.70 to 0.0259 at pH 4.10, are plotted against
the ratio [A=]1.31/ [HA"‘]°23, [1=J and [ HA™) express the concentrations
of the mono- and divalent anions present in the mixtures at the correspond-
ing pE. A straight line was obtained, (Figure 1%), of slope 1.30. This
value is sufficiently close to the calculated value of k = 1.44 to fall
within the experimental error. Since the experiments which had led to
the calculation of this value, (Figures 11 and 13), had been conducted

in mixtures of total ionic strength close to 0.025, and this value is

(23)
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Activity of oxalacetic acid carboxylase, in solutions
of identical pH, containing varying concentrations of
the mono and divalent anions of oxalacetic acid.

(’HA‘] is concentration of the monovalent anion,[f"]
is concentration of the divalent anion of oxalacetic
acid. Ordinate is activity expressed as £ 1 of CO
evolved in the initial 150 sec. of the reaction (Qzg,).
1 ml. of enzyme (3.12 mg.); 0.1 ml. of oxalacetic actd
3/4 neutralized with sodium hydroxide; 0.02 M KNO
solution added; acetate buffer of ionic strength 8.01;
final volume in flask 3 ml.; pH 4.0; final ionic
strength 0.02.



rather close to the values listed above, it seems valid to assume that
the difference in the slopes of the lines of Figure 14 is chiefly due
to differences in the ionic strength of the reactions. Since it had been
shown by Byerrum, 3rown and Ball (15), that enzymatic activity is in-
versely proportional to the cube of ionic strength, this fact could be
used as a further indication for the validity of the foregoing assumption.
It could be shown that when the concentrations of the (A®) and (HAT)
anions of oxalacetic acid were made to vary, not by changes in pH, but
by the addition of varying amounts of undissociated substrate (HzA), to
identical solutions of the enzyme in a buffer of pE four, expression E)
could also be applied. The results of such a determination are shown in
Figure 16. Rates, expressed as )vliters of carbon dioxide evolved in the
initial 150 seconds of the reactions are plotted against the ratio
[A'] 1'31/ [HA"J '23, where (HA"] and [A:] are the concentrations of
the mono- and divalent anions present in ench case. All reactions were
run in acetate buffers of ionic strength 0.01, and in every case the
total ionic strength of the mixtures was corrected to a final value of
0.02, by the addition of appropriate amounts of a 0.02 molar solution
of potassium nitrate. The slope of the straight line obtained was cale
culated and found to be 1.%0. Therefore it seems apparent that expression
E) could also be used to explain the variation in the rates of reactions
run at constant pH and constant enzyme concentration, when the concentra-

tion of the substrate was varied between U4 x 10')‘l molar and 4 x 10"3 molar,.
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DISCUSSION

From the foregoing results, it appears that the shape of the rH vs.
activity curve of oxalacetic acid can be explained as the result of pH
induced, progressive changes in the properties of three components of the
enzymatic system: the monovalent anion of oxalacetic acid (HA™), the
diion (Ar), and the enzyme itself. Thus, the increase in enzymatic activ-
ity between pH 3.5 and 4.3 is mainly a result of the increasing avail-
ability of the divalent anion, which, as the enzyme-specific form of the
substrate, undergoes the enzymatic decarboxylation proper. It is postu-
lated that this effect is decreased by the monovalent ion (HA™), which
functions as an enzyme inhibitor, and significantly reduces the rate of
the reaction.

If the effects of these two ions are evaluated separately, and the
results combined, the initial rate of the enzymatic reaction can be ex-
pressed by formula dGOE/dt = K ([A=]1'31/ [HA-J '23), in which (A=)
and (HA™), for a given amount of substrate, are a function of the pH of
the reaction. When an enzyme concentration of 1.7 milligramg per milli-
liter is used, this equation is shown to be valid for reactions in which

4 molar

substrate concentrations, ranging from 4 x 10~ molar to 4 x 10~
are employeds The value of thelproportionality constant k, is markedly

influenced by the ionic strength of the buffer system used, and it appears
that, the greater the ionic strength of the mediun, the smaller the value

of k.

The decrease in enzymatic activity between pH 4.3 and 5.0, appears

(25)



to be principally a result of the progressive insolubility of the enzyme
in acetate buffers of this pH range. It is probable therefore, that the
combination of the three factors above, will explain the formation of the
optimum pH for enzymatic activity shown in Figure 1.

It will be noted that, since oxalacetic acid (HQA) is almost completely
dissociated at.pH above 3.5 to give either a monovalent or divalent anion,
its participation as a substrate for the enzymatic decarboxylation is not
likely to take place.

The inhibitory effect of the (HA™) ion, is believed to take place
by one of the fbllowing mechanisms: i) the enzyme may form an (E-S) complex
with this ion, which however does not decarboxylate, and only functions
as a means of removing part of the enzyme from the medium, or, ii) the
(E-HA™) complex, in view of its similarity to the admittedly "active" com-
rlex (E-A), undergoes enzymatic decarboxylation, but at a slower rate than
this form. In either case, the amount of inhibition rroduced at each pH
would decrease with increasing basicity, over the range of enzymatic activity.

The inhibitory effect of the (HA?)'ion was further examined in the |
light of the results presented by Steinberger and Westheimer, already re-
ferred to (165. According to these authors, the metal-ion catalysed decar-

boxylation of dimethyl oxalacetic acid, takes place by the following reac-

tions:
. W oy e wn Y - =
(e =C- 0= =0 - [-CH(CE

'839-‘§6§Cq3)2-002 _g;c_ \g£CH3)2 + €O, _g/p g-cq(c 3)?
g \&” *

o —_— — i N =
Hp0 “OH, Hy0' “0H, 2Ho0 Cu(OHp) ),

1 11 III

Ryerrum, Brown and Ball (15) had shown that the protein fraction of
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squash seeds which which possesgbxalacetic acid decarboxylating activity,
is a metallo-protein, containing chiefly hanganese. Westheimer and Stein-
berger had also observed that when pryridire was added to a solution of
dimethyl oxalacetic acid containing Cu”, the rate of decarboxylation of
this acid was increased over and above the amount expected for the catalysis
by the Me** alone. 1In consequence, the authors had postulated that this
activation was due to tne formation of a complex between the metal-ion
attached in a chelate type of ring to the acid, and two moles of pyridine.
A similar structure is proposed here for the (E-S) complex of the diion of
oxalacetic acid, which, in analogy with compound I, might be:
-830- X SHZ- oy
e’
(Frotein)
Iv

In this formulation, it is believed that basic groups on the protein
coordinate with the Mé'* ion, in a menner similar with that shown for
pyridine, by Steinberger and Westheimer.

Although the enzyme-substrate complex IV, is the intermediate form
through which the enzymatic decarboxylation is believed to take place,
it seems pleusible to admit that a similar complex can be formed between
the metallo-protein and the monovalent anion of oxalacetic acid:
(‘OOC—CO—CHa-COOH). However, the complex thus formed, by not having a
free negative charge on its "carboxyl group, might be expected either
to be unable to, or, to decarboxylate more slowly than the corresponding
complex formed by the divalent anion. For this hypothesis it must be

admitted of course, that the enzymatic decarboxylation of oxalzcetic acid

follows the same scheme of reactions, outlined by Steinberger and Westheimer
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for the Ye-ion catalysed decarboxylation of dimethyl oxalacetic acid.

It is ventured here to give an explanction of the role of the other
monovalent anion produced as a result of the dissociation of oxalacetic
acid, namely: (HOOC-CO—CHe-COO'). According to Steinberger and Westheimer,
the decarboxylation of the mono-ester of dimethyl oxalacetic acid
(ROOC-CO-CHz-COO') cannot be accelerated by Me"'ions, at any pH. There-
fore, if an analogy to oxalacetic a2cid can be drawn, it could be assumed
that the monovalent anion of this acid, which has its negative charge
on tke carboxyl group @to the carbonyl group, behaves essentially like
the monoanion of the ester. If this is true, its influenc; as an inhib-
itor of the enzymatic reaction would be ruled out, and this effect would

be solely due to the effect of the ('OOC-CO-CHZ-COOH) ion.

(28)



SUNTARY

The pE vs. activity curve of the carboxylase of squash seed globulin,
acting on a substrate of oxalzcetic acid, was examined, and the possible
factors, whose variation with pH, might be responsible for the shape of
this curve between pE 3.7 and 5.0 have been discussed.

1. It is shown that the shape of the curve remains essentially un-
chanzed, ' regardless of whether the reactions were conducted within a
certain range,of buffers of constant ionic strength, or of constant
molarity. However, ionic strength has a definite effect on the overall
rate of the enzymatic reactions.

2. The decrease in enzymatic activity between the pH of optimum
activity and rH five, was explained by tkre increqéing insolubility of the
énzyme in the pH range between 4.5 and 5.0C. The parallelism shown by the
curves expressing enzyme activity énd enzyme solubility, in tkis range,
brought experimental evidence for this assumption.

2, The influence of changes in pH, on the acid-base binding power
of the rrotein, was examined, and the bearing of this factpr on the
enzymatic activity was discussed. It was shown experimentally, that no
irregular changes in the titration curve of the protein, occur within
the rance of enzymatic activitye

4, The relationship between the availability of the mono- and di-
valent anions of O0xalacetic acid, and the rate of the enzymatic reaction
at given pH's between 3.7 and 4.3, was examiﬁed. From the results obtained,

it was postulated that the decarboxylating spedies is chiefly the divalent
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anion (A™) , and thet the resction is inhibited, to some extent, by the
monovalent anion (HA™). The influence of each of these ions was evalu-
ated in separzte experiments and the combired rate equation

d_~c_92 _k A= 1031

was set up.
at T [HA] -23
b. This expression was employed in attempts to explain the varia-
tion in the rate of three series of enzymatic reactions, conducted at
different ionic strength, over a pH range from 3.5 to 4.3,

The validity of the expression was also tested, by attempts to use

it to exrlain the vmriation of the rates of a series of enzymatic reac-

tions, conducted at constant pH and enzyme concentration, but in mixtures

containinz varyinz concentrations of the substrate.
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Preliminary Investigations on the Activity of Oxalacetic Acid Carboxylase

from Squash Seeds in Thosphate Buffers of pH Ranging from b.b to 7.8.

In 1949, Vennesland (12) had noticed that the decarboxylating activity
of the crystalline globulin fraction obtained from extracts of cucurbit
seeds, might not be of prhysiological significance, and that this fraction
rerresented merely a storage protein. This assumption was based on the
fact that the globulin was non-Me-ion activable, and inactive in acetate
buffers of pH above 5.5, which was considered to be too far from seven
to be of physiological importance. It will be noted however, that enzyme
preparations obtained by Ochoa from pi@geon liver (10), and by Veiga, -
Salles and Ochoa (&), from Micrococcus lysedeikticus, show pH optima at
4,5 and 5.2 respectively. It seems admissible, theretore, to believe
that a relatively low pH of optimum does not rule out the bislogical
significance of the enzyme from squash seeds.

As a preliminary experiment in this work, it was considered of in-
terest to examine whether the globulin preparation from squash seeds,
prepared according to the method of Vickery et al. (19), would retain
its decarboxylating activity in a rhosphate buffer of pH seven. Activity
determinations, made by the method of Warburg, already exrplained, showed
that no significant increase in the rate of decarboxylation of oxalacetic
acid could be observed, when experiments using, heat-inactivated and un-
heated enzyme were compared. This fact was attributed to the extreme

insolubility of the globulin in phosphate buffers of pH between b.t and 7.8.

(31)



Speck (13), had shown that the activity of oxalacetic acid carboxy-
lase from parsley roots, could se significantly enhanced by divalent
cobalt ions. It was therefore considered of interest to investigate
%hether such an effect could be shown for the enzyme from squash seeds,
acting on the substrate, in a phosphate buffer of pH seven. TFor this,

a suspension of cobalt phosphate, prepared by adding disodium hydrogen
phosphate to a solution of cobalt sulfate in redistilled water, was added
to the reaction mixture. Cobalt ions were added as cobzlt rhosphate,
since the addition of a solution of cobalt sulfate to the rexction mix-
ture directly, would have caused an appreéiable decrease in the concen-
tration of the buffer, in consequence of the removal of phosphate ions

to form insoluble cobalt phosrhate. Although by tﬁis measure, the values
for the evolution of carbecn dioxide obtained, were larger than those shown
for the previous experiments, this result could not be ascribed to an
activating effect of the metal on the énzyms, since control runs, contain-
inz cobalt phosphate alone, showed a comparable increase in the rates of
the reaction. Obviously, the cobalt salt, had had no other effect on the
reaction, than that of enhancirg its rate by & strictly metal- ion catal-
ysis as described by Speck (13).

Attemrts to add a solution of cobzlt sulfate to a solution of the
enzyme in 0,002 normal nitric acid, in order to provide for a "saturation"
of the protein with cobzlt ions, proved unsuccessful.. When an aliquot
of this solution w=s added to the rhosphate buffer in tne reanction vessel,
and allowed to act on the substrate, no significant increase in the rate

of the enzymatic decarboxylation could be achieved.

(32)



The experiments were therfore abandoned, since the insolubility of
both the enzyme and the metal ion in jhosphate buffers, sesmed to rule

out any possibility for enzymatic activity under these conditions.

(33)



AFFZUDIX

Calculation of the Dissociation Constents of Oxalacetic Acid from its

Titration Curve.

Let C = total concentration of acid, a - total concentration of added
alkali and h = hydrogen-ion concentration (calculated frem pH value).

Oxalacetic acid as a dibasic acid (HeA), will dissociate thus:

(1) HoA <——H + EA™ ,

(ii) BA© &——H + A~ , therefore:

K, = h_(EA” and K, - h_ (a7
"G - NES

msor (i) 4+ [ +[5) = ¢, ana [m)+ 2[£F] zatn

By eliminating the three unknown concentrations, [HZAJ, [HA{], and.(AF]

from these four equations, and solving for Kl and K2 we obtain:
E; = h%(a + h)/ E,(PC-a-h) - (sh+ bh® - hC)  end
K5 = h2(a + h) + K (an + h2 - hC) /X, (2C -a -h) ;

Putting:

® ap +ni-nc o=a, 26 -a

we con write:

and hi (apy+ ) =D,

-h =B
n "~ n

n

K, S Dy/(KB = A) and Kp = (Dp# KjA /KBy
Hence by taking any two points on the titration curve whose parameters

are respectively Al' B Dl' and A,, B2' D2 the values of Kj and K2 can

1’ 2

be found thus:

@ & = (3D, - BoDy) K, = (A0, = 4oD)
(4;B5 - ApB;) (B,Dy - ByD;)

(34)
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Fitting actual data to tnese formulas, a sample calculation of the
values of Kl and K2 is shown below:

Sample Calculation:

50 ml. of 0.0073 M solution of oxalacetic acid titrated with 0.038 M

sodium hydroxide at 20° ¢ ( *.1).

No. ml. Total Final Concen- Final Concen-
YaOHE Volume tration of pH [H’] tration of
added of Solu- NaOH (M) (h) Oxalacetic Acid

tion (ml) (a) (C) (M)

(1) 6 56 4,08 x 10~3 2.31 1.%5 x 1073 6.55 x 10=3

(2) 12 62 7.39 x 10"3 3.70 1.99 x 10"l+ 5.91 x 10"3

Applying ®we get:

- -4
A = =3.00 x 10 o 4, = 3.03 x 10
B, = 8.24 x 1070 B, = 5.43 x 107>
D = 3.8 x 107 Do = 1.29 x 1079

and by @

11
Kl ™ 5_.uq x 10 = - boq’b x 10—3

8.40 x 10~°

- -15
Ko = 4.99 x 10 - g.44 x 1077

5.86 x 10-11

(35)
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