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CHAPTER I
INTRODUCTION

For a number of years, the role played by enzymes,
in the various fields of biochemistry, has provided a wealth
of opportunities for original research. In reocent years in-
terest in enzyme systems has mounted steadily, and lately
some signifioant progress has been made in the understanding
of the mechanism of such systems., Although, the kinetics of
many enzyme reactions has been studied, there is still no
general agreement as to their mechanism because of their ex-
treme complexity.

The purpose of this investigation is to study the
kinetios of the enzymatic hydrolysis of urea by the enzyme,
urease, in the light of two particularly important theoreti-
cal advanoces, namely, the Bronsted primary salt effect, and
the effect of dielectric oconstant of the medium on this re-
action. From these effeots, it should be possidble to deter-
mine whether the rate controlling step of this reaction in-
volves ions as intermediates, or whether its course is in-
fluenced simply by molecular forms (55). Knowledge of this
kind would provide a better understanding of the fundamental

1




mechanism of the urease-urea reaction.

The blochemioal nature and importance of enzymes
oan not be overemphasized. IEnzymes oan be regarded as col-
loidal biologiocal catalysts, whioch have been synthesized,

80 far, only in living organisms. They enable living cells
to ocarry out the chemiocal processes necessary for their
existence, at a gufficient velocity and at temperatures con-
siderably lower than those which normally are regquired in
the laboratory. Although, the enzymes usually asct within
the cell which formed them, they may, in many ocases, ocarry
out their partionlar functions outside the cell. Urease 1is
such an enzyme.

Enzymes are indispensable for the chemioal changes
occuring in the living cell, and without them matter would
be lifeless. Ko process associated with cellular activity,
whether it be growth and proliferation of the lowliest of
living organisms, or the funetioning of the most highly or-
ganized of living struoctures, such as the central nervous
system, oan be imagined taking place without the partiocipa-
tion of enzymatic reactions. In death, some enzymes are as
active as in life, although their organization is completely
altered., The autolytic changes taking place in the cell,
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which through unfavorable environmental circumstances can
no longer survive and proliferate, are controlled by en-
zymes whioh ultimately break down and lose their own aoti-
vities., Ko aspect of the chemistry of living matter, whe-
ther it refers to suoch diverse phenomena ag the bacterial
fixation of nitrogen, the luminescence of bacteria, the
synthesis of horﬁones and vitamins, or the digestion of
sellulose in an &nimal's intestine, may be regarded as come-
plete without due regard to the controlling influence of
engymes.

Enzymes often exhibit great specificity, 4 given
enzyme will usually act only on & single substrate or a
group of closely related substrates. In the ocase of urease,
its specificity is absolute, since as far as is known will
only ocatalyticslly hy&rolyze urea., The activity'or enzymes
is influenced in & remarkable degree by factors, such as
acidity, alkalinity, temperature, and the presence of oer=
~tain inorgaﬁic salts. There is an optimum temperature for
the action of an enzyme, above which the enzyme diminishes
in activity, and eventually is destroyed. There is also
an optimum pHd at whioh the enzyme is most active. Owing

to this sensitiveness to external factors, an enzyme very




4

-

frequently 1s able to change only & limited amount of sub-
strate, for the products of ita own activity accumulate, and
by their accumulation, gradually inhibit the activity of the
enzyme,

Not much of an enzyme is reguired to do its work,
since they are active even in extremely minute quantities.
Thus, the enzyme, urease, ocan hydrolyze a million times its
own weight of urea, without an appreciable 1038 of aotivity.
It ﬁight be pointed out that enzymes are easily poisoned by
heavy metal cations, which reaect with the funotionsl groups
necessary for their activity, and urease is no exception.

The chemical structure of enzymes 1s not definite-
1y known. Many regard them as proteins, but there is one
school of thought that does not believe in this (97). They
are of the opinion that enzymes exist in c¢olloidsl ocombina-
tion with oell proteins, and their sensitiveness to heat and
other factors is interpreted as being due to this associa-
tion. The moleoule of an enzyme may oonsist of & colloidal
carrier and a purely ohemical aotive group, although com-
plete separation of these has not been accomplished. There
is no doubt that, owing to its close association with a

colloid, the enzyme molecule has an extensive surface area,
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and it appears reagonable that one of the first stages in
the action of an enzyme is the coneentration of the molecules
of the substrate on this surface by adsorption.

It has been assumed that the first step in enzyme
catalysis is the formation between enzyme and substrate of
a compound which, after a definite time-interval, decomposes
to form the reaction products and the original enzyme (99).
The place of combination on the enzyme is left vacant until
another substrate molecule enters the sphere of action, when
the coycle of combination and decomposition takes place again.
It i3 useful to accept this view of intermediate compound
formation and breakdown, not only hecause the kineties of
enzymatic change ocan be interpreted on this basis, but be-
ocause there is some evidence that the intermediate complex
between substrate and enzyme does in reality exist. An ex-
ample of such evidence comes from the faocts concerning tine
protection by substrates of their enzymes from inactivation
by heat and other agencies. Thus, urease is less sensitive
to the inactivation by neat in the presence of its substrate,
uresa.,

Urease, which ¢an be considered a water soluble

protein, ocatalytiocally hydrolyzes urea to ammonium carbonate,
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which in turn decomposes to ammonia and carbon dioxide.

Since this reaction proceeds well at a pH close to neutra-
1ity, the Bronsted primary salt effeot (13, 14, 15, 16),

and Seatcehard's effect of changing environment (80, 81, 82)
can be more correctly interpreted. The establishment of a
case, either for, or against an lonic mechanism will repre-
sent a distinet advance in this important field, and would

extend the understanding of enzyme reactions, in general.




CHAPTER II
A REVIEW OF THE LITERATURE

The fact that the hydrolytic activity of urease 1is
affected by certain electrolytes and solvents is known, but
there is no donoluaive evidence in the published literature
éa to what kind of an effecet it really is, and exaotly how
it operates.

As early as 1913, Armstrong and Horton (7) ob-
served that sodium ohloride and potassium chloride retarded
the action of urease, They acoounted for this effect of
salts by assuming the enzyme, urease, to be a feebly acid
substance, which in order to cause change ocombines with the
feebly basic substance, urea, therefore, they thought that
any basioc cation would interfere with the enzyme. Aarmstrong
and Armstrong (6) were probably the first workers to notice
the effect of sodium and potassium phosphate buffers on the
aotivity of urease. They found this effeoct to vary with the
oconcentration of the phosphate buffer. Van Slyke and Zacha-
rias (106) also found that the presence of salts, such as
sodium chloride and phosphate would inhibit the sacstion of

urease. They concluded that the effect of sodium ohloride




-

was to retard the combination of urease and urea. When they
varied the concentration of the phosphate buffer, their re-
sults indicated that the combination of the enzyme and urea
"ig retarded in a way which is directly proportional to the
phoaphate concentration.

Onodera (72) found that neutral ssalts inhibited
the urease-urea reaction, and also proposed that the effect
of these salts is due, at least to a certain degree, to the
alkalinity of the cations., Groll (21) investigated the ef-
feaﬁ 6! & nurber of cations and anions on ureasge, and ob-
served that the ammonium, potassium, sodium, strontium and
barium cations appeared to retard its action, when in 0.08
molar concentration. With the same cation, the nature of
the anion had little influence, It was his opinion that
the effect of ﬁeutral salts on urease could be asceribed to
the influence of their ions on the degree of dispersion of
the enzyme, in the same manner as in colloids.

i few years later, Wester (113) also found that the
inhibiting influence of anions such as chloride, bromide, io-
dide, nitrate and sulfate was slight on the ureolytic power
of urease, but the effect did increase with increasing con-

centration of the anion. He found that the inhibiting ef-




9

-

feot of the potassium, sodium, magnesium and the barium ion
was much greater, and it also increased with the higher oon-
centration of the oation. No additive effect due to the ions
was noted.

Up to 1920, although all of the investigators in
this field found sodium chloride to inhibit the aotivity of
ureasé, Rona and Gyorgy (77), who studied the action of poi-
sons on urease, reported that they observed no inhibiting
action of sodium chloride on the urease-urea hydrolysis. Ais
a matter of faot, Koohmann (46) found that the calcoium ion
in a phosphate solution increased the activity of urease
proportionately to its concentration.

Mystkowski (69), who studied the influence of so-
dium'aalta on the aotion of draase,in buffered and unbuffered
solutions, reported that certain sodium salts would acceler-
ate the aotion of urease at low concentrations, but in every
case retarded the aotivity at higher conoentrations. Vande-
Velde (107) observed that both potassium and sodium salts
retarded the activity of urease when at 0.3 molar ocongentra-
tion, and that sodium salts were more imhibiting than the
potassium salts, and that sulfates inhibited more thaa tire

ohlorides. It was Ruchelmann (78), who first observed that




10

a

sodium chloride ocauses an activation of urease in small
amounts, but d4id cause an inhibition when it was added in
larger amounts. He also found that potassium ohloride,

" rubidium ohloride and lithium ohloride inhibited the hydro-
lysis, and suggested that since urease is an ampholyte, it
ean react separately with maﬁy cations and anions.

Sohmidt (83) observed that sodium and potassium
fluoride caused an inhibition of the urease-urea system,
whioh he thought was mainly due to the fluoride ion. A
year later, Jacoby (238) noted that sodium iodide was effect-
ive in retarding urease aoctivity when the iodide osoncentra-
tion was increased. Sizer and Tytell (84) have observed
that urease activity incereased and then decreased with in-
oreasing concentration of sodium sulfate.

In 1949, Harmon and Niemann (32), conocluded from
a8 study of the ureage-catalyzed hydrolysis of urea in the
presenoe of potassium phosphate buffers at pH 7, that the
hydrolytio reaction was ocompetitively inhibited by phos-
phate 105‘ Two years later, in a reinvestigation of the
kinetios of the urease-urea system, Fasman and Niemann (24)
admitted that this conolusion was incorrect and that sn er-

ror was made in assuming that the potassium ion was inecapae-
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ble of interaction either with the ‘enzyme or the enzyme-sub-
strate complex. They also showed that at pH 7, the phosphate
ion can apparently funetion as an activator, and the sodium

‘ or potassium ion as an inhibitor. Using a 0.05 molar con-
centration of phosphate buffer, they observed that on the ad-
dition of sodium or potassium chloride to the urease-urea
system, a significant inhibition of the urease occurred, and
that at egquivalent buffer concentrations and with all other
factors held constant, the activity of urease is greater in
a potassium than in a sodium phosphate buffer.,

According to Howell and Sumner (36), the composi-
tion of the buffer mixture in a reaction of urease and ures,
may alter the optimum pH, and also the activity of urease.
This variation may be due, in part, to a difference in the
ionio strength of the medium, since this factor was not kept
eonstant.

Ambrose, Kistiskowsky and Kridl (2), in their stu-
dy on the inhibition of urease by sulfur ocompounds, have ob-
served that sodium sulfate exerts a weak inhibitory action,
Kistiakowsky and coworkers (42) have found that below pH 7,
salts are without effect on the activity of urease, but from

pH 7.0 to 7.5, the enzymatioc activity decreases with inoreas-
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ing oconoentration of the electrolyte. They suggest that the
oharacter of the electrolyte inhibition may be due to ocomplex-
es formed by the alkali cations with the various buffer spe-

" eie.

The rate of hydrolysis of urea by urease was stu-
died by Kistiakowsky and Shaw (45), at pH 8.9 in the absence
of buffers, by utilizing the buffering action of the products
of the hydrolysis. They found the activity to be very sen-
sitive to the lonio strength of the solution, and propose
that the charascter of the retardation by salts 1s such as to
suggeat eleotrostatio interactions of the Debye-Huskel type.

The published literature reveals that almost all
of the investigators, who studied the effect of neutral salts
on the activity of urease, conducted their experiments at in-
termediate or high values of ionio strength, in a medium of
only one value of dieleoctrio constant, and very often at pH
values other than seven. This severely limits the utiliza-
tion of the data for the elucidation of the actual mechanism,
and it may be the reason why the results in the literature
concerning the salt effect on urease are frequently not in
agreement, and even contradlotory.

A further investigation of the literature revealed
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that according to Ivanow (37), dilute agqueous solutions of
alcohol and acetone would inhibit the activity of urease,
but would not completely destroy its activity in golutions
containing up to eighty per cent aloohol or aceﬁone. The
fact that ethyl alcohol inhibits the activity of urease was
also obsrved by Marshal (63). Although the effect of twen-
ty five volume per ocent of dioxane in water will retard the
activity of urease, Kistiakowsky and Rosenberg (43) report
that there is no irreversible denaturation of the enzyme.

In this investigation, the study of the effect of
neutral salts was made (74) on the ureolytic aoctivity of
urease at pH 7.00, at the lowest possible ionic¢ strength,
and in a media of varying dieleotric constant (75) by using
variously different mixtures of dioxane and water. It was
felt that results obtained from suoh studies oould be better
interpreted according to the theories of Bronsted (15, 16)
and Scatohard (80), and perhaps perm’t a better understanding

of this reaction as viewed from a molecular-level standpoint.




CHAPTER III

THE EFFECT OF SALTS AND SOLVENT
ON IONIC REACTIORS

The velooity of reaotions in solution, whether
eatalytic or not, 16 very often affected by the addition
of salts. It is now realized that only in a few oases
are these effects due to any direct ocatalytio action by
the added salt. Today the term, salt effect, is used to
oover the various ways in whioh moderm electrolyte theory
bears on the interpretation of reastion kineties in so-
lution.

There are two main concepts whioh can be employed
in the study of ionic resotions. The first is the genersal
question of complete ionization of strong electrolytes and
the eleotrostatioc foroes between ions, This fundamental
ides underlying the modern theory of elesirolytes has been
inoorporated into bhysioal chemistry in the form given by
Debye and Huokel (20). The seocond point ooncerns itself
with the effeot these eleoctrostatio forces of ions play up~-
on the equilibrium &nd velocity constants, involved in re-

actions between ions., In this direotion Bronsted (15, 16)

14
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and Soatochard (80, 81, 82) have arrived at satiafaotory
theoretical and guantitative oonclusions.

It is beyond the scope of this thesis to examine
the Debye-Huskel theory in detall, and reference will there-
fore be made only to those aspegts of it which will be of
direot service to us. The basic idea of their theory is
that, because of electrostatio foroes, every ion in solution
is considered to be surrounded by an ionic atmosphere of
oppositely oharged ions. Assuming that the strong elecstro-
lyte in‘oonpletely dissooiated, Debye and Huckel (20) have
ghown that the value of the mean elsctrical potential, §,,

at a distance r, from ion A, due to uneven distridution of

the ions, is -
" ?AA‘G.Q Kr ’Kl
(a) g = .

Dr l + Ka
where Z, is the ionio charge of the ion A; € is the unit
eleotronic scharge, D is the aioieotrie constant of the me-
dium, a is the distance of olosest approach of other ions

to the A ion, and K is given by the expression,

(b) x® - SNET
1000DkT

where X is Avogadro's number, k is Boltzman's oconstant, T

is the absolute temperature, and u is the ionic strength,
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whioh is equal to one-half the sum df the concentration of
all the ions in solution times the aquare of their valence
oharges.

Although it had been kmown that the aotivity coef-
ficients of ions at normél ooneentrations were less than uni-
ty, it was Debye and Huckel (20), who satisfactorily ex-
plained this preﬁlom.aa'belng due {0 tho forces of electiri-
oal attraction and repulsion exerted between ions. .They
derived what is now referred to as the Debye-Huckel expres-
sion for aotivity occefficients of ions whioh gives the re-
lation between the a@tivity coeffioient and the ionio
strength for dilute solutions,

| (o) -la £, = Zf A [u/(1 +pay u)
where fi is the aotivity ocoeffiocient of the ion i, having
& valence oharge of Z, where u is the ionic strength, 8,
the distance of eléaeat approach, and where A and @ are con-
stants. For a very dilute solution, where u approaches ze-
ro, equation (o) may be written in the limiting form,

(a) elnfy = Zf A {u,
where A is & sonstant deﬁﬁndant on the dieleotrio conat#nt
of the medium, D, and the absolute temperature T, and rela-

ted to the oonstants €, T[, B and k by the following:
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(Q) A- - e . m
DkT 1000Dk?

Upon utilizing the known values of the above oconstants and

.

inoluding values for the dileleotiric sonstant and the tem-
perature, and also Lntroanéing the fastor for converting
natural to ordinary lbgarithmu. 4 18 found to be 0.509 for
‘agueous solutions at 26.0%¢C. Therefore, equation (4) may
be written in the form,

(£)  -log fy = 0.509 Z? Ja.
This simple relation represents the limiting form of the
Debye-Huokel equation, which is based on the work required
to :opaéato ions in the prooess of dilution, and states
that the asotivity coeffiocient of an ion is an exponential
funeﬁion of the square root of the ionic stirength, its
absolute value determined only by the sign and magnitude
of the aharge Z, and being independent of any apesifie
property of the ion.
| The appltcution of these soncepts to the kine-
tios of lonio reaetionn in solutions is due, to & large
degree, to Bronsted (15, 16), whose theory of the influence
of added salts on the rate of chemical ohange ocouring be-

tween ions in solution will now be oonsidered.
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Bromsted (50, 51) formulated the important theory
of the so-called, primary salt effect, from the influenoce
of the ionic atmospheres on ionic reaction rates in solution
by applying the concepts of Debye-Huckel regarding the aoti-
vities of ions in liguid dieleoctries. Chemical reactions
_between ions are rather senslitive to the addition of neutral
salts, that is, eleotrolytes cause a deviation of the rate,
where the velocity constant becomes dependent on the consen-
tration of the elestrolyte present. Bronsted has shown that
activities should be suhs#itnxed for oconcentrations in the
ordinary kinetioc rate eguations.

The ionio reactions, whian determine the velooity
| of the chemical change are assumed to form an intermediate
aotivétcd oomplox, whose oharge is the algebraic sum of all
the charges of the reaoting species. The deviations exhibi-
ted when ions interaot are explained on the supposition that
the velocities are inversely proportional to the astivity
coefficients of the intermediate oomplexes. These scomplexes,
it is also assumed, are affected in the same manner by chang-
-cu in the salt oconoentration as are or&inary ions., Although
various methods have been used to develop Bronsted's impor-

tant treatment of resotions in which ions are concerned, that
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of Bjerrum (11) is probably the simplesat.
The theory of the primary salt effect oan be best

understood, if we consider the ionie reaction,

Z Z
A, Bz x'Eat7s)

-y products,

where A and B are the reaoting ioms, X is the intermediate
oomplex, and where Z,, Zp and (Z3+Zg) are the oharges on A,
B and X respectively. Then from the Debye-Huokel equation

(£),

(5)  -log 2, = 0.509 Zs [4,
(n)  -log 25 = 0.509 Zp W,
(1) -log £y = 0,509 zg Y

it follows then that,

faly 2 2 &8
(3) log -'-;;'- = 0,509 \I'\T(ZA*ZB-.ZX).

Since the activated complex is made up of A and B, 1ts oharge
will be the algebraic sum of A and B, that is Zy is the sum

of Z, and Zy, therefore, equation (J) beoomes,

2A%H
(k) log —— = 0.509 Jal2z,25), or
b ¢
2,
(1) log —=-2 = 1.02 2,23 |4,

3




20

in the solvent, water, at 25.09C.

Since ions affect the rate of an ionic reactionm,
the obaerved bimolecular veloocity constant kl’ is given by
the following expression (30),

{m) B = ko L '

x
where k, is the rate constant at infinite solution in a giv-
en solvent at a constant temperature. In logarithmioc form
equation (m) is

f213
{n) log k; = logk, + log = and

on combining equation (1) and (n) we obtain

(o) log X = log k, + 1.02 2,2, {i}

This 1#3% equation (o) puts Bronated's ooncept of
the primary salt effect on & quantitative basis. It follows
that the plot of the logarithm of the observed veloeity coh-
stant against the square root of the ionic strength, if in
a dilute solution, at 25.0°C., should give & straight line
~of approximate slope, Z,Z,, and the intercept, om extrapola-
tion to zerc ionic strength, should be k,. The magnitude
and sign of the produst Z,Zz, will depend on the nature of
the reacting species. Therefore, the slope should vary ae-
sording to the type of ionio reaction. This has been found
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true, on a qualitative basis for a hnumber of reaoctions (11,
15, 16, 19, 51). The primary salt effect in reactions de-
tween ions of the same sign is poaitiﬁe, i.e., the reaoction
is aceelerated by an inorease in the neutral salt ooncenira-
tion, On the other hand, this effeet is negative if the re-
aoting lons are of opposite sign, i.e., the reaction is re-
tarded by an inorease in the concentration of the salt,

This theoretical deduction of Bronsted has also
been amply confirmed on a quantitative basis (60, 51, 52,
63), for it is possible to determine nameriaally»ths magni-
tude of the neutral salt effeot. If the slope, 4,2y, under
these speoial csonditions should be nearly +3, +2, +1, 0, -1,
-2, or -3, the number and kind of charges on the reasting
species oan be predicted. For example, if the gslope is szero,
the resction may either be between two molecules or & mole-
cule and &n ion of either oharge. Or if the slope is plus
one, the reaoting ions have single oharges of the same sign.
It the slope is a nigna one, the reacting ions possess sin-
gle ohargea of opposite oharge. For other slopes similar
deductions can 8lso be nmade.

It is iwmportant to remember, that although the ve-

loocities of various reactions involving ions provide a olear
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confirmation of the Bronsted relationship, the equation (o)
holds true only for very dilute solutions and where the char-
ges on the ions of the added salt are low. At higher conoen-
trations, the rate oconstant may change because of changes in
the activity coeffioclents of the ions not given by the Debye-
Huokel theory.

The problem of ionic bimoleoular reactions has also
been approached from the point of view of statistiocal meohs-
nies by Christiansen (19), and he has shown that the colli-
sion theory is in full agreement with the theory of Bronsted.

Seatchard (80, 81, 82) has also made an outstanding
contribution to the kinetiocs of ionie reaotions in solution,
when he developed the effeot of shanging solieut upon reac-
tion veloocities, in so far as the solvent can be oonsidered
homogeneous and of uniform dielestric constant. Basing his
arguments on Christiansen's method of derivation, Seatohard
(82) obtained a relation between the dielestric constant of
the golvent and the reaction rate in solution.

If the sotivity coeffiolient of an ion, in & medium
of kxnown dielectrio oonstant and ionio strength, depends pri-

marily on its charge, then by making 8 ressonable assumption
with regard to the dimensions of the intermediate complex
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formed in a reaction between ions, it should be possible to
determine its sotivity coefficient with a grealer degree of
acouracy. Soatohard (30, 79) assumed that the two reaoting
jons in a bimolesular reaction are spherical, and when they
come in oontast with each other, they form the 1ﬁtorma¢1atc
activated complex, which retains the struoture of a double
sphere, each portion carrying its own individual charge.
Thus for the reaction between ions i and B carrying the char-
ges Z, and Zg, the sctivated complex, designated as X, will

carry & oharge (Z,+Zg), or

A ‘ Zavd
A A + BZB - x( At B)

—y products.

By ochoosing a standard reference state of dielect-
ric conastant of the solvent as that of infinity, where the
activity coefficients of the solutes, reactants and interme-
diste complex become unity, Ssatohard (30) derived the fol-
lowing relation:

. |
o) 1 fufp -2,25 €2 , amE | K,
P BT T DxPr DkT 1+Ka

where r is the radius of the complex and is written as r =
r, + Tpe The factor r, oan be defined as the distance to
whioh two ions must approach im order to react, and whers K

is a funotion of ionic strength as given by equation {b).
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A word might be said about the assumption involved in Soat-
chard's derivation of equation (p). The astivity coefficlents
of the ionie solutes are assumed to be funotions of the 4i-
eleotric constant of the medium, even at infinite dilution,
and it is only at the standard ra!ercno§ state of the dielec-
trio oonstant that the forces tending to dedorease the activi-
ties of the ions vanish, and the activity coeffiscient for
eaoh ion becomes unity.

How.sinoe the observed bimoleoular rate constant,
xl. is given by, e e

A”B

(q) lnk = Inky + 1B c—mm,

then if we combine eguation (p) and (q), we obtain

2,25¢°  Zazget X

(¢) 1k = 18X, - Tppp * Tkt 1ika

where k; 1s the observed rate constant, and where k, is the
gspeaific rate sonatant in & medium of infinite dlielectrioc
constant, and where it is temperature dopendent.' Equation
(r) is generally accepted as the Soatohard equation, #nd is
uged as the basis for theoretiocal interpretation of rate da-
ta between ionic reasctants. Seatohard (79, 80, 8l) points
out that a, is the disteance of closest approach of the lons

and oannot differ largely from r, the distanoce to yhich two
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ions must approach in order to react.

When the ionic strength of the medium is zero, then
the terms involving K in equation (r) disappear, and we have

Z,25¢?

(s) lnky, =z 1lnk, - e
The observed rate constant k,, when extrapolated to zero ion-
io strength, is then a funoction of the dieleotric constant of
the medium, at constant temperature. The plot of 1ln Kk, at
u equal to zero, against 1/D should be linear with a slope of

4 1n ky -2,2p€%

(+) i1/~ XTr

It is at once apparent that if ions A and B are oppositely

charged, the slope of the line 1s positive, whereas it should
be negative if the reacting ions have like charges. In other
words, equation (s) predicts an inorease 15 the reaction ve-
loeity with inoreasing values of the dielectrio constant of
the medium for ions of similar charge, and a decrease of re-
aoction rate with an increase of the dielectric constant for
reacting ions of unlike sign.

Using a spherical model of the activated interme-
diate complex and choosing as the reference state of dieleo-
tric constant as unity, Laidler and Eyring (47) derived the
following expression for the relation of the kinetic rate
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sonstant with the dieleotris comstant and the ionio strength:

2 2 2
() 1nk = 1n kg + e” Zi 4 2 _(2pZp)
- 2xT(1/D-1) ry ry ry
. 2,23 , K . g&g .
DkT 1¢Ka KT

where the last term $@/KT, involves a non-eleotrostatioc ternm.
If this equation is oompared with equation (r), based on Soat-
chard's double sphere model for the activated complex, it can
be seen that, apart from the non-electrostatioc term involving
the §'a term, the only difference 1is in the second term on the
right hand side of each expression, This difference is not
serious, for if r, = rg = ry, the two expressions are identi-
eal.

The experimental results of many workers, conoern-
ing the effeot of dieleotrioc oonstant on the rate of ionic re-
actions, are in close harmony with the theoretiocal deduotions
of Seatchard (4, 5, 95, 96), With the use of equation (t),
one is able to caloulate the radius of the intermediate com-
plex, if the ocharges of the rescting ions and the slope of
plot of 1ln Xy against the reciprocal of the dielectric oon-
stant is known. Equally good agreement between experiment
and theory has been reported im the published literature for
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the radius of the intermediate activated complex for many
ionie reactions (4, 5, 81). This oan be considered a quan-
titative test for this theory of Soatohard.

It should be immediately obvious that according to
the theories of Bronsted and Joatohard, which have besn amp-
ly oonfirmed, the effect of ionioc strength and the dieleotrio
constant of the medium could be used to eluoidate whether the
rate~-gontrolling step of the urease-ocatalyzed hydrolysis of
urea at 25.0° C. i1s lonie. If it is ionio, the probable char-

&es of the ions involved oan then be dstermined.




CHAPTER IV
THE KINETICS OF ENZYMATIC REACTIORS

It would be beyond the scope of this thesis to ocon-
gider in detail the complete pioture of the kineties of enzy-
matic reactions. This problem has been adequately treated in
the literature (8, 12, 18, 22, 67, 58, 66, 70, 85, 94, 99,
1038), however, a brief review will be presented as an aid in
the interpretation of the experimental resultis.

The subjeot of the kinetios of enzyme reaotions
deals with the velocity at which such reactions oscur. The
veloocity oan usually be determined by the measurement of the
rate of formation of the reaction products, or of the rate
- of disappearance of the substrate. Suppose that an enzyme
E, is combining with a substrate S, to form the intermediate
8, thus

E ¥ S —» ks,

Then according to the mass-action law, the deoresase in the
concentration ot the enzymé (£), and the concentration of

the substrate (S), at any given instant is

-d -a(s
(a) —-é:f*)' z ét.) = k(E)(s),

28
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where k, 18 the rate constant, whioch 1is oharacteristic of the
nature of the reaction and the conditions under which the re-
action rate is measured. |

If the two molecules, i.e., the enzyme and substrate
are involved in determining the rate of the reaction, then the
reaction is said to be of second order. If, however, the con-
centration of the enzyme is kept cenatant; then the rate of
dissppearance er‘ﬁhe substrate at any moment is proportional
to its oonoeniration. 3ince in this manner, the rate is de-
termined by the firat power of the concentration of the sub-
strate only, this reaction oan be said to be of first ordér,
that 1s,

-4(s) |
(v) ~at . = Ek(B)(8) = K(s).

If the resction between an enzyme, at constant concentration,
and a aubat#ate is suoch that the overall rate is constant
even though the concentration of the substrate is varied over
a period of time, where

-a(s
(o) a': :

then such 8 reaction is sald to be zero order.

k(E) = kg,

Kost often an enzyme reaotion will follow one of

these kinetio equations of rate for a time, and then gradual-
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ly drift from it. If the reaction has the characteristios
of firat order kinetiocs, then the first order equation (b},
is ugsed in its integrated form,

2.803 a

& - X

(a) kg = log

where a, 18 the initial ooncentration of the substrate, and
x, is the concentration of the substrate which has been con-
verted into produots during the interval of time, t.

The majority of enzymatic reactions are not simply
zero or first order, kinetically, beocause the enzyme may be
inactivated, or the rate may be inhibited by product, that is
as the reaction prooeeds more and more products are produced
until an apparent appreciable reverse reaction ococurs, chang-
ing the apparent rate of the forward reaction. This so-called
inhibition by produots, is usually due to an inactivation of
the enzyme by & selective binding of the products to the act-
ive site rather than due to an approach to an equilibrium
point. Since the nature of the reaction 1is very likely to
change with time, it is advisable to measure the initial rate
of an enzyme reaction.

The developement of the kinetioc theory of enzyme

action is rather an interesting one. Most workers in this
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field assume the presense of an enzyme-substrate complex
formed between the enzyme and substrate molecules. The con-
cept of this intermediste oomplex has been confirmed and ex-
tensively developed by many investigators (12, 18, 65, 66,
70, 99, 103).

The rate of any ensyme-oatalyzed proocess depends
on the ooncentration of the ensyme and the substrate., In
most ocases, it 1s found that at a fixed concentration of the
enzyme, the initial velosity increases with inoreasing sub-
strate concentration until a limiting value is reached, The
magnitude of the maximum rate finally obtained depends on
the fixed enzyme consentration used, This is gemerally true
except where the produots of the resotion cauvse an imhibition
of the rate. In order $o explain this phenomena, Michaelis
and Menten (66) proposed a kinetis scheme involving the for-
mation of an intermediate complex between the engyme and the
substrate, This oomplex, after it is formed, decomposes to

yield the reaoction products and the free enzyme,
| X K
X3

Where E, is the enzyme, S is the substrate, ES the interme-

diate oomplex, P the products and Xy, k2, and k3 are the rate
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constants, On the basis of this idea, Michaelis and Menten
(66) obtained the overall reaction velooity as a funotion of

enzyme and substrate oconcentration. Thus,

-4(8) _ kg(E)(S)'
at Ky + (8)
where K, 1is oalled the Miochamelils constant. Sinoe ascording

(e)

t0 the mass law, the concentration of ES inoreases as the
substrate conoentration is inoreased, the velooity v, in-
oreases hyperbolically with increasing substrate consentra-
tion %o a maximum value, Vaaxs Whioh is reached when all of
the enzyme is bound as ES. Under this condition then (12,

18, 40),
(£) v = Ymax(8)
Ky + (8)

where Vpgy, the maximum velosity is equal to Xx;(E), and K,
is equal to one-half the maximum velooity. |
Agoording to the original theory of Michaelis and
Menten (66), X, defines the equilibrium for the reversible
formation of ES from E and S, regardless of the disturbance
of the equilibrium by the subseguent decomposition of the
intermediate complex, ES, into the enzyme and the produots.

While their expresaion for K, bears uoio resemblance to an

equilibrium expression,
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(E)(S) Xy + K

‘3’ K- s - w—

(BS) b ST

it aotually represents a condition of steady state in two
consecutive reactions, the first one of which is reversible.

If the rate of formation of ES is consideradbly
alower than the rate of decomposition, the enzyme-substrate
complex formation beocomes the rate determining atep (70).
This is true for low subsirate concentration, when the over-
all velocity will be

() v = "‘;‘i’ = X (E)(S),

which 1s the expreasion for a second order reaction, but
since (E) 1s kept constant, it reduces itself to a first ore
der expression. If the rate of formation of ES is consider-
ably faster than the rate of disappearance of substrate, then

the overall reaction veloocity becomes

(1) v = :&a‘-%?- : Xg(E),

and since (E) 1s Xkept constant, then k,(E) becomes a zero
order kinetio constant, This is usually the case at high
substrate conoentrations.

| Although the Michaelis oconstant, K,, 1s a constant

only for defined conditions, it hes turned out to be very
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 useful. The theory with its subsequent extensiong (12, 40,
658, 103), has laid a firm foundation in the interpretation of
the kinetics of enzyme resotions. It is true that the most
widely used methods for measurement of enzyme affinities de-
pend on the measurements of the velosities of the resotion,
and the kinetic element may in asome cases give rise to the
difficulties with regard to xn. however, tais does not affect
its applioability. | |

The kinetics of the urcase-urea resotion, as is the
case for most enzymes, is also ocomplex, It has been found by
many investigators (48, 99) that the meagsured rate over a
range of initial concentration of urea first inoresses line-
arly with concentration, reaches & maximum and then subse-
quently deoreases., That an extension of the Miohaelis and
Kenten treatment is necessary for the cosse of urea hydrolysis
by urease, is indioated by the deoreasing rate at high urea
conoentrations. |

It is generally agreed that before urease hydroly-
z6s 1ts substrate, urea, the latter is combined with the en-
zyme to form a&n intermediate complex. According to Van Slyke
and Cullen (102, 103, 104), the aotion of urease can be ex-

pressed by a mass action formula, which they consider general
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for enzymes., Their theory states that urease hydrolyszes
urea by mé:ns of two suocessive reactions:

E + 8 !9u> ES Eﬁe E + produots.
This prooess led them to formulate the following expression:

(3) t = (1/B)(1/x; log a/(a-x) + x/Xx3),
where & is the initial substrate ooncentration, x is the con-
centration of urea hydrolyzed in time t, E is the enzyme con-
’oantration. ky is the velooity comstant of the combination of
the enzyme and subsirate, and k, is the rate constant of the
aoooupasttién of ES to enzyme and products. They found there
was no effect of urea concentration on uresse aotion as long
as the urea conocentration is varied between 0.015 and 1.5
molar, wheh buffered with phosphate, That is, the reastiion
is zero order where k; is equal to x/(E)t, and where k3(E)
is the zero order kineiio constant. This is true because
when the urea ooncentration is large and ¢ is small, then x
will be negligidble so that log a/(a-x) mpproaches zero. When
the concentration of urea is small, then x/ks beoomes negli-
gidle and the overall rate expression becomes (99)

(x) t2 = 1/k; log a/{a-x),
which represents & first order equation when the enzyme ocon-

gentration is kept constant.
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Yamazaki (115) found that when the urea concentrae
tion was 0.06 molar or greater, the rate of hydrolysis by
urease was independent of the urea left. However, when the
concentration of urea was less than 0.00 molar, the rate was
dspendent on the substrate concentration down to at least
0.002 molar. Lovgren (59) eonaidérs a first order kinetio
equation as probably the best for expressing the kineties of
_ the ureage-urea hydrolysis. He does not c¢laim, however, that
it is valid for the whole course of the reactlion, but only
for initial rates at low urea conoentrations. Sumner and
sumner (94) report that for a urea concentration below 0.Z3
molar, the activity of uresse is & funotlion of the substrate
oconcentration or kinetically firast order with respect %o the
urea, if the enzyme ooncentration is constant. Between 0.66
and 1.1 molar of urea, there is little or no difference of
rate due to an increase of urea oconcentration, i.e., the re-
action is zero order, The reason why these various investi-
gators report slightly different velues of urea ooncentration
with respect to the kinetic order of the reaction is beoause
they used different enzyme concentrations.

The rate of an enzyme reaction can be related to

the concentration of the substrate, at constant enzyme oon-
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centration, by the general eguation (48),

1) v oz AL o ym,

where v is the reaction velosity, k is the specific rate con-
stant, (S) the oconcentration of the substrate, and n, the ki-
netic order of the reaotion involved. If log v is graphed
against log (S), the plot is a simple straight line, and the
slope of the line will give the kinetic order of the reaotion.
Laidler and Hoare (48) using this method, found that the va-
riations of the initial rate with ooncentration of urea cor-
responds to the results of early investigators. They found
that below 0.12 molar concentrations of urea, the plot of log
v vs. log (S) had 2 slope of unity, indicating that the rate
varies linearly. At concentrations above 0.12 molar urea,
the slope falls to zero, indicating an appareant zero order,
and finally at higher concentrations of urea, the 510pe of
the line becomes negative, indicating that the observed order
is apparently negative. However this negative value of n
does not necessarily mean that the actual reaction order is
negative,

It is obvious that the kinetios of the urease-urea

gystem falls into the same general pattern found for most en-
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zymes. If the urease condentration is kept constant, then
at low oconcentrations of urea, the measured initial rates of
the reaoction sonform to first order kineties. At high cone
sentrations of urea, the observed kinetio order is zero.
This, of oourse, is true only if the other experimental con-

ditions, such as pH, temperature and ionic strength are Xkept

oonstant,




CHAPTER V
EXPERIMENTAL PROCEDURE

The simplest way to measure the rate of the enzy-
matic hydrolysis of urea by urease is to permit the reaction
to run long enough to obtain an exast measurement of the urea
decomposed, but not to run it 80 long that the produsts begin
to inhibit. 4 short reaction period from four to fifteen mi-
nutes 1s desirable, and has several advantages., First it lim-
its the amount of urea decomposed, So that the conscentration
is great enough to support maximal activity of the ureasge.
Seoondly it prevents the accumulation of ammonia and ocarbon
dioxide, which retard the reaction (7, 63). Finally it mini-
mizes the oppertunity of inactivation of urease during the re-
action period. In other words, the activity of urease oan be
studied more acourately when initial rates up to two per cent
of the total reaction are measured, rather than following the
reaction curve all the way to the finish (48).

It was found that urease activity oan be accurately
determined 1f a urease preparation is allowed to react with a

known amount of urea, in a phosphate buffer, at pH 7.0, at a

39
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given temperature, for a short period of time. The action
can easily be stopped by the rapid addition of strong acid or
bage, and the quantity of ammonia formed ocan be determined
after aseration followed by titration or by Hesslerization
(41, 48, 190). The course of the reaction can also be fol-
lowed by determining the unreacted urea with the diacetyl me-
thod (73). Urease action has also been followed by the mano-
metrio determination of the carbon dioxide formeéed. Here a
buffer at pH & must be employed, in order %0 rélease ithe car-
bon dioxide (98, 100).

In some of the preliminary kinetio runs, the fol-
1ov1gg procedure was used. ZExaotly 5.00 ml of dilute urease
solution wag rapidly mixed with 5.00 ml of a standard urea
solution, buffered by phosphate at pH 7.00 and containing a
known amount of neutral salt. This was dome in a constant
temperature bath at 25.0°C, After a known time interval,
usually four to six minutes, the reaotion was killed by the
rapid addition of 5.00 ml of a saturated potassium oarbonate
golution. With the use of a sintered glass bubdling tube,
the alkeline reaotion mixture was aerated with ammonis-free
air, after one or two drops of capryl aleohol was added to

prevent foaming. In this manner, the ammonia produced by the
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reaction wes swept ocut and trapped in a solution containing
a8 known excess of standard asid., The amount of ammonia was
then determined by the back titration of the excess aoid with
a standard solution of sodium hydroxide %0 the methyl red end
point. After extensive experimentation with this method, it
was discarded because it was too cumbersome and time oonsum-
ing. However, 1% was later employed oceasionally as a cheok.

Temperature oontrol was provided by a wﬁeer filled
bath equipped with liquie;oéoling coils, eleotrie heatins ele-
mentg, and an automatio temperature control. The temperature
was oontrolled in such a manner that the bath could be main-
tained at 25.0%C to plus or minus 0.02°C, over at least a ten
minute interval of time, which was neocessary to perform one
individual run. The temperature was read using & Bureau of
Standards oalibrated 0.1° mersury thermometer, whioh was egquip-
ped with a magnifying lenaQ

A Galco stopwatoh with a Swiss movement, aocurate
to 0.2 of a seoond, was used to measure the time of the re-
action runs., The same watoh was used to measure the drainage
time, when delivering solutions from pipets.

After a great number of preliminary experiments,

the following procedure was found to yleld reproducible re-
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sults rather consistently. Exautl} 5,00 ml of a solution
sontaining a known amount of urea, neutral galt, dioxane and
phoaphate dbuffer at pH 7.0, was delivered into a clean and
dry 100 ml volumetrio flask., This flask slong with another
flask sontaining & dilute solution of urease was then clamped
in the constant temperature bath at 26.0°0, After allowing
at least twenty minutes for the solutions to reash thermal
equilibrium, the reaction was started by rapidly adding 5.00
ml of the ursase solution into the flaask containing the urea,
This was immediately stoppered and mixed for exastly twenty
secondas, after which the reaction mixture waa left in the
bath for exacotly four minutes. The reaciion was stopped by
the rapid addition, from a hypodermio ayringe pipet, of 2.00
ml of 1.0 ¥ hydrochlorioc acid. This was followed by rapid
mixing for fifteen seconds, and then immediately diluted with
ammonia-free water to exaotly 100.0 ml.

The analytical procedure for most of thq runs oon-
sisted of Nesslerigzation of the diluted solution of the re-
action mixture with 2.00 ml of Nessler's reagent, Aifter a
ten minute waiting period, the optical &ensity was then meas-
ured with a Beokman DU speotrophotometer at 450 mu and a 0.40

mm 8lit opéning in 1.00 om ouvettes. The absolute amount of
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ammonium ion obtained either from & calibration curve or by
comparison to two standards which were always determined
along with the samples. Each set of measurements also in-
oluded blanks, which were dedusted from the ammorium ion
concentration in the samples from actual experimental runs,
Control experiments identical with other expérimants, ex-

' oqpt that the acid was added immdiately, provided the neces-
sary correction to the Nessler solution transmission meas-
urementa. It was found that the optical demnsity of the same
Hesslerized standards varied slightly depending on the am-
ount of dioxane present, therefore, oalibration curves were
obtained for the various conoentrations of dioxane used,

In order to verify the acouracy of the results obe
tained by the above analytioal method, the unreasoted urea
was also gquantitatively &otegmined by the diacetyl method
(78). This procedure consists of the addition of 2.00 ml
of acid diascetyl reagent to the dilnte@ reaction mixture and
heating for ten minutes, in the absence of light, by means
of a water bath. This was then sooled to room temperature,
and the optical density of the yellow oolor whioh develops
was meagured at a wavelength of 480 mu with a Beckman DU

aspestrophotometer. Blanks and control exporiments provided




44

-

the necessary correotions. The concentration of urea was
detarmined both from a calibration surve and by comparison
to standards, which were measured along with the experimen-
tal samples., This second analytical method provided an ex-
gellent ocheck for many of the experimental rumns, If oare
was exercised, both colorimetric methods gave a precision
of less than one part per 100. ‘

The ureasge solutions were prepared by diluting ao-
curately aliquots of a 0.100% stook solution of enzyme. The
stook enzyme solution was prepared from orystalline urease
purohased from the Krishell Laboratories Inc., Portland Ore-
gon. Ons tenth of a gram of the urease was dissolved in all-
glass distilled water to a total volume of 190 ml, after
whioh it was stored at 0°C until ready to use. During a two
month period, it was observed that the loss of activity of
the stoock urease solution was only about five per ocent. The
diluted urease solution was ususally prepared by taking a 5.00
or 10.00 ml aliquot of the stook solution and diluting it to
exaoctly 100 ml. This was done one hour before using it, in
order to stabilize it. Tests indicated that this was neces-
sary for the diluted urease solution to attain its maximum

activity, after that further aging oaused only a very slow




45

loss of activity.

The astivity of the diluted urease solutions used
was determined dy the method of Sumner and Hand (90), who
have expressed urease acotivity in units. A unit is defined
a8 the amount of urease which will produce one milligram of
nitrogen from a urea-phosphate solution at pH 7, at 20%C, in
five minutes. The activity of the urease solution in this
work was determined in the following manner, Five milliliters
of the urease solution was mixed with 5.00 ml of a 3.0% urea
solution in 9.6% neutral phosphate., The amount of emmonia ni-
trogen from & 5.00 to 100 ml dilution of the stoek enzyme pro-
duoced was about one~tenth of a milligram. This oorresponds
to a weight of 7.5 x 10~% milligrams of pure ureass on the
basis of Sumner's result where one gram of pure urease pro-
duoes 133 mg of ammonia nitrogen. The molarity of the urease
during a reaction run was about 1.6 x 10'10. if the value of
483,000 18 used as the moleocular weight of the enzyme, urease
(89).

The water used for the preparation of all solutions
in these experiments was laboratory distilled water whioh had
been redistilled through all-glass apparatus. Ordinary dis-

tilled water of most laboratories sontains suffiocient heavy
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metal ions, such as copper, silver, mercury and cadmium, to
cause it to be decidedly poisonous to dilute urease solutions
(90). It was found that all-glass distilled water exerted no
inactivation upoh‘a 0.0050 per cent urease solution. The
flasks, pipets and all the glassware employed for the reac-
tion solutions had to be free of any toxie ions. Thne 100 ml
volumetric flasks, in which the kinetic runs were made, were
cleaned with warm dichromate-sulfuric scid solution, rinsed
seven times with tap water, five times with ordinary distilled
water and finally five times with ten milliliter portions of
all-glass distilled water. The flasks were then dried at 110°
C. for a period of fhree to five hours, after whioch they were
stoppered and set aside until ready to use, ZHrratic and non-
reproducible results would be obtained if this procedure was
not followed. |

Exacting reproduocibility in the operation of each
run with a number of various precautions were necessary in
order to obtain standard deviations of individual runs at or
below one per ocent. Kven though many changes in technique
and added precautions were made, the deviations could not be
completely eliminated. Xach series of runs always included

geveral made under standard oonditions to avoid errors which
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might occur from the dilution or inactivation of the stoock
engyme solution. The rate constants were calcoulated from
the relative rates whioh were observed under standard oondi-
tions, since the aotivity of the urease was found to be pro-
portional to ita concentration for the experimental ocondi-
tions employed.

Hydrochloric acid was used to stop the reaction of
urea hydrolysis by the engzyme, urease, because it is very
toxio $o urease and will destroy its activity eempletdly even
at concentrations of one-tenth normal {63, 115). Exaotly
fifteen seconds after the addition of the hydroehlorio scid
solution %o tﬁe reaction mixture, the reaction mixture was
immediately diluted to 100 ml with ammonia~-free water. This
was & precaution taken to prevent any possible hydrolysis of
urea by the hydroshlorioc scid., Test runs showed that no acid
hydrolysis of urea ocourred, if this procedure was followed,

The phosphate bnfferé were prepared from sodium and
potassium phosphate or from Just sodium pheaﬁhateb in such
ooncentration that in the resotion mixture 1t would have an
ionie strength of no less than 0.01000 molar. The oapacity
of such & buffer system, under the experimental oonditions

employed, was such that during a ten minute tesy run, the pE
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change was never more than 0.1 unif from pH 7.0, Urease is
greatly influenced by‘the type of buffer gystem used, how-
ever, 1t wes found that the phosphate buffers gave the best
capacity at low ionic strengths. Citrate and veronal buffers
could not be used because of the higher ionie strengths re~
quired in order to keep the pH oonstant during the time re-
guired for an experimental run. also, since the optimum pH
of ureage activity for the phosphate buffer is 7.0, and some
other values for the oitrate and veronal systems, it is bet-
ter to use the phosphate aystem for the study of the effect
of neutral salts on the rate of hydrolysis of urea catalyzed
by the engyme, urease. In all of the reaction rnna,‘the pH
was carefully controlled, since erroneous experimental re¢-
sults oould result from unoontrolled changes of pH., After
the urea-phosphate solutions were prepared, test runs were
made where the pi was cheocked at the beginning and the end
of the run, The pH's were measured with & Coleman pH Elec-
trometer (Model 3), whioh had been previously calibrated
against several standard buffer solutions at 25.0°C.

The quality of all of the chemicals used was re-
agent grade, 'Baker's Analyzed,' A.C,S. Standard, with no

further purification.
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The dioxane, used for varying the dielectric con-
gtant of the reaction media, was purified by refluxing com-
mercial grade dioxanme with aqﬂeous hydrochloric acid for
twelve hours, drying with potassium hydroxide pellets, then
refluxing over godium metal for anotner twelve hours (27).
This was finally distilled by means of an all-glass still,
during whioh time it was well protected from atmospherioc
moisture. Mixtures of the purified dioxane and all-glass
distilled water were uséd to brepare thé various media of
different dieléatrio constants., Mixtures of 10.00, 20.00,
30.00, 40,00 and 50.00 per oent by weight were prepared.
The dielectric constant values for these~mixtures were ob-
tained from Harned and Owen (33). The solubility of urease
in various mixtures of dioxane and water was measured, and
it was found that it was soluble to the extent of 0.04 per
oent in an 86 per ocent solution of dioxane. It was conolu-
ded that a 0.010 per cent solution of urease would be easily
soluble in dioxane-water mixtures up to 50 per cent dioxane,

In most of the kinetic reaction runs, the initial
soncentration of urea was either 0.1428 or 0.01428 molar.
These concentrations were chosen for two very good reasons.

First, they represent a convenient initial oconcentration in
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terms of smmonia nitrogen, sinoce a 0.1428 and 0.01428 molar
urea is equivalent to 0.4000 and 0.04000 milligrams per mil-
liter of smmonia nitrogen respectively, when 5.00 ml of the
urea solution are diluted to exaotly 100 ml. The seoond rea-
son why these congentrations were used ias because according

to Laidler and Hoare (48), & 0.,1428 molar urea solution should
give exoellent mero order kinetios, and 0.01428 molar urea.
solutions as initial oconcentration should produse good first
order rate oconstants. This was sotually verified experimen-
tally with the use of the following less familiar method.

In general, the order of an engyme reaction may be
alao determined by keeping the enzyme concentration constant
and inoreasing the concentration of the substrate, and observ-
ing the change in reaotion rate over a short period of time
(3). Thus if the reaction rate is represented by

-a
v = éf’ = X(E)S)® = K(s)P,

where v is the velooity, (S) is the concentration of the sub-

strate, (E} is the concentration of the enzyme, and k; is the
rate oonstant. It should bde apparent that n, the order of
the reaction, can be evaluated by doubling the conocentration

of the substrate and determining the rate of the reaction in




2
in the two cases, if the order of the reaotion deea not change

with & two fold inorease in the substrate concentration. Then

Y(zs) _ 31‘83’3 oA,
Vas)  ®0s)

With the use of this procedure, it was found that a 0.1428

and 8 0.01428 molar uresa initial coneentration gave rather
good zero and first order kinetios respestively, under the
experimental conditions employed.

Library
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CHAPTER VI
EXPERIMENTAL RESULTS AND DISCUSSION

It was as early as 1914 that Van Slyke and Zacharisas
(106) had studied the effeat of phosphate concentration on the
reaction between 0.10 per cent urease and 0.020 molsar ures,
and found the hydrolysis resotion rate to deorease when the
phosphate consdentration was inoreased. In an attempt to rein-
terpret their work in terms of the primary salt sffect, first
order constants were oaloulated from their experimental data.
These along with the ionic strengths will be found in tadle
i, When the logarithm of the rate constant is plotted against
the square ﬁeot of the ionic strength, the closest straight
line through the pointz ylelds a slope of negative 0.5 (tis?
ure 1). Sinoe the slope is neither zero nor minus one, and
since the ionio strengths are rather high, this is in all pro-
bability not a Bronsited primary salt effest, but perhaps some
sort of a secondary salt effeot. ’

41l of the kinetis runs in the experimental work

in this dissertation were made at pH 7.00 and 26,0°C. For
all the reactions, where 0.0143 molar urea conceniration was

used, first order oconstanits were plotted. In reactions, where
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FIGURE |

100 K VERSUS THE SQUARE ROOT OF THE IONIC
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0,260, 0.122 and 0.143 molar ures wers employed, zero order
congtants were aalaulatedQ The values of all the kinetiec
constants, expressed in moles per liter per second, have been
szloulated for only the 1nit1a1 four or five minutes of the
" reaction run. The following abbreviations will be used in
tables of results and the figures; |

'k rate oonstant

u ionic sirength

D dieleotrio constant. N
41l of the rate constants 1n.%ha tablea represent an average
of ﬁhrce or four identical ex@erihental runs. For the react-
ions involving 0.260, 0,122 and 0.143 molar ima.. u;mma. PO~
tassium phosphate buffers were employed, and for all the re-
actions where 0.0143 molar urea was used, only sodium phos-
phate buffers were utilized to obtain the initisl value of
ionio strength,

When sodium ohloride was added from 1énia strength
0.0845 $0 0.367 molar, to the reaction mixtuve of 0.10 per
oent urease and 0.250 molar urea (table 11), it was found
that fhe plot of the log of the zero order constant versus
the square root of the ionic strength (figure 2) gave a ocurve
‘with & negative slope. Although the rate ia retarded by in-
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FIGURE 2

LOG K VERSUS THE SQUARE ROOT OF THE IONIC
STRENGTH FROM THE DATA IN TABLE II
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oreasing ooncentration of the salt, this does not appear to
be a true primary sald ettodt ‘since this plot is not linear.
Whon the same salt was utoa tc vary the ionie strength from
0.0545 to 0.1045 molar for the reaction 1ntelvin¢ 0.10 per
cent ureass and 0.132 molar ures (table III), the plot of log
k againat the square roo¥ of the ionis strength gave a ourve
whioh was more linear with a siopo of about & miaues 0.8 (fig-
ure 3). |

The effect of sodium shloride, potassium ehloride
and sodium sulfate, when varied from ionio strength 0.05645
to 0.10458 molar for the reaction bdetween 0.020 per cent ure-
ase and 0,142 molar urea, was essentially the same (tables
Iv, Vv, YI). The plot of log k versus the squars root of the
ionie strength (figures 4, §, 6) for all threes salts was
practioally linear with a slope of approximately negative
one. In tables II and III, different values of the zerc rate
oonstants wers obtained at the same ilonic strength beocause
this 18 probably the region of urea sonsentration where zero
kinetios has not been as yet attained, or bsoause reference
standards were not run with thuie a8 & ocheok.

Since the effeot of these salts (figures 4, 5, 6)

might have been a primary salt effect, it was decided to stu-
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FIGURE 4

LOG K VERSUS THE SQUARE ROOT .OF THE IONIC
STRENGTH FROM THE DATA IN TABLE IV
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FIGURE 65 .
LOG K VERSUS THE SQUARE ROOT OF THE IONIC
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FIGURE 6

LOG K VERSUS THE SQUARE ROOT OF THE IONIC
STRENGTH FROM THE DATA IN TABLE VI
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dy this effeot in a medium of lower ionie strength, where

the Bronsted theory is more valid., Using sodium chloride

to vary she ionic strength from 0.02873 to 0.0525 molar for
the reaotion between 0.050 per ocent urease and 0,143 molar
urea (table VII), it was found that the plot of log k against
the sguare root of tho xonie strength (figure 7) gave & ourve
whisch 1naraaaea_slighﬁly and then began to deorvase. The
same reaults were obtained (:1;ur¢’3) uhai the tonie strength
was varied from 0.0109 %o O.é&@? molar with sodium chloride,
for the reastion between 0.0)10 per gent uresae and 0.0143
molar urea (table VIII).

Bessuse the effect of neutral salts on the urease-
ures resction appeared to socelerate the resction at low
ionis strength values and to slow it down at higher vslues
of ionic atrength.'it was thought that the effeot of the di-
eleotric conatant of the medium on this reaction would shed
some light on this unusual turn of evenis, By varying the
dleleotris constant of the medium with the use of dioxane for
the reaotion betwsen 0.025 per oent ureass and 0,143 molar
uresa, &t an ionio strength of 0.0273 molar (table IX), it was
obaserved that the plot of the logarithm of the velooity con-
stants at an lonie strength of 0.0273 molar, sgainst the re-
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FIGURE 8

LOG K VERSUS THE SQUARE ROOT OF THE IONIC
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oiproeal of the dieleotrioc ecnatnnt°(figurc 9), gave a curve
with a linear slope from 0.00 $0 40.0 per oent dioxane, and
which loat its linearity from 40.0 to 850.0 per cent dlioxane,
This deorease of rate with deoreasing values of the
dielectric constant sgrees with the theory that an inorease in
the ionic strength should inereuae an ionic reaction involving
ions of the same sign., The fact that deviations at low di-
eleotric constants from the straiggt line slope of log k ver-
sus the reciprooal of the atgleattio constant ooccurred is not
anusual. According to Glasstone, Laidler and Eyring {30},
this is probahij.auc to the treatment of the solvemt as & ho-
mogeneous medium of uniform dieleotrio eenﬁtgat, It is prod-
able that in a mixture of water with a solvess of low dielec-
tric constant, the molecules of water will be preferentially
oriented around the ions: the dlelectrie eonattnf'in the vi-
oinity of the ion will thus be different from that of the
bulk of the medium. As long as the solution oontains a large
proportion of water, the error will not de very significant,
But when the dlelectris oconstant is reduced by the addition
of a relatively large amount of dioxane, the differense be-
tween the value in the bdulk of the solution and that around
the ion will be probabdly aonni&c;ablo. It was actually ob-
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served that the reaotion rate of the uresse-urea hydrolysis
at sixty per oent dioxane was almost the same as that found
for forty per cent, and the rate in fifiy per cent dioxane
was aotuslly below that of either forty or sixty per ocent di-
oxane,

Dioxane {(1,4-diethylene oxide) was chosen as the
golvent for studying the effeot of variation of the dieleotric
constant because of its low value of dieleotrio sonstant, its
neutral ocharaster, its complete migceibility with water, and
beocause the reactants and the neutral salts employed were so-
ludble up to eighty per cent dioxane in water at the ooncen-
trations that were used in making the experimental kinetie
rate measurements.

Varying the ionie strength from 0.0200 to 0.0700
molar with the salt, sodium ohloride, the effect of dielectric
oonstant was studied for the reaction between 0,0100 per cent
urease and 0.0142 molar urea (table X)}. The results of these
experimental kinetio runs gave a series of similar plots (fig-
ure 10), when log k was plotted sgainst the square root of the
ionic strength. It is quite obvious that for each different
dioxane-water mixture, the slops of the ourve is at first po-

sitive, then becomes szero for a small portion of the ourve,
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FIGURE 10 )
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and finslly beoomes negative. This seems to indicate that
the neutral sodium shloride acoelerates the urease-urea re-
action at low regions of ionie strength, but causes a retar-.
dation of the reaction at higher values of ionie strength.
Using exactly the same gonditions as above, bdut
varying the ionie strength from 0.0100 to 0.0200 molar, the
effeot of variation of the dieleotric constant of the medium
with dioxane wasg aiucrvcd for the following neutral ssalts;
sodium chloride (table XI), potassium ehloride (tabdle XII),
sodium sulfate (table XIII), sodium dromide (table XIV), po-
tassium bromide (table XV), potassium sulfate (table IVI),
and tetramethyl ammonium bromide (teble XVII). The log k's,
from these particular set of kinetio runs, were plotted
against the square root of the ionie strength for each of
these neutral salts. These plots will be found in figures
11, 12, 13, 14, 15, 16 and 17. The initial limear portion
of all of these curves, in the case of each salt and at 4if-
forent dieleotric sonstant values, was found to possess &
slope of plus ome. This appears o be very definitely a
primary salt effeot besause the slope of these ourves of the
logarithm of the rate oonstant versus the square root of the

ionio strength is linear and approximately & whole number in
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FIGURE 11 ¢
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FIGURE 17
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& reglon of ionis strength where the Bronated theory is most
valid. |

In order to correlate the primary salt effect with
that of the dieleotric constant effect, the initial linear
portions of all the curves of figures 11, 12, 13, 14, 15, 16
and 17, was sxtrapolated to zero ionio stirength, In this
manner, the log k's at zero ionio strength for all of these
curves was determined. These can de found in tadle XVIII,
slong with the averaged values for each different value of
dieleotrio oonstant for all of the neutral salts employed.

When the averaged values of the log k's at zero
ionio strength for each dieleotric oonstant value were plot-
ted against the reciprocal of the dielestrie constant (fig-
ure 18), & straight line was obtained with a negative slope
of 127. This application of Scatohard's theory of effeot of
dieleotrio constant on an ionio reaction eonfirms what appears
$0 be the primary salt effeot in the case of the uresse-urea
reaction,

§ince the radiuvs of the astivated intermediate com-
lex is given by the equation (30),

r = -2,2p0%/2,308KT,

where Z, and Ly are the valence oharges of the reacting ions
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A and B respectively, where S is the slope, ¢ is the elec-
tronie oharge, X is Boltzman's oconstant and T is the abso-
lute temperature. Then if the slope is known, it is possible
to caloulate the value of the radius, r. Using plus one for
the value of Z,ip and substituting the other values required
in the above equation, it was found that the radius of the
intermediate complex was 36.7 A°, Although this value for r
turns out o be slightly larger than that for ordinary ions
or molecules, it is not at all unreasomable that the inter-
mediate oomplex of urease-urea might be this large,

Ascording to the theory of Bronsted's primary salt
effect, & reaction between ions of the same sign, in & medium
of low ionic strength, is acoelerated by a small increase in
ionic strength. The experimental results obtained for the
oatalytioc hydrolysis of urea by the enzyme, urease, indioate
rather strongly that the rate-~sontrolling step of the overall
reaction is an ionic one. Sinoce the reaction rate is in-
oreased when the ionic strength is inoreased from 00,0100 to
about 0.0180 molar, the ions reascting must have the same io-
nic oharge. 7This is confirmed by the Soatehard theory of
changing environment, that a reastion bdetwesn ions of the

same sign is retarded when the dieleotrio constant of the
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medium is deoreased. Beoause the slope of the plot of log

k against the square root of the ionio stremgth is around
plus one, whish is equal to the product EA?B' then the oharge
on each of the reacting ions involved in tﬁa reate~determining
atep of the overall reaction must be sither plus one or a neg-
ative one.

Let us suppose that for the experimental conditions
employed that the rate~-determining step of the eoverall urease-
urea reaction is the formation of the intermediats complex,
keeping in mind, however, that whatever the rako»dptermining
step i@, that is the atep which the primary salt effeot influ-
enges. XNow since the salt effeot was studied under sonditions
where good first order sonatants were ebtsinna. there is a
good pocsibility thgt,the formation of the intermediate oom-
plex is slower than the decomposition of the intermediate
complex to free engyme and products for these particular ex-
perimental oonditions.

It 1s realizsed that, in gemeral, interpretation of
kinetic data of enzymatio ressctions by first order kinetios
may be questioned. However, in & special case where the sub.
strate ooncentration is decreased suffiociently to render the

rate of combination of enzyme and substrate the rate-deter-
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mining step, the interpretation of éhiz step of the overall
reaction by first order oconstants should be valid. The oon-
sentrations of urea and urease employed in the major portion
of the experimental work in this dissertation yielded excel-
lent first order constants both with respest to initial urea
oonoentration and with respect to time (48).

It has already been pointed out that an enzyme con-
bines with its substrate and while thus oombined, the oomplex

is decomposed to the free enzyme and produots, thus

E + 8 X, (m3) X, 5 roduots.
” = P

Now aecording to Miochaelis and Menten (66), the enzyme sub-
strate combination is governed by Ky, the dissooiation con-
stant of the oomplex, according %o

(B) (8) (e - p)ia - x)

where ¢ is the total concentration of the enzyme, p is that

of tho somplex, and (a - x) is the subatrate conclatiation,

st squilibrium (70). If the rase of decomposition, v, of the

intermediate complex is expressed by the veloeity constant k3,
() v = kp(ES) = Xxgp,

where ky is only proportional to the concentration (ES) at

time t. If at equilibrium, p, the concentration of the com-
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plex is negligibly smell in cemparison to & and to (a - X},
then K will be suffioiently high to force the equilibrium
between free engyme and combined enzyme far to the left.

Combining equations (a) and (b) yields

(o) Y = kap = X3 (“'E_)(a-z) .
‘ Kn
‘and if e is much greater than p, then equation (o) reduces to

-4(a - x) _ kze(s - xj,
2t X

whioh is the differential form of & kinetiocally first order

(a) v

rate equation. Integration of eguation (d4) therefore ylelds,
(6) Xyt = 2.30 Ky log &/(a-x}, '
where a is the initial substrate ooncentration. It is evi-
dent that first order reaction constants should be cbserved
in which the assumption of a high enzyme-substrate concentra-
tion and a low subatrate concentration apply. Under these
conditions, the rate of combination between enzyme and sub-
strate will be the rate determining step (70). Since the dis-

soolation constant, K,, is given by the equation,

‘f) x‘ .= ,z ; 33.
1

where k3 is the rate constant for the comdination of & and S

to form ES, kp that for the reverse reaction and kz, the rate
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constant for the decompositiion of ES to enayme and products,

then
ka0 kzkye
(g) 2. -
Kn kg+ky

For a special oase, where ky 18 muoh smaller than kyz, equa-

- k.

tion (g) reduces to kye, whioh is the same as 2,30 times the
observed first order oonstsnt, X, which is the kinetio ocon-
stant probably eiserved in the work of this dissertation

on the primary salt effect of the urease-urea reaction.

The enzyme, urease, it is generally agreed, is &
protein, Therefore, it is an ampholyte with a definite iso-
eleotrioc point, and can exist in a number of ionie forms.

It so happens that the isoeleotriec point of ﬁtoase is at pH
5.0 (91), Now all of the sxperimental kinetto;runa which
were made on the urease-urea reaction, were made at pH 7.0,
whioh is on the alkaline side of the isoelestris point for
urease. This means that the ionie sharge of the enzyme mole-
oule at this pH is predominantly negative. This does not
negegsarily mean that the urease moleoule has only one nega-
tive sharge, for it undoudtedly has & number 5: substrate
binding groups, and therefore a number of such negatively
‘charged sites. It may be thut a nsgat;vely charged urea mole-

ocule reacts with one of these negatively ocharged sites on the
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urease molegule to form the 1nternah1ate somplex, which then
rapidly breaks up tcrthe free enzyme and the products of the
hydrolyasis.

The question might arise as to how the urea mole-
gule oan attain one negative ocharge. Acoording to Lenti (86),

urea possesses the following resonance forms;

L% 1 ¥H NH
007 2 s 0267 % <o ‘a..a; £
> i: “BH, "\nxg

If this is the case, it may be that either of the charged re-
gsonant forms reaots with & hydroxide ion t0 produce & nega-
tively ocharge urea-hydroxide ion, which might then react with
the negatively charged site of the uresse molesule., Thus
+
~0—C f:i 2 4 0B — "o--cf:z 2%
2 2
Then the resction between the enzyme and the substrate may
be written as an ionie reaction, thus

k k;
B+ ST **,E (ES)= ..Ji E + products
!kg ' _

The author does not want to leave the impression
that this is the whole pioture of the urease catalyzed hydro-
lysis of urea. The very faot that high conocentrations of
buffer or neutral salts retard this reaction indicates that
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this reaction is quite complex. This latter effect, however,
may be due to seocondary salt effects, where the equilibrium
between one of the resctants and a third body is disturbed.
The third body being some other ion as from & salt and the
reactant being in all probability the enzyme. This is quite
possible, since in the presence of & high concentration of
foreign ions, the charged reacting site of the enzyme may in-
teract with these ions and thereby hinder the combination of
the subsirate on this combining site.

Kistiakowsky and coworkers (42) have observed the
effeot of neutral salts and various buffers on the activity
of urease, at ionic strengths as low as 0.024 molar. They
observed that the reastion rate decreased rather uniformly
with inoreasing ionic strength at pH 7.0 to 7.5, however, at
pH 6.0 to 6.5, the decrease in reaction rate was hardly no-
ticeable, if at all, when the ionie strength was inoreased
by the addition of neutral salts to the reaction medium.
This may'maan that the seocondary salt effeot is smaller at
pH 6, becsuse this pH is closer to the iaoeleotris point of
urease and the urease molecule does not exist in its parti-
ocular ionic state of strongest catalytio properties.

Howell and Sumner (36) obtained a series of ourves
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showing the relation between urea concentration and rate at
different pH values in 0.0125 molar phosphate buffer. When
the Michaelis constants from these curves were plotted as
pK, 8gainst pH, & straignt line with & slope of plus one was
obtained. Dixon (21) suggests that this means that the en-
zyme either loses one positive charge or gains one negative
charge, when it combines with urea. Or that when urea is
activated by combination with the enzyme, ureasge, it acquires
& negative oharge. This is in full agreement with the 1idea
that the negatively oharged urease ocombines with a negatively
chargzed urea molecule to form an intermediate ocomplex,

The fact that the optimum pH of urease asctivity will
vary for exactly the same ooncentration of different buffers
" may be due to ionio strength effeots either of a primary or
secondary nature, For example, the same concentrations of
eitrate and phosphate buffer will not give the same activity
for urease., The reason for this is very likely a difference
in ionio strength, sinoe even at the same oconcentrations,
these two buffers do not necessarily ionize to the same ex-
tent.

The results of many investigators on the salt ef-

fest on the urease-ursa reaction, whioh have often been con-
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tradiotory, may be explalned in terms of the primary and
secondary salt effests. That is one worker may report that
sodium ohloride inoreases the activity of urease, and yet
another investigator may observe that sodium chloride de-~
oreases the urease activity. The reason for this discrep-
anoy between the observations of different investigators is
gself-evident when it is realized that they performed their
experimental obnervations of ureage activity under entirely
different conditions of ionie strength.

In eonoclusion, although for the urease hydrolysis
of urea, it appears as if the primary salt effeot of all neu-
tral salts is the éame at very low valn@a of ionie atrength,
the sesondary salt effeot seems to be characteristic of the
particular salt used. In other words, there is an optimum
value of ionis strength, for each different salt, where ure-
ase activity is at its highest level. This optimum ionic
strength of the enzyme activity is due to a combination of

both & primary and secondary salt effeot.




CHAPTER VII
SUMMARY

This investigation was undertaken 1n‘an attempt
to provide a better understanding of the fundamental kine-
ties involved in the mechanism of the urease.urea gystem.

In an investigation of the faotors oporative in
ureage-oatalyzed hydrolysis of urea in dloxane-water mix.
tures of various dieleotric constants, at 25,0°C. and buf-
fered with sodium and potassium phosphate, it has been
found that on the addition of neutral salts, the activity
of urcase ig firat inoreased and then deoreased with in-
ereasing ooncentration of the neutral salt. Essentially
the same effeot was noted for the following salts: sodium
chloride, potassium ohloride, sodium sulfate, sodium bro-
mide, potassium bdromide, potassium sulfate, and tetirame-
thyl ammonium dbromide.

There 13 a definite effeot of lonic strength on
‘the reaction rate, when the ionic strength values of the
medium are small. Thias primary salt effeot was used to
eluocidate the possible ionic mechanism of the reaoction. Ao-

sording to the Bronsted theory, the logarithm of the reac-

87




88

tion velooity constant, k, was plotted against the sjuare
root of the ionio strength, u. . linear relationship was
obtained when the initial lonic strength was 0.0100 molar.
From the slope of the straight line, which was found to be
& positive one, it can be concluded that the probable ohar-
ges of the ions in the kinetically~aon€relling step of the
overall reaction are of the same sign, with esch reasctant
ion having a single charge only.

It was also observed that there is a definite de-
orease in the reaction velooity, when the dielectrio con-
stant of the medium in which the reaction is taking place,
is varied by the addition of dioxane. The reaction rate
constants &t zero ionic strength in mediums of different
dielectric oconstants were obtained by plotting the loga-
rithm of the rate constants against the square root of the
ionic strength, and the curves thus obtained, were extra-
polated to zero ionic strength. according to the theory
of Seatchard, when the logarithm of the rate constants at
zero lonic strength were plotted against the reciprocal of
the dieleotric constant of the medium, a linear relation-
ship was obtained with a slope of 4 negative 137. Since‘

the slope was negative, this verifies the fact that the
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probable charges of the reactant ions in the rate-deter-
mining step of the reaction are of the same sign. From the
slope it was possible to calculate the probable radius of
the intermediate complex, which was found to be 35.6 A°.

If it is assumed that the rate-controlling step of
the overall reaction is the formation of the intermediate
complex, when experimentally first order constants are ob-
gerved, then this may possibly take pluce through the reac-
tion of a negatively charged site on the uresse moleoule
and a urea molecule, which has acquired a negative charge
by way of an hydroxide ion. The decrease in the activity
of ureagse at nigher ionic strength values may very likely
be due to secondary salt effects, whioch are produced by the
interaction of the combining site of the urease molecule
with foreign electrolyte ions. 4lso it is perhaps the oper-
ation of both the primary and secondary salt effects which
cause a neutral salt to pass through an optimum ioniec

strength region of highest urcase activity.




1.

3.

4.

5.

6.

8.

9.

10.

11.

BIBLIOGRAPIY

akerlof, G. and Short, O.4., "The Dielesotric Con-
stantsoot Dioxane-~¥Water Mixtures Between O
and 80°," J. Am, Chem. So0., gg.‘1241-3(1936).

Ambrose, JcF-’ Kistiakowsky, G.B. and Kridl. Sede,
"Inhibition of Urease by Sulfur Compounds,”
J. Am. Chem, So00., 728, 317-21(1950).

amis, E.3., Kineties of Chemical Change in Solution,
The MaoWlllan CoO., Hew YOTK, BB%, 1948,
amis, E.S5. and iLa Mer, X., "The Kinetics of Alkaline

Fading of Bromphenol Blue in Isodielectrioc ie-
dia," J. Am, Chem. Soo,, 61, 905-13(1939).

Amis, %.S. and Prioe, J.B., "iffeot of Dieleotrios
and Solvent on the Regeneration in Aoid Solu-
tion of Alkali-Faded Bromophenol Blue," J.
Phys. Chem., 47, 338-48(1933). -

armstrong, H.X. and Armstrong, E.F.,, "Enzyme Aotion.
¥X. The Nature of Znzymes and Their Action as
Hydrolytio agents," Proe. Roy. Soo., London
(B), 86, 561-86(1914).

armstrong, H.E. and Horton, E., "Urease: A Select-
ive knzyme," Pros. Roy. Soe., London (B), 85,
109-27(1912).

Baldwin, E., Dynamic iAspects of Biochemistry, Cam-
bridge University Press, £nd ed., , 1952,

Bell, R.P., Acid-Bage Catalysis, Clarendon Press,
oxfo rd '} » L

Bell, R.P., "Eleotrolytes and Kinetic Salt Effects,”
Chem. Soo. Ann. Reports, 31, 58-71(1934).

Bjerrum, K., "Theory of Chemioal Reaotion Veloocity,"
Z. physik Chemie, 108, 82-100(1924).

90




iz.

13.

14,

15.

16.
17.
18.
19.

20.

2l.

22.

23.

91

<

Briggs, G.B., and Haldane, J.B.3., "Note on the Ki-
netics of unzyme Actiond," Biochem. J., 19,
&68~9(1925).

Bronsted, J.N., %gysical Chemistry, Trans. by R.B,
Bell, The Uhemiocal Publishing Co., New York,
394, 1938.

Bronsted, J.N., “Studies on 350lubility. 1IV. Prin-
ciple of the Specific Interaction of Ions,"
J. am, Chem. Soc., 44, 877-98{1922).

Bronsted, J.N., "Theory of Chemical Reaction Velo-
oity," 2. physik Chemie, 108, 169-207(1922).

Bronsted, J.N., "Theory of the Rate of Chemical
Reactions. II," Z. physik Chemie, 115, 337-
64(1925).

Bull, H.B., Physical Biochemisiry, John Wiley and
Sons, Inc., New York, 2nd ed., 355, 1951.

Chance, B., "Kinetics of the Znzyme-Substrate Com-
pound of Peroxidase,™ J, Biol. Chem., 1851,
553-77(1943).

Christiansen, J.A., "Velocity of Bimolecular Reaot-
ions in Solutions," Z, physik Chemie, 113,
35-.52(1924).

Debye, P. and Huckel, E., "Theory of Eleotrolytes.
I," Physik Z., 24, 185-206(1923).

Dixon, k., "The iffeot of pH on the Affinities of
inzymes for Substrates and Inhibitors,™ Bio-
Qhem. J', iﬁ-. 161-71‘1953)0

Bdsall, J.T., Enzymes and Enzime Systems, Harvard
University Press, Cambridge, Mass., 146, 1951.

Falk, K.G., "The Mode of Action of Urease and of
Enzymes in General," J. Biol. Chem., 28, 389-
90(1917).




24,

25.
26.
27.
285

29.

30.
al.

2.

33,

d4.

92

-

Fasman, G.D. and Niemann, C., "A Reinvestigation of
the Kinetics of the Urease-Catalyzed Hydroly-
sis of Urea. 1. The Activity of Urease in
the Presence of Sodium and Potassium Phosphate,"
J' A-m. Chem. 300., Z_é, 1646-50(1951)c

Fearon, W.R., "Urease., I. The Chemical Changes In-
volved in the Zymolysis of Urea," Biochem. J.,
17, 84-93(1923).

Fearon, W.R., "Urease. 1I. The Mechanism of the
%ymolgsis of Urea," Bioghem. J., 17, 800-12
1923). -

Fieger, L.F., Ex%eriments in Organic Chemistry, 2nd
ed., Par , D.C. Heath and Co., Chicago, 482,
1949.

Frost, A.A. and Pearson, R.G,, Kinetics and Meoha-
nism, John Wiley and Sons, i1nc., Rew YOrk,
34Z, 1953.

Glasstone, 5., Textbook of Physical Chemistry, D.
Van Nostrand Co., i1no., New York, 1289, 1940.

3lasstone, 3., Laidler, K.J. and EZyring, H., The
Theo of Rate Processes, MoGraw-iill Book Co.,
Ine., New York, GlI, 194l.

Groll, J.T., "The Influence of Neutral Salts on the
Action of Urease,™ Prosc. acad, Sci., Amsterdan,
20, 559-65(1918).

Harmon, K.M. and Fiemann, C., "Competitive Inhibi-
tion of the Urease-Catalyzed Hydrolysis of Ure-
? by Phosphate," J., Biol. Chem., 177, 601-5
1949).

Harned, H.S. and Qwen, B.B.,, The Physical Chemistry
of Electrolytic Solutions, Reinhold Publish-
ing Corp., New York, 607, 1943.

Haurowitz, F., Chemistry and Bilology of Proteins,
academic Press, Inc., New York, 447, .




35.

36.

37.

8.

39.

40.

4l.

42,

43.

44.

45.

93

-

Hoare, J.P., The Molecular Kinetics of the Urea-
Urease System, Ph. D. Thesis, CaLholl0 Univer-
sity o erica, 38, 1949.

Howell, S.F. and Sumner, J.B., "The Specific =uf-
feots of Buffers upon Urease Activity," J. Bi-
01. Chem.. 104, 619'25(1934)-

Ivanow, K.K., "The Activity of Urease in High Con-
centrations of Alcohol," Biochem. Z., 150, 108-
14(1924).

Jacoby, M., "Influence of Fluorine and of Ilodine on
Urease, " Biochem. Z., 214, 368-73(1929).

Kay, H.D., "Reversibility of the Action of Urease
of Soy Bean,'" Biochem. J., 17, 277-85(1923).

Kaufman, S. and Neurath, H., "The Effect of Metha-
nol on the Hydrolysis of Acetyl-Tyrosinamide
?y Chfmotrypsin,“~J‘ Biol. Chem., 180, 181.87
1949).

Kistiakowsky, G.B. and Lumry, k., "Anomalous Tem-
perature Lffects in the Hydrolysis of Urea by
Urease," J. Am. Chem. Soo0., 71, 2006-13(1949).

Kistiakowsky, G.B., Mangelsdorf Jr., P.C., Rosen-
berg, i.J. 8and Shaw, W,H,R., "The Effects of
Elestrolytes on Urease Activity," J. Am. Chem,
Soe., 74, 5015-20(1952).

Kistiakowsky, G.B, and Rosenberg, i.Jd., "The Ki-
netiecs of Urea Hydrolysis by Urease,"™ J, Am.
Chem. So00., 74, 5020-25(1952).

Kistiakowsky, G.B. and Shaw, W.H.R., "The Kecha-
nism of the Inhibition of Urease," J. Am.
Chemu SOO., lg. 866“71(1953)‘

Kistiakowsky, &.B. and Shaw, W.H.R., "Ureolytio
aotivity of Urease at pH 8.9," J., iAm. Chem,
So0., 75, 2761-54(1953).




46,

47,

48.

49.

60.

S1.

52.

54.

LT

56.

24

Kochmann, R,, "The lechanism of the Sffect of Cal-
cium on auxo-Ureases," Biochem., Z., 101, 259~
67(1924).

Laidler, K.J. and Zyring, H., "The Effects of S0l=
vents on Reaction Rates," Ann. New York Acad.
Sei., 34, 303-39(1940).

Leidler, K.J. and Hoare, J.P., "The Moleoular Kine-
tics of the Urea-Urease System. 1. The Ki-
netic L&WS," Jo Am. Chem- -JOG-, 71 2699 2702
(1949).

Laidler, K.J. and Hoare, J.P., "The Molecular Kine-
ties of the Ursa-Urease System. II," J. Am,
‘Chem. Soc., 72, 2489-94(1950).

La Mer, V.K;, "Ions in Solution Xinetics in Ilonie
Systems," J. Franklin Inst., 225, 709-37(1938}).

La Mer, V.,K., "Reaotion Velocity in Ionio Systems,
Chem. Reviews, 10, 192-212(1932).

La Mer, V,X, and Fessenden, K.W., "Chemical Kinetics
of High Valence Iype Hleotrolytes in Dilute
Aqueous 3olutions," J. Am. Chem. Soc., 54, 2351-
66(1932). -

iLa Mer, V,K. and Ksamner, H.L., "The Energies and in-
- troplies of Activation of the Resction Between
Bromoacetate and Thiosulfate Ions,® J. im. Chem.
Sogs., 57, 2662-8(1935).

Lander, J. and Svirbely, W.J., "Critical Inorement of
Ionic¢ Reaotions. III. Influence of Dielectric
Constant and Ionic Strength,"™ J. Am. Chem. Soc.,
60, 1613-17(1938).

Lane, ¥. and McDonald, H.J., "Kinetios of the React-
ion Between COppar and Agqueous Ammcnia " de

Lenti, C., "Meohanism of Action of Urease,” &reh.
Sci. Biol., 24, 169-72(1938).




57.

58.

69.
60.

61.

62.

63.

64,
65.
66 .
67.
68.

69.

96

-

Linderstrom-Lang, K, and Moller, M.K., "Proteolytio
Enzymes," Am. Rev, Biochem., 22, 57-84(1953).

Linweaver, H. and Burk, D., "The Determination of EIn-
zyme Dissociation Constants," J. Am. Chem. S00.,
56, 668-66(1934).

Lovgren, S., "The Study of Urease. I," Bilochem. Z.,

119, 215-93(1921).

Lovgren, S., "The Study of Urease. 1I," Biochem. Z.,
187, 206-57(1923).

Mack, ¥, and Villars, D.S., "Synthesis of Urea with
the Enzyme Urease,” J., Am. Chem. Sos., 45, 501-
5(1923). ‘ ‘

Maok, XK. and Villars, D.S., "The Action of Urease in
the Desomposition of Urea," J. Am. Chem., Soc.,
456, 506-10(1923).

farshal, E.K. Jr., "Soy Bean Urease. The Effect of
Dilution, icids, Alkalies and Ethyl Alcohol,"
J. Biol, Chem., 17, 351-61(1914).

¥iohaelis, L., "Some Aspects of Reversible Step Re-
actions,™ Advances in Enzymology, 9, l~23?1949).

Michaelis, L., "Theory of the Eleotrolytic Dissocia-
tion of Enzymes," Biochem. Z., 60, 91-6(1914).

Michaelis, L. and Menten, M.L., "Kinetios of Inver-
tase Aotion," Biochem. Z., 49, 333-69(1913).

Moelwyn-Hughes, E.A., The Kinetiocs of Reactions in
Solution, Clarendon Press, Oxford, 1313, 1933.

Mori, S., "The Decomposition of Urea by Urease," J.
Biophysies, 2, xxiii(1927). ' -

Mystkowski, E.M., "Influence of Ions on the Action of
?{gasi," dcta., Biol. Expt., Warsaw, 2, 211-24
28).




70.

71.

72,

73.

4.

75,

76.

77.

78.

79.

80.

96

-

Neurath, H. and Schwert, G.W., "The Mode of Action
of the Crystalline Pancreatic Proteolytic
Enzymes," Chem. Rev., 46, 69-153(1950).

Olson, A.R. and Simonsen, T.R., "Rates of Ionic Re-
actions in aqueous 3olutions,” J. Chem. Phys.,
17, 1167-73(1949).

Onodera, N., "On the Zffects of Various Substances
Upon the Urease of S50y Bean,” Biochem, J., 9,
544-74(1915). -

Ormsby, A.a., "A Direct Colorimetric Method for the
Determination of Urea in Blood and Urine,” J.
Biol., Chem., 146, 595-604(1942). h

Pasterczyk, W.R. and McDonald, H.J., "The iffect of
3alts on the Urease~-Urea System," Abstract of
Papers, Am. Chem. Soc. Mtz., 7c¢, Sept., 1950,

Pasterozyk, W.R. and MceDonald, H.J., "The Effect of
Dielectric Constant on the Medium of the Ure-
ase-Urea System," Abstracts of Papers, am. Chem.

S500. k{tﬁc. 460. Septo, 1953.

Pryde, J., Recent Advances in Biochemistry, 2nd ed.,
P. Blakiston's Son and Co., Philadelphia, 379,
1928.

Rona, P. and Gyorgy, P., "“Urease. Contribution to
the Aotion of Poisons,™ Biochem, 4., 111, 115-
33(1920).

Ruchelmann, A., "Studies on Urease. II., Effect of
Some Neutral Chlorides on Urease,” Biochem, Z.,
251, 61-9(1932).

Soatohard, G., "Disoussion of Paper by Laidler and
Syring. (The Effect of Solvents on Reaction
Rates)," Ann. New York icad. Sci., 34, 299-
408(1940).

Soatchard, G., "Statistical Mechanics and Reaction

Rates in Liquid Solution," Chem. Rev., 10,
229-.40(1932).




97

-

8l. Socatshard, G., "The Nature of the Critical Complex
and the Effect of Changing Medium on the Rate
of Reaction,"” J. Chem. Phys., 7, 657-63(1939),

82. Soatonhard, 3., "The Rate of Reaction in a Changing
Environment," J. Am, Chem. Sos., 52, 52-61
(1920).

86. Schmidt, E.G., "The Inactivation of Urease,” J. Biol.
Chem., 78, 53~-61(1928).

84. Sizer, I.W. and Tytell, i.i., "The activity of Crys-
talline Urease as a8 Funotion of Oxidation-Re-
duction,” J. Biol. Chem., 138, 631-42(1941).

85. Stearn, A.¥,, "Kinetiocs of Biological Reaction with
Special Reference to Enzymatic Processes,” Ad-
vances in iInzymology, 9, 25-74(1949).

86, Sumner, J.B., "Is Cyanlc aicid an Intermediate of the
iction of Urease upon Urea?" J., Biol. Chem.,
68, 101-5(1926). -

87. Sumner, J.B., Ihe Enzymes-Urease, academic Press,
New York, vol. 1, Part 2, 873-92(1951).

88, Sumner, J.B., "The Inactivation of Crystallized Ure-
ase by Water and its Prevention,® Proc, Soc.
}::_Eptl- BiO].o Mefl., _3-%, 28'?-8(1927)-

89. Sumner, J.B., Gralen, N, and Zrikson-Quensel, I.B.,
"The Molecular Weight of Urease," J. Biol. Chem.,
1258, 37-44(1938).

90. Sumner, J.B. and Hand, D.B., "Crystalline Urease, I1I."
J. Biol. Chem., 76, 149-62(1928).

91. Sumner, J,.B. and Hand, D.B,, "Isocelectric Point of
Crystalline Urease," J. am. Chem. Soc., 51,
1255-60(1929).

92. Sumner, J.B., and Myrback, K., "Heavy ietal Inactiva-
tion of Highly Purified Urease,” Z. physiol.
Chem,, 189, 218-28(1930).




28

-

98. Sumner, J.B. and Myrbaok, K., The :tnzymes, "Introduc-
tion,™ 1, 1-27, icademic Press, New York, 1950.

94. Sumner, J.B. and Somers, G.F,, Chemistry and ¥ethods
of knzymes, Academlic Press Inc., Kew YOrk, 2nd
ed., “‘{'5"'14 . 1947.

95. gSvirvely, W.J. and Schramm, A., "The Critical Incre-
ment of Ionic Reactions., II. The Influence of
Dielectrioc Constant and Ionic Strength," J. am,
Chem. Soc., 60, 330-4(1928).

96. Svirbely, W.J. and Warner, J.C., "Critiocal Inorement
of Ionic Reactions., Influence of Dielectric
Conastant and Ionic Strenzth," J. Am. Chem. 306.,
57, 1883-86(1925).

97. Tauber, H., Chemistry and Technolozy of inzymes, John
Wiley and Sons, Inc., New York, 520, .

98. Van Slyke, D.,D., "Determination of Urea by Gasometrie
Measurement of the Carbon Dioxide Formed by the
%ctio? of Urease,™ J, Blol. Chem., 73, 695-723
1927} .

99. Van Slyke, D,D., "Kinetics of Hydrolytic Enzymes and
Their Bearing on Methods for Measuring Znzyme
%ctiv?ty,“ Advances in Bnzymology, 2, 33-41
1942).

100. Van Slyke, D.D. and Archibald, R.M., "Manometrie, Ti-
trimetric, and Colorimetric Methods for Measure-
ment of Urease Activity," J. Biol. Chem., 154,
625-42(1944).

101. Van Slyke, D.D. and Cullen, G.,E., "A Permanent Prepa-
ration of Urease and its Use for the Rapid and
Accurate Determination of Urea,™ J. am. Ked.
Assoc., 62, 1558-9(1914).

102. Van Slyke, D.D. and Cullen, G,E., "Mode of Action of
Soy Bean Urease," J. Biol. Chem., 17, 28-9(1913).




103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

99

Van Slyke, D.D. and Cullen, G.E., "The lode of action
0f Urease and of Enzymes in General," J. Blol.
Chem,, 19, 141-80(1914).

Van Slyke, D.D., and Cullen, G.E., "The Mode of Action
of Urease," J. Biol. Chem., 28, 391-7(1917).

Van Slyke, D.D. and Dillon, R.T., WacFadyen, D.A, and
Hamilton, P., "Gasometrio Determination of Car-
boxyl Groups in Free Amino Acids,™ J. Biol. Chem.,
141, 627-69(1941).

Van Slyke, D.D, and Zacharias, G., "The Study of Hy-
drogen lon Concentration and of Inhibiting Sub-
?tanc?s on Urease," J, Biol, Chem., 19, 181-210

1914). -

Vande Velde, ai.Jd.d., "Action of Feutral Materials on
Urease,™ Belz, Klagse VWetensocnap, 9, 12-13(1947).

wall, K.C. and Laidler, K.J., "The hMolecular Kineties
of the Urea-Urease System. 1IV. The Reaction in
an Inert Buffer," Aroh. Biochem. and Biophys.,
43, 299-306(1953).

tall, M.C., and Laidler, X.J., "The Nolecular Kinetios
of the Urea-Urease System. V. Relationship Be-
tween Activity and Concentration of Urease Solu-
?ionsi" Arch., Biochem. and Biophys., 43, 307-11
1953} .

wall, M.C. and Laidler, K.J., "The Molecular Kineties
of the Urea-~Urease S5ystem. VI. The activation
of Urease by Amino Acids," arch. Biochem. and
Biophys., 43, 312-18(1953).

Waksman, S.A. and Davison, W.C,, Bunzymes, The Wil-
liams and Wilkins Co., Baltimore, 264, 1926,

Werner, E.A., "Mechanism of Transformation of .immo-
nium Cyanate into Carbamide and the Decomposi-
tion of Carbamide by Heat," J. Chem. Soc., 103,
1010-22(1913).




100

L1

113. vester, D.H., "The Influence of Cations, inions and
¥ixtures of Electrolytes on the action of the
inzyme, Urease," Chem. “eekblad., 17, 222-3
{1920).

114. Veiss, J., "Reaction Mechanism of Some Proteolytic
inzymes," Chemistry and Industry, 685-6(1937).

115. Yamazaki, %., "Chemical Reaction of the System, Ure-
?se-UTea,“ J. Tokyo Chem. Soc., 39, 125-84
1918). —

116. Yost, D.M., "The Catalytic iffect of Silver Ammonia
lon in the Oxidation of Ammonia," J. Am. Chem.
Sos., 48, 374-83(1926). '




APPENDIX

PABLES OF EXPERIMENTAL KINETIC DATA ON THE
EFFECT OF NEUTRAL SALTS AND DIOXARE
ON THE URKEASE-UREA REACTIOR
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TABLE 1

THE EFFECT OF IONIC STRENGTH ON THE FIRST ORDER
RATE CONSTANTS FOR THE REACTION BETWEEN
0.10% UREASE WITH 0.020 XOLAR UREA
AT pH 7.0 AND 20.0° C.*

u Ju k x 10%/sec -1l0g k
0.48 0.693 4.08 3.389
1.20 1.095 2,51 3.603
l1.28 1.132 2.69 3.570

2.40 1.549 1.38 3.860

*pata is that caloulated from Van Slyke and Zacharias'
experimental work (106).




TABLE II1
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THE KFFECT OF THE IQNIC STRENGTH OF SODIUM CHLORIDE

ON THE ZERO ORDER CONSTANTS FOR THE REACTION

BETWEEN 0.10% UREASE WITH 0.250 MOLAR

UREA AT pH 7.0 AND 25.0°%C.

u \Fx_ k x loa/seo -log k
0.0545 0.233 6.67 5.176
0.1045 0.323 6.58 5.184
0.1795 0.424 6.21 5.207
0.2420 0.492 5.97 5.224
0.8096 0.556 5.75 5.240
0.3670 0.606 5.59 5.262




TABLE III1
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THE EFFECT OF THE IONIC STRENGTH OF SODIUM CHLORIDE

ON THE ZERO ORDER CONSTANTS FOR THE REACTION

BETWEEN 0.10% URBASE WITH 0.122 ?s%OLAR
UREA AT pH 7.0 AND 25.0°C.

u \I_u_ kx 106/300 -log k
0.05645 0.233 6.00 5,222
0.0572 0.239 5.92 5.228
0.0596 0.244 5.86 5.232
0.0796 0.282 5.47 5.262
0.1046 0.328 5.09 5.293
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TABLE IV

THE EFFECT OF THE IONIC STRENGTH OF SODIUM CHLORIDE
OF THE ZERO ORDER CONSTANT FOR THE REACTION
BETWEEN 0.020% UREASE WITH 0.143 MOLAR
UREA AT pH 7.0 AND 25.0°G.

u JET" x x 10%/se0  -log X
0.0545 0.233 1.23 5.910
0.0572 0.239 1.21 5.916
0.0596 0.244 1.20 5.921
0.0796 0.282 1.11 5.956

0.1046 0.323 1.01 5.996




TABLE V
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THE EFFECT OF THE IONIC STRENGTH OF POTASSIUM CHLORIDE

ON THE ZERO ORDER CONSTANTS FOR THE REACTION

BEITWEEN 0.020% URSASE WITH 0.143 MOLAR

]
UREA AT pd 7.0 AND 25.0 C.

u F— x x 10%/sec ~-log k
0.058456 0.233 1.23 6.910
0.05872 0.289 1.21 5.916
0.0696 0.244 1.20 5,021
0.0?96 0.282 1.12 5.9561
0.1046 0.323 1.08 5.986

o




TABLE V1
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IHE EFFECT OF THE IONIC STRENGTH OF SODIUM SULFATE

OFR THE ZERO OnDER CONSTARTS FOR THE REACTION

BETWEEN 0.020% URKASE WITH 0.143 MOLAR

[+]
UREA AT pH 7.0 AND 25.0 C.

u Je k x lOe/sec -log k
0.0545 0.233 1.23 5.910
0.0872 0.239 1.21  5.916
0.0596 0.244 1.20 5.921
0.0796 0.282 1.13 5.048

5.980

0.1046 0.2323 1.05
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TABLE VII

THE EFFECT OF THE IONIC STR™NGTH OF SODIUM CHLORIDE
ON THE ZERO ORDER COUSTANTS FOR THE REACTION
BETWEEN 0.050% UREASE WITH 0.143 ¥OLAR
UREA AT pH 7.0 aND 25.0°¢.

u J_u_ k x 106/see -log k
0.0273 0.165 5,53  5.452
0.0276 0.166 z.54 5.451
0.0298 0.173  z.57 5.447
0.0298 0.200 2.53 5.452
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THE BFFECT OPF THE IONIC STRENGTH OF SODIUM CHLORILE

ON THE FIRST ORDER CONSTANTS FOR THE REACTION

BETWEEN 0.010% UREASE WITH 0.0143 MOLAR

 UREA AT pH 7.0 AND 25.0°C.

u J'E_ k x 104/390 -1og k
0.0109 0,104 4.16 3.381
0.0114 0.107 4.19 3,378
0.0136 0.116 4.27 3.370
0.0159 0.126 .37 3.3569
0.0359 0.200 4.07 3,390
0.0609 0.247 3.65 3.437




THE LFFECT OF DIOXANE ON THE

TABLE IX
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ZERO ORDER CONSTANTS

FOR THE REACTION BETWELY 0.0250% UREASE WITH

0.143 WOLAR UREA AT IONIC STREKGTH OF

0.0273, pH 7.0 AND 25.0° G,

4Dloxane  100/D D kx10°/sec  -log k
0.0 1.27 78.5 1.77 5.752
110.0 1.43 69.7 0.990 6.004
20.0 1.64 60.8 0.462 6.335
30.0 1.93 51.9 0.157 6.804
4G.0 2.33 43.0 0.037 7.44
50.0 2.91 34.3 0.017 7.78
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TABLE X

THE EFFECT OF THE IONIC STRENGTH OF SODIUM CHLORIDE AND
DIOXANE ON THE FIRST ORDER CONSTANTS FOR THE REACTION
BETWEER 0.010% UREASE WITH 0.0143 #OLAR
UREA AT pH 7.0 AND 25.0°C.

x x 10%/sec for the following % dioxane:

u 0.00 10.0 20.0 30.0 40.0
0.0200  4.54 2.72 1.40 0.560  0.177
0.0225 4,62 2.76 1.43 0.570  0.180
0.0250  4.57 2.75 1.4 0.564  0.177
0.0450  4.07 2.49 1.27 0.501  0.158
0.0700 .67 2.24 1.15 0.447  0.144

-log k for the following values of 100/D:

Jo 1.27 1.43 1.64 1.93 2,33
0.142 3.343  3.565  3.855  4.252 4,752
0.160  2.335  3.558  3.846  4.244  4.745
0.158 3.340  3.564  3.850  4.249  4.752
0.212 3.890  3.604¢  3.895  4.300 4,800

0.265 3.435 3.650 3.940 4,350 4,840
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TABLE XI
THE EFFECT OF THE IONIC STRENGTH OF SODIUM CHLORIDE AND
DIOXANE ON THI FIRST ORDER CONSTANTS FOR THE REACTION
BETWEEN 0.010% URZASE WITH 0.0143 ¥MOLAR
UREA AT pH 7.0 aND 25.0°¢C.

k x 10%/sec for the following /i dioxane:
0

u 0.00 10.0 20.0 0. 40.0
0.0100 4.12 2.48 1.27 0.507 0.141
0.0120 4.21 2.53 1.30 0.516 O.144
0.0140 4.29 2.97 1.32 0.528 0.147
0.0160 4.37 2.68 1.35 0.537 0.1560
0.0180 4,46 2,67 1.37 0.547 0.153
0.0200 4.51 2.70 1.40 0.558 0.158

~log k for the followinz values of 100/D:

JET 1.27 1.43 1.64 1.93 2.33
0.100 3.385  3.605  3.898  4.295  4.850
0.109 3.376 5,597  2.888  4.287 4.841
0.118 3.268  3.590  3.878 ¢.277 4.832
0.127 3.358  B3.581  3.870  4.270  4.824

0.134 3.351 3.574 3.862 4.262 4.815
0.142 3.346 3,569 3.854 4.256 4.810
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TABLE XII

THE EFFECT OF THE IONIC STRENGYH OF POTASSIUM CHLORIDE AND
DIOXANE ON THE FIRST ORDER CONSTARTS FOR THE REACTION
BETWEEN 0.010% UREASE WITH 0.0143 ¥OLAR
UREA AT pH 7.0 AND 25.0°C.

k x 104/seo for the following % dioxane:

u 0.00 10.0 20.0 30.0 40.0
0.0100 4.12 2.51 1.26 0.513 0.141
0.0120 4.21 2.57 1.28 0.522 0.143
0.0140 4.8 2.62 1.31 0.533 0.146
0.0160 4.36 2.67 1.33 0.542 0.148
0.0180 4.43 2.70 1.36 0.5850 0.150
0.0200 4.38 2.70 1.36 0.540 0.145

-log k for the following values of 100/D:

Ju 1.27 1.43 1.64 1.93 2.33
0.100 3.386  3.600  3.900  4.290  4.851
0.109 3.376  3.590  B.893  4.282  4.845
0.118 3.369  3.582 3.888  4.272  4.826
0.127 3.360  3.574  3.876  4.266  4.820
0.134 3.354  3.569  3.866  4.260  4.824

0.142 3.358 5.569 3.866 4.268 4.829
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THE EFFECT OF THE IONIC STRENGTH OF SODIUM SULFATE AND
DIOXANE ON THE FIRST ORDER CONSTANTS FOR THE REACTION

BETWELN 0.010% DREASE WITH 0.0143 KOLAR

URZA AT pH 7.0 AND 25.0°C.

k x 10%/sec for the following % dioxane:

u 0.00 10.0 20.0 $0.0 40.0
0.0130 4.12 2.47 1.26 0.501 U.140
0.0120 4.20 2.51 1.29 0.513 0.142
0.0140 4.27 2.56 1.31 0.524 0.144
0.0160 4.36 2.61 1.33 0.533 0.147
0.0180 4.44 2.67 1.36 0.543 0.151
0.0200 4,52 2.72 1.39 0.582 0.1583

-log k for the

following values of 100/D:

Ju 1.27 1.43 1.64 1.93 2,33
0.100 3.2856  3.607  5.896  4.300 4,854
0.109 3.377  3.600  5.889  4.290  4.848
0.118 3.370  3.592  3.883  4.281  4.842
0.127 3.360  B.583  3.876  4.272  4.833
0.134 3,358  3.574  3.866  4.265  4.821
0.142 3.345  3.565  5.857  4.258  4.815




116
TABLE XIV -

THE KFFECT OF THE IONIC STRENGTH OF SODIUM BROMIDE AND
DIOXANE OF THE FIRST ORDER CONSTANTS FOR THE REACTION
BETWEEN 0.010% URZASE WITH 0.0143 MOLAR
UREA AT pH 7.0 AND 25.0°C.

k x 10%/sec for the following % dioxane:

u 0.00 10.0 20.0 30.0 40.0
0.0100 4.12 2.49 1.27 0.807 0.141
0.0120 4.22 2.54 1.29 0.518 0.142
0.0140 4.30 2.59 1.32 - 0.527 0.146
0.0160 4.32 2.59 1.22 0.528 0.145
0.0180 4.28 2.56 1.30 0.524 0.143
0.0200 4.20 2.51 .1.28 0.513 0.138

-log k for the following values of 100/D:

Ju 127 1.43  1.64  1.93  2.33

© 0.100 3.286  3.604  3.896  4.295  4.851
0,109  3.375  3.505  3.889  4.286  4.845
0.118 3,366  3.587  3.879  4.278  4.836
0.127 3.364  3.587  3.879  4.277  4.839
0.134 3.369  3.592  3.886  4.281  4.845

0.142 3.377 3.600 5.893 4.290 4.860
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THE EFFECT OF THE IONIC STRENGTH OF POTASSIUM BROMIDE AND
DIOXANE OK THE FPIRST ORDER CONSTANTS FOR THE REACTIOR
BETWESN 0.010% UREASE WITH 0.0143 MOLAR
UREA AT pH 7.0 AND 25.0°C.

Xx 104/860 for the following % dioxane;

a 0.00 10.0 20.0 30,0 40.0
0.0100 4.12 2.52 1.25 0.514  0.142
0.0120 4.19 2,57 1.28 0.526 0.144
0.0140 4.27 2.62 1.30 0.535 0.147
0.0160 4.24 2.59 1.29 0.532 0.146
0.0180 4.19 2.56 1.28 0.526 0.144
0.0200 4.10  2.52 1.25 0.514 0.141

-log k for the following values of 100/D:

J 1.27  1.43 1.64 1.93 2.33
0.100 3.385  3.599  3.905  4.289  4.848
0.109 3.378 3,590  3.895  4.280  4.842
0.118 2.370  3.582  3.886  4.872  4.833
0.127 3.373  3.5687  5.889  4.274  4.836
0.134 3.378  3.592  3.893  4.280  4.842

0.142 3.387 3.599 3.909 4.289 4.851
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TABLE XVI .

THE EFFECT OF THE IONIC STRENGTH OF POTASSIUM SULFATE AND
DIOXANE ON THE FIRST ORDER CONSTANTS FOR THE REACTION
BETWEEN 0.010% UREASE WITH 0.0143 MOLAR
UREA AT pH 7.0 AND 25.0°C.

Xk x 104/330 for the following % dioxane:

u 0.00 10.0 20.0 30.0 40.0
0.0100  4.12 2.50 1.26 0.508  0.i4l
0.0120  4.21 2.55 1.29 0.520  0.144
0.0140  4.28 2.59 1.32 0.527  0.146
0.0160  4.22 2.55 1.29 0.519  0.144
0.0180  4.14 2.50 1.27 0.509  0.141
0.0200  4.06 2.45 1.24 0.501  0.138

-log k for the following values of 100/D:

Jif 1.27 1.43 1.64 1.93 2.33
0.100 3.385  3.602  ©.896  4.294  4.851
0.109 3,376 3.594 $.889 4.284 4.842
0.118 3.369  3.587  3.880  4.278  4.836
0.127 3.375  3.594  3.889  4.285  4.842
0.134 3.283  3.602  3.896  4.293  4.851

0.142 &.392 5.611 3.907 4,300 4.860
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THE EFFECT OF THE IONIC STRENGTH OF TETRAMETHYL AMMONIUM

BROMIDE AND DIOXANE ON THE FIRST ORDER CONSTANTS FOR THE

REACTION BETWEEN 0.010% UREASE WITH 0.0143

MOLAR UREA AT pH 7.0 AND 25.0°C.

100/D

u Ju kx10%/se0 -log k  %Dioxane
.0100  0.100 4.2  3.385 0.00  1.27
.0120 0.109 4.21 3.376 0.00 1.27
.0140 0.118 4.30 5,366 0.00 1.27
.0160 0.127  4.36 3.360 0.00 1.27
.0100 0.100 2.47 3.607 10.0 1.43
.0120 0.109 2.52 3.599 10.0 1.43
.0140 0.118 2.46 3.609 10.0 1.43
.0160 0.127 2,31 3.625 10.0 1.43
.0100 0.100 1.26 3.900 £20.0 1.64
.0120 0.109 1.29 3.889 20.0 1.64
.0140  0.118 1.25 3.903 20.0 1.64
.0160 0.127 1.17 2.032 20.0 1.64




_ 119
TABLE XVIII ’

THE EFFECT OF THE DIRLECTRIC CONSTANT OF THE MADIUM AT
ZBRO IONIC STRENGTH ON THE FIRST ORDER CONSTANTS
FOR THE REACTION BETWEEN 0.010% UREASE WITH
0.0143 MOLAR UREA AT pH 7.0 AND 25.0°¢.

Bxtrapolated values of -log k, at zero u,
for the following values of 100/D:

Figure 1.27 1.43 1.64 1.93 2.33

11 3.482  3.704  3.996  4.398  4.938
12 3.4%0  3.700  4.000  4.390  4.958
13 3.486 3.700 4.000 4.498 4.950
14  3.480  3.700  3.998  4.3%2  4.945
16  3.482 3,700 4,002  4.398  4.975
16  3.477  3.685  3.980  4.380  4.960
17  3.480  3.707  4.000

Average 3.482  3.701 . 3.997  4.409  4.954
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